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CERAMIC TECHNOLOGY PROJECT SEMIANNUAL PROGRESS REPORT 
FOR APRIL 1991 THROUGH SEPTEMBER 1991 

SUMMARY 

The Ceramic Technology Project was developed by the Department of 
Energy’s Office of Transportation Systems (OTS) in Conservation and 
Renewabl e Energy. This project, part of the OTS’ s Hateri a1 s Devel opment 
Program, was developed to meet the ceramic technology requirements o f  the 
OTS‘s automotive technology programs. 

Significant accomplishments in fabricating ceramic components for the 
Department of Energy (DOE), National Aeronautics and Space Administration 
(NASA), and Department of Defense (DoD) advanced heat engine programs have 
provided evidence that the operation of ceramic parts in high-temperature 
engine environments is feasible. 
demonstrated that additional research is needed in materials and processing 
development, design methodology, and data base and 1 ife prediction before 
industry will have a sufficient technology base from which to produce 
reliable cost-effective ceramic engine components commercially. 

developed with extensive input from private industry. 
original plan was updated through the estimated completion of development 
in 1993. 
techno1 ogy base required for re1 i ab1 e ceramics for appl i cati on in advanced 
automotive heat engines. The project approach includes determining the 
mechanisms control1 ing re1 iabil ity, improving processes for fabricating 
existing ceramics, developing new materials with increased re1 iabil ity, and 
testing these materials in simulated engine environhents to confirm re1 ia- 
bility. Although this is a generic materials project, the focus is on the 
structural ceramics for advanced gas turbine and diesel engines, ceramic 
bearings and attachments, and ceramic coatings for thermal barrier and wear 
applications in these engines. This advanced materials technology is being 
developed in parallel and close coordination with the ongoing DOE and 
industry proof-of-concept engine development programs. To facilitate the 
rapid transfer of this technology to U.S. industry, the major portion of 
the work is being done in the ceramic industry, with technological support 
from government laboratories, other industrial laboratories, and 
universities. 

This project is managed by ORNL for the Office of Transportation 
Technologies, Office of Transportation Materials, and is closely coordi- 
nated with complementary ceramics tasks funded by other DOE offices, NASA, 
DoD, and industry. A joint DOE and NASA technical plan has been estab- 
lished, with DOE focus on automotive applications and NASA focus on aero- 
space appl i cat i ons . A common work breakdown structure (WBS) was devel oped 
to facilitate coordination. The work described in this report is organized 
according to the following WBS project elements: 

However, these programs have also 

An assessment of needs was completed, and a five-year project plan was 
In July 1990 the 

The objective of the project is to develop the industrial 
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0.0 Management and Coordination 

1.0 Materials and Processing 

1.1 Monolithics 
1.2 Ceramic Composites 
1.3 Thermal and Wear Coatings 
1.4 Joining 

2.0 Materials Design Methodology 

2.1 Modeling 
2.2 Contact Interfaces 
2.3 New Concepts 

3.0 Data Base and Life Prediction 

3.1 Structural Qual i f i cat ion 
3.2 Time-Dependent Behavior 
3.3 Environmental Effects 
3.4 Fracture Mechanics 
3.5 Nondestructive Evaluation Development 

4.0 Technol ogy Transfer 

4.1 Technol ogy Transfer 

This report includes contributions from all currently active project 
participants. The contributions are arranged according to the work 
breakdown structure out1 ine. 



0.0 PROJECT MANAGEMENT AND COORDINATION 

D. R. Johnson 
Oak Ridge National Laboratory 

Object i ve/scoDe 

This task includes the  technica l  management o f  the p ro jec t  i n  
accordance w i t h  the  p ro jec t  plans and management p lan approved by the 
Department o f  Energy (DOE) Oak Ridge F i e l d  Of f ice,  and the  O f f i c e  o f  
Transportat ion Techno1 ogi  es . This task i nc l  udes preparat ion of annual 
f i e l d  work proposals, i n i t i a t i o n  and management o f  subcontracts and 
interagency agreements, and management o f  ORNL technica l  tasks. Monthly 
management repor ts  and bimonthly repor ts  are provided t o  DOE; high1 igh ts  
and semiannual technica l  repor ts  are provided t o  DOE and program 
par t i c ipants .  I n  addi t ion,  the program i s  coordinated w i t h  i n te r fac ing  
programs sponsored by other DOE o f f i c e s  and federal  agencies, inc lud ing  the 
National Aeronautics and Space Administrat ion (NASA) and the  Department o f  
Defense (DoD). This coordinat ion i s  accomplished by p a r t i c i p a t i o n  i n  
bimonthly DOE and NASA j o i n t  management meetings, annual interagency heat 
engine ceramics coordinat ion meetings, DOE contractor  coordinat ion 
meetings , and DOE Energy Materi a1 s Coordinating Committee ( EMaCC) meetings, 
as we1 1 as speci a1 coordinat ion meetings . 
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1.0 MATERIALS AND PROCESSING 

INTRODUCTION 

This p o r t i o n  o f  the  p ro jec t  i s  i d e n t i f i e d  as p r o j e c t  element 1.0 
w i t h i n  the work breakdown s t ruc tu re  (WBS). 
(1) Monol i th ics,  (2) Ceramic Composites, (3) Thermal and Wear Coatings, and 
(4) Joining. Ceramic research conducted w i t h i n  the  Mono1 i t h i c s  subelement 
cu r ren t l y  includes work a c t i v i t i e s  on green s ta te  ceramic fabr ica t ion ,  
character izat ion,  and dens i f i ca t i on  and on s t ruc tu ra l ,  mechanical, and 
physical  p roper t ies  o f  these ceramics. Research conducted w i t h i n  the  
Ceramic Composites subelement cu r ren t l y  includes s i 1  icon carbide, s i 1  icon 
n i t r i d e ,  and oxide-based composites. Research conducted i n  the Thermal and 
Wear Coatings subelement i s  cu r ren t l y  1 im i ted  t o  oxide-base coatings and 
involves coat ing synthesis, character izat ion,  and determination o f  the 
mechanical and physical  proper t ies o f  the coatings. Research conducted i n  
the  Jo in ing subelement cu r ren t l y  includes studies o f  processes t o  produce 
strong, s tab le  j o i n t s  between z i r con ia  ceramics and iron-base a l loys.  

A major ob jec t ive  o f  the research i n  the Mater ia ls  and Processing 
p ro jec t  element i s  t o  systemat ica l ly  advance the  understanding o f  the 
re la t ionsh ips  between ceramic raw mater ia ls  such as powders and reactant  
gases, the processing var iab les involved i n  producing the ceramic 
mater ia ls,  and the  resu l tan t  microstructures and physical  and mechanical 
proper t ies o f  the ceramic mater ia ls.  Success i n  meeting t h i s  ob jec t ive  
w i l l  provide U.S. companies w i t h  new o r  improved ways f o r  producing 
economical, h igh l y  re1 i a b l e  ceramic components f o r  advanced heat engines. 

It contains fou r  subelements: 
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1.1 MONOLITHICS 

1.1.1 Silicon Carbide 

Niah TemDerature Hexo7ov SX S i  7 icon Carbide 
K.  Chia and G. V .  Srinivasan (The Carborundum Company) 

Introduction 
Hexoloy@ SA (a registered trademark of The Carborundum Company) si1 icon 
carbide, a pressureless sintered a-Sic, has shown excellent oxidation, 
corrosion, erosion and wear resistance. 
retention at elevated temperatures up to 1500°C in air also has been 
demonstrated. Powder availability, price competitiveness, and net shape 
forming capability make this Sic an attractive candidate for many 
structural applications. However, relatively low strength, primarily due 
to its low toughness, still represent limitations for some applications 
involving higher stresses, such as gasifier rotors in advanced gas 
turbine engines. 
Approaches to enhance the fracture toughness and strength through the 
modification of microstructure and fracture characteristics of the 
material by the incorporation of appropriate sintering additives and 
variation of processing conditions have been considered. 
these phi 1 osophies that Carborundum had recently developed an improved 
Sic material, namely Hexoloy SX. 
Hexoloy SX has been demonstrated to posses higher toughness and strength 
than Hexoloy SA. Its toughness is about 50% to 100% higher than that o f  
SA and its typical room temperature MOR value ranges between 620-915 MPa 
(90-133 ksi). However, from the preliminary data available, it is found 
that Hexoloy SX retains only about 50%-70% o f  its room temperature 
strength at 1232°C. Although the reasons for this decrease are not fully 
established, it is believed that the high temperature mechanical 
properties can be improved via proper optimization of composition, powder 
selection and processing conditions. 

Its toughness and strength 

It is based on 

Object ive/scoDe 
The approach taken for this work is to first establish a complete 
mechanical property database and conduct detai 1 ed microstructural 
characterization on the first generation SX material currently available. 
After that, the emphasis will then be focused on the selection of a best 
Sic powder source and the optimization of processing conditions for this 
first generation material via a systematic designed experimental method. 
In the meantime, a Carborundum in-house sponsored program with the 
objective o f  identifying a second generation additive composition with 
improved high temperature properties will also be conducted in parallel. 
Once this second generation composition is identified, the information 
will be fed into the current program. Then a second set of designed 
experiments will be conducted to optimize the properties of this second 
generation SX material. Finally, the complete property database will 
then be established for the second generation composition, 
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The three major objectives for the current program are as follows: 
to establish property database and conduct detailed characterization for 
the current best SX material, (2) to improve the processing conditions of 
that material via a designed experimental method, and (3) to develop a 
second generation SX material with superior high temperature properties. 
To achieve these objectives, the work is split into six tasks: 

(1) 

J h k  
1 

2 
3 
4a 

4b 

5 

ob-iective 
Complete Characterization of First 
Generation SX 

Selection of Powder Source Aug 

Duration 
1 '91-Dec. '91 

'91-Oct. '91 
Property Optimization of First Generation SX Nov. '91-April '92 
Property Optimization of Second Generation May '92-Aug. '92 
sx 
Complete Characterization of Second 
Generation SX 
Devel op Improved Di spersi on Technique 

Sep. '92-Nov. '92 

April '91-Oct. '91 

From previous internal work at Carborundum, a particular composition of 
Hexoloy SX, SX-GI, with 2 wtX total additive, has shown excellent MOR 
strengths. 
resistance has also been encouraging. 
the composition for the work to be conducted in Tasks 1, 2, 3, and 5 o f  
this contract. 

Preliminary evaluation of its creep and dynamic fatigue 
SX-GI has therefore been chosen as 

Technical hiahl iahts 
- Three o f  the six Sic powder sources yielded densities in excess of 99% 

T.D. after over-pressure treatment. 
- Powder with very high surface area was obtained by Turbomill 

the compacted green bodies yielded excellent green densities 
- An unexpectedly low MOR strength problem was encountered in 

This problem was corrected using in-house resources. 
was obtained after modification of the sintering cycle. 

Higher 

- A revised schedule has been submitted. 
- All tasks are on schedule per the revised plan. 

ng and 
(66%) . 
ask 1. 
strength 

Task 1 Objective: 

In this task, a complete mechanical and microstructural characterization is 
being conducted. Mechanical characterization includes MOR, tensile 
strength, and Klc determinations at room and elevated temperatures; stress 
rupture, dynamic fatigue, and creep measurements at elevated temperatures. 
Microstructural characterization includes x-ray diffraction, quantitative 
image analysis, optical, scanning electron and Auger microscopies. 
To prepare samples for such characterizations, two twenty pound batches of 
Sic powder from source A were mixed with sintering additives and spray 

Complete Characterization o f  Generation I SX-Sic 
Materi a1 . 
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dried into soft flowable powder agglomerates. The powder was compacted 
into 63.5 mm square plates and subsequently isostatically pressed. The 
plates were pressureless sintered to a density o f  3.09 gm/cc and then 
over-pressure treated to a density o f  3.21 gm/cc, a value very close to the 
theoretical density of 3.217 gm/cc calculated by the rule of mixtures 
method. 
These plates were cut into Mil Std 'B '  MOR bars and tested at room 
temperature. A mean MOR of only 586 MPa (85 ksi) was obtained. This MOR 
value was substantially lower than mean MOR values o f  758-917 MPa (110-133 
ksi) obtained on samples with the same composition fabricated before 
program startup (Table 1). At this point work on Task 1 was temporarily 
put on hold until this problem could be corrected. 
Fractography revealed that 1 arger than usual vol umetric fl aws associated 
with pools of second phase were the predominant fracture origins. Work 
carried out under an internally funded program traced this problem to 
process variables. The original sintering temperature was determined to be 
slightly beyond the acceptable process window. This was further compounded 
by a scale-up effect related to sintering atmosphere. When these variables 
were adjusted, MOR testing of 75 test bars from three mixes gave average 
MORS in the 793-896 MPa range (113-130 ksi), consistent with the original 
data obtained before program startup (Table 2). 
1 was resumed in August. 
been approved. 
Additional mixes were then prepared. 
modified sintering conditions. 
fabricated. 
sintered for tensile bar specimens. 
sintering cycle had to be used to accommodate for the increased volume. 
The rods were then over-pressure treated to a density of >3.21 gm/cc. 
These rods have been sent to an outside vendor for machining into "ORNL 
Buttonhead" Tensi 1 e samples. 
The machined MOR bars are being tested for MOR, Klc, stress rupture, and 
dynamic fatlgue. 
of November at HTML/ORNL. 

As a result, work on Task 
A revised program schedule was submitted and has 

New plates were sintered using the 
About 200 Mil Std 'B' size bars were 

Fifty rods of 23 mm in diameter and 210 mm in length were also 
It was found that a slightly different 

Tension tests are expected to commence in the beginning 

Task' 2 Objective: Sic Powder Selection. 
S X - G I  mixes were made with Sic powders from 5 additional sources (B, C, D, 
E and F) with various particle size distributions and oxygen contents. The 
sintering and over-pressure treatment conditions were the same as those 
used in Task 1. Before the sintering experiments, particle size 
distribution (HORIBA) and surface area analysis (BET) were determined for 
all these Sic powders. The density values obtained along with the particle 
size and surface area data are summarized in Table 3. The plates made with 
Sic powders A, C, and F densified to >94% T.D. after pressureless sintering 
and >99% T.D. after over-pressure treatment. The plates made with Sic 
powder from source D did not densify adequately even after over-pressure 
treatment. The plates from other two powder sources yielded only moderate 
densities. Although all of these powders have a mean particle size of 
about 0.45 pm, their surface areas vary from 8.2 to 32.0 m2/gm. 
from these data that the densification is greatly influenced by surface 
area. However, powder chemistry may also play a role. The densified 

It appears 
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Table 1. Room temperature MOR for SX-G1 Sic 

Table 2. Room temperature strength f o r  new Task 1 SX-G1 
samples sintered at modified schedule 

Mix I 1 I 2 I 3 
~ ~ ~~~ 

Density, gm/cc 3.21 3.21 3.21 
Mean MOR, ksi 120 130 113 

No Samples 10 20 15 
(827 MPa) (896 MPa) (779 MPa) 

Table 3. Sinterability results for various Sic powders 

T.D. from rule o f  mixtures = 3.217 gm/cc. * 
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p la tes  have been sent f o r  machining i n t o  M i l  Std bars f o r  MOR and K l c  
evaluations. A best powder w i l l  then be selected based on dens i f i ca t i on  
and mechanical property r e s u l t s  as wel l  as powder a v a i l a b i l i t y  and 
mahuf a c t u r i  ng consi derat  i ons . 
Task 5 Objective: Development o f  an Improved D i  spersi on Process. 
There are three approaches being studied i n  p a r a l l e l  t o  improve mixing and 
dispersion. The f i r s t  one i s  the use o f  n i t r a t e  and alkoxide chemical 
precursors as s in te r i ng  aids. Three batches o f  mixes (mix la ,  l b  and IC) 
were prepared w i th  t o t a l  add i t i ve  l eve l s  o f  2.0 W/O, 2.5 w/o and 3.0  w/o, 
respect ive ly  . 
The second approach i s  t o  use preground f i n e  powders as s in te r i ng  
addi t ives.  A l l  the s in te r i ng  aids are preground w i t h  a laboratory  
a t t r i t i o n  m i l l  t o  a s ize  around 0.5 pm. Three batches o f  SX mixes were 
prepared w i th  t o t a l  add i t i ve  l eve l s  o f  2.0 W/O, 2.5 w/o, and 3 . 0  w/o (mix 
2a, 2b and 2c), respect ive ly .  
Unexpectedly low leve ls  o f  s in te r i ng  a i d  re ten t ion  were found i n  the mixes 
formed from both o f  these routes. The amount o f  second phase present i n  
the f i n a l  microstructures was only about one-half the amount expected. As 
a resu l t ,  the two mixes w i th  2.0 w/o s t a r t i n g  s in te r i ng  aids were d i f f i c u l t  
t o  s i n t e r  (Table 4). 
a ids reached f u l l  densi ty a f t e r  post-treatment. 

Nevertheless, mixes w i th  3.0 w/o s t a r t i n g  s in te r i ng  

Table 4. Densi t ies f o r  SX-G1 mixes w i th  chemical 
precursors and preground addi t i  ons 

The microstructures and second phases d i s t r i b u t i o n  o f  these samples are 
being exami ned . Mechanical propert ies w i  11 then be eval uated . 
The t h i r d  approach i s  the use of a powerful Turbomil l ing technique t o  g r i nd  
both S i c  and add i t i ve  powders down t o  the submicron s ize range. 
gr ind ing t r i a l s  w i th  S i c  gr ind ing media were conducted a t  Southern I l l i n o i s  
Un ivers i ty  by Prof. W i t t m e r  w i th  the S X - G I  composition mix. 

Four 

The BET 
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surface area of these four Turbomilled mixes after 2 to 4 hours of milling 
ranged from 18.6 m*/g to 22.8 m2/g compared to 15.0 m2/g for the standard 
G1 mixes. 
The densities of pressure filtered green pucks from these mixes were much 
higher than those from standard S X - G 1  mixes, ranging from 2.04 to 2.24 
gm/cc compared to 1.61 gm/cc. Densification studies are in progress. 
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llinois University 
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The purpose of this work is to continue the investigation of the 
turbomilling process as a means of improved processing for Sic whisker- 
ceramic matrix composites and dispersion of matrix powders prior to 
composite processing. 

Technical P m m  

Phase II is divided into 4 major tasks: 

Task 1. Beneficiation of SIC whiskers. 
Task 2. Development of aspect ratio reduction parameters. 
Task 3. Dispersion Trials and B-Si3N4 Seed Development 
Task 4. Final Report 

Task 7. Beneficjation &Sic whiskers 

Task 1 was completed ahead of schedule as reported previously. 

Task 2. DeWopment of aspect rat0 reductJon pammfem. 

Task 2 was completed as reported in the previous semi-annual 
report. 

Task 3. Dispersion Trials andf?si3N, Seed Devdcpment 

This part of Task 3 was completed during this reporting period. 
The effect of pH on the relative floc size and the effect of temperature on 
the viscosity of Si3Nq slurries, prepared from three commercial Si3N4 
powders were investigated. 

Figure 1 shows the effect of solids loading on the relative floc size 
as a function of pH for Stark LC-12SX Si3N4 slurries. Relative floc size was 
determined by calibration of the Lasentec Scanning Laser Microscope 
using 10 pm latex spheres. These results show that increasing the solids 
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loading reduces the relative floc size and increases the flocculation range 
to somewhat slightly higher pH. 

Figure 1. Effect of solids loading on the relative 
floc size as a function of pH for 
Starck LC-12SX Si3N, 

At the 5 wt.% solids loading, the slurry is well dispersed up to a 
pH of slightly greater than 6; illustrated by the relative floc size of about 
1 pm. Between the pH’s of 6 and 8 the slurry becomes flocculated, with a 
relative floc size of about 10 p. Above a pH of slightly greater than 8, the 
slurry is once again well dispersed. 

Increasing the solids loading is seen to reduce the relative floc size 
in the pH range of 6 to 8 to about 5 pm for the 10 wt.% solids loading and 
about 3 pm for the 15 wt.% solids loading. Also, the flocculated range for 
both higher solids loading is extended to slightly higher pH. 

As mentioned in previous bimonthly and semiannual progress 
reports, the temperature of the cooling water used for the turbomill was 
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noticed to have a significant effect on the viscosity of Si3N4 slurries, during 
turbomilling and subsequent processing. Since the turbomill is cooled with 
the available building cold water, the temperature of the cooling water will 
vary with the season. In the winter months it has been recorded to be as 
low as 13OC and in the summer as high as 39OC. 

To determine the effect of temperature on the viscosity of three 
commercial Si,N4 powders (Starck LC-1ON and LC-12SXY and Ube E-lo), 
well-dispersed slurries containing 45 vol.% Si3N4 of each powder were 
prepared with a light-duty homogenizer, using water at 25OC and 
ammonium hydroxide for pH control (40). The viscosity of each slurry 
was measured with a rotary viscometer equipped with a circulating cup 
attached to a refrigerated cooling supply. At each temperature, the slurry 
was allowed to equilibrate for 15 min. prior to the viscosity measurement. 
The viscosity of each slurry was initially determined at 25OC and then 
cooled to 5OC. The temperature was then increased in =20° intervals up 
to 55'C, after which it was then decreased back to 5OC, in order to 
observe any hysteresis behavior. 

As seen in Fig. 2, the slurry containing the Starck LC-?ON Si3N4 
exhibits a strong viscosity vs. temperature hysteresis behavior. It is 
believed that the powder surface charge is affected by the solubility of 
surface ions. It is suspected that as the temperature is increase the floc 
size also increases and results in the higher viscosity. As the temperature 
is lowered, the flocs do not spontaneously disperse and the viscosity 
remains higher than that initially measured. 

The hysteresis behavior is not as pronounced for the Starck 
LC-12SXY with only very small changes in viscosity as a function of 
temperature. This is most likely do to a difference in the surface charge 
on the LC-12SX compared with the LC-1ON; the floc size and viscosity for 
the same solids loading are initially quite different. It might be that slurries 
made from LC-12SX with higher solids loadings would behave similar to 
the LC-1ON. 

The Ube E-10 Si,N4 slurry showed no hysteresis behavior for 
viscosity as a function of temperature. The observed behavior is similar to 
that of water in that the viscosity decreased with increased temperature. 
This behavior may be the result of the higher surface purity for the Ube 
powder, compared with the Starck powders, giving a much lower viscosity 
for this solids loading. It may be that as higher solids loading, slurries 
made from Ube E-10 may also show some hysteresis behavior. This 
should be a goal of further research. 
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Figure 2. Effect of temperature on viscosity of 45 vol.% 
slurries made from 3 commercially available 
Si,N, powders. 

B-si,N, Seed Development 

During this reporting period, additional t3-Si3N4 seed was produced 
by the addition of 2% Y20, to Ube E-10 Si3N4 with subsequent processing, 
as described in the previous semiannual report. The t3-Si3N4 produced by 
thermal treatment is shown in Fig. 3 and the seed produced by 
turbomilling is shown in Fig. 4. It can be seen from these figures that the 
initial elongated B-Si3N4 is reduced to a fine particulate "seed" by 
turbomilling. 

.... . .. . ,., "1,' 4 , 
.! I' ' i ,  .. .. 2 1 , .  , . . 
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Figure 3. . SEM photomicrograrpn of 6-S1;tIll, prior, to 
turbomilling. 

Figure 4. SEM photomicrograpn ol B-SIsN, seed prepared 
by turbomilling the thermal conversion product 
shown in Fig. 3. 
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Development of Self-Reinforced S id, with Reduced 
Sinterina ASdS 

A2Y6-Si,N4 was produced, with and without the addition of 5 and 
10 wt.% 13-Si3N4 seed, by turbomilling and pressure casting. 

A2Y6-Si3N, Matrix 

For the A2Y6-Si3N4 matrix (no t3-Si3N4 seeds), the raw materials 
were batched in the appropriate amounts for a 0.5 kg lot and processed in 
the turbomill, containing 2 kg of the YTZ milling media and 500 cc distilled 
water. After the turbomill was loaded, the pH was adjusted to about 10 by 
the addition of ammonium hydroxide. Following turbomilling for 1 h at 
1200 r.p.m., the resulting slurry was discharged through a 60/200 mesh 
screen stack. The slurry was then pressure cast (using N, gas gradually 
increased from 700 Pa (5 psig) up to 14.5 KPa (40 psig)) into green discs 
7.6 cm in diameter by = 2.2 cm thick, using a commercial filter press. The 
discs from filter pressing were then dried under vacuum at 100°C for 24 h. 
Following drying, the discs were isopressed at 310 MPa to obtain a green 
density of about 60-65% of theoretical. The pressure cast discs were then 
sintered at 188OoC for 4 h at 300 psig N,. Following sintering the discs 
were cut into standard test bars and flexural strength and fracture 
toughness (controlled flaw) were measured. Standard XRD was also used 
to determine the phases present following sintering. 

The baseline A2Y6-Si3N4 matrix sintered to >99% of theoretical 
density at 188OoC for 4 h under 300 psig N, overpressure. Based on 4 
test bars each, the 4-pt flexural strerph was 925-1025 MPa and the 
fracture toughness was 8-10 MPa-m . XRD results indicated complete 
conversion to B-Si3N4. The microstructure of the etched MY6 matrix 
showed a small amount of uniformly distributed porosity about 6 pm in 
diameter, some fine grained material, and some elongated B-Si3N4 
approximately 1-2 pm in diameter by 4-6 pm long. The microstructure 
given in Fig. 5 is characteristic of the sintered A2Y6 matrix after polishing 
avd thermal etching. 

A2Y6-Si,N4 with 5 wt.% B-%& Seed 

A similar procedure was used for the addition of the R-Si3N4 seed to 
the baseline A2Y6-Si3N4 matrix. After turbomilling the baseline composition 
for 2 h, the appropriate amount of B-Si3N4 was added to obtain a 5 or 10 
wt.% addition. Turbomilling was then continued for an additional 30 min. 
to dispersg the seed. The resulting slurry was then pressure cast, dried 
and isopressed for the same conditions as the baseline composition 
without B seed. 
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Figure 5. SEM photomicrograph of etChed A2Ye-Si3N, after 
sinteriw, ehWng elongatsd B-SIfl, grains. ' 

The seeded MY6 also sintered to >99% of theoretical density at 
1880°C for 4 h under 300 psig N, overpressure. Based on 4 test bars 
each, the 4-pt flexural strength was 750-950 MPa and the fracture 
toughness was 10-13 MPa-m". As with the matrix, XRD results indicated 
that the seeded composition completely converted to 8-Si,N,. The 
microstructure of the seeded Si,N, (Fig. 6) showed a small amount of 
uniformly distributed porosity about 6 pm in diameter, however there was 
much less fine grained material, and a greater amount of elongated 
B-Si3N, than observed in the baseline A2Y6-Si3N, matrix. Also, the 8-Si3N, 
appears to be larger in diameter (2-3 pm) and slightly longer (6-8 pm) for 
the seeded A2Y6-Si3N,. The reduction in the fine grained material would 
be expected to lower the flexural strength, while the increased volume of 
the elongated B phase would likely increase the toughness, as was 
observed. Based on these limited results, it appears that t3 seeding of 
Si,N, compositions is a means of altering the sintered microstructure to 
increase the fracture toughness. 

Work is continuing on this task to increase the database and 
produce more statistically valid data. Additional materials have been 
prepared and are presently being machined into test bars. 

d S  
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1.1.2 Silicon Nitride 

Sintered Silicon Nitride 
J. Mangels (Ceradyne Inc.) 
G.E.Gazza (Army Materials Technology Laboratory) 

Objective/ScoDe 
The program is currently conducted on contract to Ceradyne Inc. 

with support from AMTL. 
developing scale-up processing conditions for a silicon nitride material 
having the general composition 85.8m/o Si3N -4.73m/o Y 0 -9.47m/o 
Si0 -l.Om/o Mo C and characterizing the pro#erties of $h?s composition 
witfi the goal 8f producing complex components for testing in related 
heat engine programs. 
processing studies and data base generation while the second task will 
focus on producing and characterizing engine components. 

Technical Proaress 

Matrix 4 powders (with 0 and 1 mol% Mo C) to be used for mechanical 
testing of the material after sinterina. A processing temperature of 
1850C for 5 hours was chosen for both compositions based on results from 
previous runs. A total of four sintering runs were conducted, MTL 23-26. 
MTL run 23 was performed on half billets in two different packing 
powders (with 0 and 2% Si02 additions) in order to establish which of 
the packing powders should be used as well as to verify the 
sinterability of larger samples. Since samples of both compositions 
sintered to density only in 0% Si02 packing powder (Table I), it was 
chosen for all the remaining runs. 

The contract has the overall objective of 

The first task of the program will concentrate on 

Matrix 4 billets 4" x 411 x 1/2" in size were isopressed from the 

Densities: Full size billets sintered in MTL runs 24-26 all reached 
density irrespective of composition. Billet densities for mix 6 were 
3.258 0.003 g/cu.cm and for mix 7, 3.278 0.006 g/cu.cm. About 50% of 
the billets experienced shrinkage induced cracking that originated from 
the billet edges and extended radially into the billet for up to 
approximately 1/2 in. Cracks were observed on samples of both 
compositions. It is believed that this problem could be overcome by 
slowing down the heating rate in the last lOOC temperature range and by 
changing the way the parts are loaded in the sintering furnace. 

with Mo2C had losses of 1.5-3.6%. These values are typically lower than 
for smaller samples which were used in previous Matrix 4 sintering runs. 

phase irrespective of which composit3on2ds used. Molybdenum carbide or 
silicides were not detectable on XRD. 

surfaces observed in Matrix 4 on smaller samples. 
samples (containing 1 mol% Mo C) appeared to contain more pores and have 
a larger average pore size thin samples from mix 6. 

Hardness and Toughness: Material from runs MTL 23-26 had hardnesses in 
the 1380 kg/sq.mm range (Table I). These values are lower than in 
previous Matrix 

Weight losses of billets with no Mo2C ranged from 1-2%. 

Samples were found to contain Y Si 0 

Surfaces of polished samples were examined and were similar to 

Billets 

(card #22-1103) as a second 

In general, mix 7 

sintering runs. Toughness values remained in the range 
of 5.5-8.0 MPam 142 . 



23 

Characterization of Matrix 4 Test Bars 
Billets with dimensions 3.3" x 3.3" x 0.52" were processed using 

the Matrix 4 conditions and then were machined into MOR bars at Bomas 
Maching Spec. Inc., Somerville, MA. Billet compositions with and 
without Mo C were processed and identified as Mix 7 and Mix 6, 
respective3y. 
The density, hardness, fracture toughness, and phase composition are all 
consbtent with the values obtained in the Matrix 4 processing 
experiments. 

micron size pores, whife Mix 7 had porosity ranging up to 30-40 microns. 
The pores in Mix 7 composition appeared to have a metallic phase 
associated with them. SEM analysis indicated that this phase was MoSi . 

The modulus of rupture was determined for these materials using t8e 
MIL-STD-1942B design. The results are summarized in Table I11 for Mix 6 
and Table IV for Mix 7 along with an analysis of the fracture origins. 
The mean strength of both compositions, 468 MPa for Mix 6 and 437 MPa 
for Mix 7, was lower than the program goal. In addition, the Weibull 
Modulus, 3.2 for Mix 6 and 6.3 for Mix 7, was also low. 

An analysis of the fracture origins indicated that the problems 
could be attributed to three causes: 

(1) Incomplete mixing of the additives into the Si N 
resulted in large pores which were shown to be deficien3 fn sintering 
aditives. 

(2) Contamination of the Si N 
spray drying process resulting ii fnclusions of silicon. 

(3) Large pores associated with the Mo2C conversion to.MoSi2 
in Mix 7 during sintering. 
It was concluded that the remaining material characterization, scheduled 
for these materials, be deferred pending the results of an additional 
set of processing experiments. 

The characterization results are summarized in Table 11. 

Mix 6 (without Mo C) contained a uniform distribution of 18-25 

powder 

mix with silicon during the 

Matrix 5 Processing Experiments 
The starting material for Matrix 5 will be silicon powder rather 

than Si N powder. 
sintered-leaction bonded Si N process. This processing change will: 

(1) Eliminate the potekfal for cross contamination. 
(2) Result in a more uniform distribution of sintering additives. 

The specimens will be processed according to the 

Matrix 5-Sintering: Matrix 5 samples were sintered at 1850C, 1875C, and 
1950C. The densities and weight losses from these are summarized in 
Table V. Near theoretical densities were obtained at 1875C using new 
packing powder. In general, higher densities were obtained in samples 
that did not contain Mo C additions. Additionally, greater density 
variations were observe4 between runs performed under the same 
conditions than with prior materials. 

Samples containing 1 mol% Mo C were found to have porosity larger 
than 10 um in all areas of t8e sample. 
3/16" thick surface region which was virtually pore free. The center of 
these samples had some isolated 10-30 um sized pores. 

All samples contained Y 
or MoSiZ were detected fh6gampl$s3with Moa additions. 

The Mo2-free samples had a 

(Si0 ) 0 as a second phase. Mo2C 
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Established Milestones 

(A) Establish powder processing approach for preparing selected 
composition. Determine preferred sintering conditions. Generate data 
base for room temperature and high temperature properties. 

July 1991 

(B) Fabricate, inspect, and make components available for engine testing 
in a gas turbine ceramic component development/evaluation program. 

July 1992 

Program Status 

approximately six months behind schedule. 
bonded approach or a modified slip-casting process being developed at 
MTL may improve the quality of the sintered product. 

The need to perform another processing matrix has put the program 
Use of the sintered-reaction 

TABLE I. 
and mix 7 (lm/o Mo2C) for run MTL 23 

Temperature-1850C time-5 hrs. 
Packing powders: (1) 0% Si0 (2) 2% sio, 
parts: rods and half billed 

Characterization of sintered samples of mix 6 (0% Mo2C) 

crucible: graphite 

Parts 
packing powd. 

w t .  loss (%) 
half-billet 
rod 

density 
half billet 
rod 

% Theor. 

Phase compos. 
half billet 

1.600 
1.000 

3.257 
3.259 

0.999 
1.000 

a-Y2Si 2 7  0 

1388 

5.5 

0.400 
0.700 

3.119 
3.230 

0.957 
0.991 

2.100 
2.600 

3.286 
3.294 

0.999 
1.001 

a-Y S i207 

1373 

7.6 

1.300 
2.200. 

3.068 
3.271 

0.933 
0.994 
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Table 11. Characterization of Mix 6 and Mix 7 MOR Bars. 

Mix 6 Mix 7 
(0% Mo2C) (1% Mo2C) 

Density 
Bars 
Billets 

Hardness 
HVS 

Fracture Toughness 

Phase Composition 

Optical Microstructure 

Table 111. 

- Bar & 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

3.262 g/cc 
$3.258 g/CC 

1480 kg/mm2 

3.274 g/cc 
3.276 g/cc 

1400- 1500 kg/mm2 
0 0 

5.3-5.8 MPam 5.3-6.8 MPam 

beta-Si N4 beta-Si N 
no secoad phase 3 ~ 4 ~ i 2 ~ 7  

Ma C 
Mo8i2 

18-25 um pores 30-40 um pores 

Room Temperature Strength of Mix 6 Composition 

Summary Statistics 
Mean Strength 
Std. Dev. 
Char. Strength 

M 

M.O.R. (ksil Failure Oriain 

58.1 
44.5 
37.8 
54.2 
39.2 
33.1 
72.7 
84.8 
26.8 
69.9 
77.4 
66.2 
73.4 
89.2 
86.3 

60.9 ksi 
19.9 ksi 
67.9 ksi 
3.7 

inclusion (Si) 
pore 
pore 
pore 

pore 

pore 

pore 
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Table IV. Room Temperature Strength of Mix 7 Composition. 

- Bar # M.O.R. (ksi) Failure Oriain 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

61.2 
53.5 
61.2 
62.4 
57.0 
56.6 
70.8 
44.0 
32.4 
69.9 
76.8 
59.1 
66.6 
54.9 
62.3 

pore 
pore 

pore 
inclusion (Si) 
pore 
pore 
pore 

pore 

Summary Statistics 
Mean Strength 
Std. Dev. 
Char. Strength 

M 

59.2 ksi 
10.5 ksi 
63.4 ksi 
6.3 

Table V. Results from Matrix 5 Sintering Experiments. 

Temperature (C) Mo C(m/o) -2 

1850 0 

Density wt. Loss (%) 
(g/cc) ( %  theor.) 

2.98 91.3 3.7 

1850 1 2.92 88.7 5.3 

1875 0 2.98-3.27 91-100 5.8 

1875 1 2.99-3.24 90-99.2 7.4 

1950 0 3.11 95.4 7.0 

1950 1 3.05 92.5 10.0 
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Microwave S i n t e r i n a  o f  S i 1  icon N i t r i d e  
T. N. Tiegs, J. 0. Kiggans, and P. A. Menchhofer 
(Oak Ridge National Laboratory) 

meet i ve/scooc: 
The objective of this research element is to identify those aspects of 

microwave processing o f  silicon nitride that might (1) accelerate densifi- 
cation, (2)  permit sintering to high density with much lower levels of 
sintering aids, (3) lower the sintering temperature, or (4) produce unique 
microstructures. The investigation of microstructure development is being 
done on dense silicon nitride materials annealed in the microwave furnace. 
The sintering of silicon nitride involves two approaches. The first ap- 
proach comprises heating of si1 icon nitride and sialon powder compositions 
in the 2.45- or 28-GHz units. 
reaction-bonded silicon nitride as the starting material and i s  done 
entirely in the 2.45-GHz microwave furnace. 

The second approach deals with using 

Technical hishl iuhts 

Microstructure development 

Microstructural changes occurring during the annealing of silicon 
nitride materials have been previously reported. Significant grain growth 
dependi ng on the i ntergranul ar phase composition and the anneal i ng condi - 
tions has been observed. 

To determine the effects of the initial microstructure on the changes 
that occur during microwave annealing, a series of samples have been fab- 
ricated by hot-pressing, machining into modulus of rupture (MOR) bars, and 
microwave annealing at 1400°C for 20 h. The series represents a wide range 
of intergranular phase chemistry, crystallinity, starting 8-phase content 
and grain size as shown in Table 1. The MOR bars have been polished, and 
fracture toughness measurements are in progress. 

Table 1. Samples fabricated for determining influence of initial 
microstructure on effect of microwave thermal anneal ing 

Hot -press Density 
Additive composition conditions ( X  1. D.) 

("C/h) 

8 -Si3N, 
content 

(%I 

8% La20,-2% A1203 

6% Y203-2% SrO 

6% Y203-2% A1203 1725/1 
1800/1.5 
1800/3 
1725/1 
1800/1.5 
1800/3 
1725/1 
1800/1.5 

4% Y203 
1800/3 
1800/1.5 
1800/3 

99.8 
100 
100 

100 
100 

100 
100 

98.2 

98.0 

98.6 
99.5 

75 
100 
100 
100 
100 
100 

75 
97 

100 
92 
98 
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In addition to these annealing tests, rods of two commercial silicon 
nitrides have been annealed and will be fabricated into tensile specimens 
for creep testing. Rods of SNW-1000 (GTE-Wesgo, Belmont, California) were 
annealed at 1400 and 1500°C for 20 h. 
North Carolina A&T University and the results compared to previous data on 
as-fabricated materials. 
Massachusetts) were annealed at 1500°C for 20 h and will be tested at ORNL. 
Again, the results will be compared to previous data on as-fabricated 
materi a1 s. 

These samples will be tested at 

Rods of PY6 (GTE Laboratories, Waltham, 

Sintering 

Microwave heating of silicon nitride-based materials occurs predomi- 
nantly via power absorption by the sintering additives and/or the inter- 
granular phases. 
transferred tf the surrounding matrix because of the high thermal 
conductivity. With powder compacts, however, the heat transfer is domi- 
nated by convection and radiant transfer mechanisms within the compact and, 
consequently, is very slow. Problems with non-uniform heating can occur 
due to imperfect sintering aid distribution, inhomogeneities in the powder 
compact (such as green density or agglomerates), and also variations in the 
microwave power field. At low additive contents, these effects are the 
most critical. 
or "hot spots," which cause differential sintering and shrinkage and, 
finally, sample cracking. To minimize or prevent this series of events, 
one can (1) increase the additive content or (2) increase the microwave 
frequency. In previous studies, we observed improved heating of powder 
compacts with additions of Si, Sic, and SiAlON particulates. The silicon 
additions were nitrided to silicon nitride in processing and prior to 
sintering. Increasing the sintering additive contents (using Y203 and 
A1203) also exhibited improved heating and densification. By increasing 
the microwave frequency from 2.45 to 28 GHz, increases in heating uni- 
formity and sintering behavior, as compared to samples heated by conven- 
tional techniques, were observed. However, since the 2.45-GHz microwave 
furnaces are readily available on a commercial basis and represent better 
potential for near-term application, it is of greater interest to emphasize 
this frequency. 

Si,N,-6% YzO -1.5% A1 0 compositions at 1750 to 1850°C in the 2.45-GHz 
furnace w i d  very littfe success. Poor coupling behavior, because of the 
low additive content, led to severe cracking problems and decreased 
densification. Presintering o f  the samples in a conventional furnace to 
about 70% density to increase the thermal conductivity decreased the 
cracking problem, but densification was still in the range of 80 to 90% 
T. D. This is only slightly higher than densities achieved in a conven- 
tional furnace and not sufficient to obtain good mechanical property 
measurements. 
this type, and it is evident that without a gas overpressure of nitrogen 
in the microwave, we will be limited to compositions with relatively high 
additive contents. 

Consequently, to obtain specimens for the milestone involving compari- 
son of mechanical properties between microwave- and conventional -sintered 

In the case of dense materials, the heat is readily 

They can lead to a sequence of localized thermal runaways 

In the last reporting period, numerous attempts were made to sinter 

Higher temperatures are required to densify a composition of 
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silicon nitride, samples of Si3N,-12X Y 0,-4% A1,4 were fabricated and 
densified. 
was obtained with uniform densities > 95% T. D. 
the Si,N,-6% Y O,-l.5% A1,0, composition microwave sintered at 1800OC. 
Those sampleshad high weight losses (> 5%) and did not show significant 
improvement over the samples sintered at the lower temperatures. 
the Y 0 with La,%, which is less refractory of a composition, produced 
materqats that could be microwave sintered to high densities at 1800°C 
All of the specimens that achieved high densities were machined into M6R 
bars for mechanical testing. We also attempted to study the effects of 
microwave sintering at high ramp rates with the Si,N,-12% Y,03-4% A1 0, 
composition samples. While the densities achieved were comparable t o  the 
samples heated at the slower rates, these samples were badly cracked and 
were not suitable for mechanical property testing. 

Those results, shown in T a h e  2,  indicated good densification 
Also shown are results on 

Replacing 

Table 2. Summary o f  results on sintering o f  silicon nitride compositions 
by cqnvent i onal and microwave heat i ng 

Conventional Microwiqve densities 
Si nter i ng d y s i  ties (g/cm, % T. D.) conditions 
(" C/mi n) 1750/60 1700/30 1700/60 1750/60 1800/60 

(g/cm, % T. D.) 

6% Y20 - 2.46, 75.5 -- -- 2.57, 78.8 2.68, 82.2 
1.5% A\ 203 

12% Y203- 
4% A120, 

12% Y203; 
4% A1,0, 

6% Y 0 
2% A!z&- 
la s1 

8% La203- 
2% A1203 

3.25, 97.0 3.27, 97.6 3.33, 99.4 - -  

2.56, 76.9 

3.21, 95.8 3.29, 98.2 -- 

3.26, 97.3 -- 

_ _  2.81, 84.4 3.22, 96.7 

aHeating rate from 1400°C to sintering temperature was 20°C/min; heating rate for all 
other runs was 5"C/min in same temperature range. 

Comparisons o f  conventional and microwave sintering also showed in- 
creased weight losses for the latter case (Fig. 1). This behavior is 
believed due to the manner in which heat i s  absorbed by the silicon nitride 
materials. Conventionally, weight losses are associated with Si0 volatili- 
zation f om the intergranular phases and decomposition o f  the silicon 

It has long been recognized that packing o f  silicon nitride 
was necessary furing sintering to reduce weight losses and achieve good 
densification. These powder beds decompose to "create" a protective 
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ORNL-DWG 91-9735 
4 

3 

Conventional 
El Microwave 

0 
6% Y203 
2% A1203 

F 
sinter 
Sampl e 
at 2.4 

12% Y203 
4% A1203 

Add i t i ve Co n t e n t (w t .%) 

g. 1. Comparison of weight losses during 
ng .of silicon nitrides with different additives. 
i sintered at 175OOC for 1 h; microwave heating 
5 GHz. 

environment. 
system, and typically there is a steep thermal gradient existing from the 
samples outward through the insulation. In this arrangement, the packing 
powder bed does not decompose sufficiently to form a protective atmosphere 
around the sampl es to prevent materi a1 vol at i 1 i zat i on. Thus, packing 
arrangements and powder bed compositions appear to be of critical impor- 
tance in the case of microwave sintering and will be an area of continued 
study. Accelerated weight losses may also be driven by any enhanced dif- 
fusion that may occur in the microwave field. Greater than conventional 
weight losses have been observed in microwave annealing of dense silicon 
nitride? where it was highly dependent on the SiO, content o f  the packing 
powder. This behavior was attributable to enhanced diffusion of Si-0 
species within the intergranular phases. 

The specimens that achieved densities > 90% T. D. were tested for 
fracture toughness and flexural strength (Table 3). Of particular interest 
was the fracture toughness because of previous results showing increased 
grain growth by microwave sintering and the interest in in-situ toughening 
of silicon nitrides. 

In the microwave, the samples are the hottest part of the 
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Table 3. Summary o f  results on mechanical properties o f  
microwave sintered si1 icon nitride materials 

Sintered Flexural  Fracture 
strength toughness 

(MPa) (MPa/n) 

Sinter ing 

time 
Addi t ive Sinter ing temperature/ tu 

(oc/mln) ( g / d s  % T .  D.) 
colaposi ti on method 

6% Y2OS-2% 
A1&-2% S i c a  

6% Yn4-2% 
A l 2 4 - 8  TINa 

12% Y 4 -4% 
A 1 2 4 6  

12% Y24-4% 
A124-8 S i c a  

12% Y24-4% 
A l 2 4 - 2 %  Tica 

12% Y24-4% 
Al&-2% TiNa 

12% Y24-4% 
A124-2X S i c a  

12% Y24-4% 
A124-2% Tica 

12% Y24-4% 
A124-2% TiN' 

12% Y 4 -4% 

12% Y 4 - 4 s  

d 

A 1 A 8  

A124# 

A124# 

12% Y 03-4% 
2'3 

12% Y 03-4% 

12% Y203-4% 
AI,O~-~X sib 

12% Y,03-4% 
Al24-2X S i b  

9% Y24-3% 
A1Ab 

A12hb  

A124b 

9% Y24-3% 

11% La24-3X 

Microwave 
28 GHz 

Microwave 
28 GHz 

Microwave 
28 GHz 

Microwave 
28 GHz 

Microwave 
28 GHz 

M i  crouave 
28 GHz 

H i  crowave 
2.45 GHz 

Microwave 
2.45 GHz 

Microwave 
2.45 GHz 

Microwave 
2.45 GHz 

Microwave 
2.45 GHz 

Microwave 
2.45 GHz 

Conventional 

Microwave 
2.45 GHz 

Conventional 

Microwave 
2.45 GHz 

Convent i onal 

Microwave 
2.45 GHz 

1750/60 

1750/60 

1750/60 

1750/60 

1750/60 

1750/60 

1750/60 

1750/60 

1750/60 

1700/60 

1700/60 

1700/60 

1700/60 

1700/60 

1700/60 

1700/60 

1700/60 

17OO/60 

3.13, 93.3 

2.97, 91.0 

3.13, 91.0 

3.20, 95.6 

3.15, 93.1 

3.27, 96.6 

3.22, 95.7 

3.15, 93.1 

3.25, 96.1 

3.27, 97.6 

3.30, 98.5 

3.30, 98.4 

3.29, 98.1 

3.24, 96.8 

3.24, 96.7 

3.27, 98.5 

3.21, 96.7 

3.32, 98.3 

588 f 53 6.4 

743 f 60 6.7 

651 & 102 6.5 

657 f 114 6.7 

544 f 64 . 7.1 

639 f 129 _ _  
664 f 91 6.6 

708 & 13 6.7 

823 f 66 - -  

- -  6.6 

6.5 

6.9 

6.3 

7.1 

6.5 

6.8 

6.4 

- -  6.9 

aSamples were fabr icated by vibrorni l l ing, drying, and isopressing. 
bSamples were fabr icated by turbomil l ing, pressure-casting, and drying. 
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As shown in Table 3, the strength is mainly dependent on the density 
of the samples achieved during sintering. 
mechanical properties were observed between the conventional 1 y and 
microwave-sintered materials. 
vealed that the microwave-sintered materials consistently exhibited 
slightly increased toughness over the conventionally heated materials. 
This is believed to be a direct result o f  the increase in grain size in the 
microwave-sintered samples. 

steps. Initially, liquid phase formation occurs by the reaction between 
the sintering additives and the silica on the surface o f  the silicon 
nitride particles. 
from 1200 to 1600°C. Initial densification begins via particle rearrange- 
ment aided by the liquid phase and capillary action. Further densification 
takes place by a solution-diffusion-reprecipitation process whereby a-Si3N, 
is transformed into B-Si,N,. The formation of the liquid phase and parti- 
cle rearrangement are processes that should not be affected whether the 
thermal energy i s suppl i ed through microwave or conventional heating . 
Consequently, densification should proceed in the same manner and at the 
same rate for both heating methods. 
reprecipitation process should be very dependent. 
reported that microwave heating increases diffusional processes. Thus, the 
improvement in densification and increased grain size during microwave 
heating are a result of increased diffusion through the liquid phase during 
the a-to-B-SiqN transformation. In the compositions with high additive 
contents, shrintage by particle rearrangement is the major densification 
process. Therefore, the sintered densities are not significantly different 
between the microwave and conventionally heated samples. However, in- 
creased grain growth during microwave heating results in the slightly im- 
proved fracture toughness. An optimization of the microwave sintering 
method may involve sintering to high density followed by a grain growth 
cycle and then an intergranular phase crystallization step. Samples to 
explore this possibility have been fabricated and fired. Evaluation o f  
these materials is in progress. 

Only marginal differences in 

Comparisons of the fracture toughness re- 

Sintering in silicon nitride materials occurs by a number of distinct 

This typically takes place in the temperature range 

But the solution-diffusion- 
It has been previously 
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Status of milestone$ 

Milestone 112404 - Draft report on "Mechanical Properties o f  
Microwave-Sintered Si1 icon Nitride" was completed. 
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Characterization of Attrition Milled Silicon Nitride Powder 
S. G. Malghan and D. B. Minor (National Institute of 
Standards and Technology) 

Currently, the starting materials in the manufacture of silicon 
nitride ceramic components are fine powders. These fine sized powders 
tend to form agglomerates due to van der Waals attractive forces. For 
improved reliability in the manufacture of ceramic components, the 
agglomerates in the powders should be eliminated since they form 
defects. In addition, the powders should have an appropriate range of 
size distribution and specific surface area for achieving a near- 
theoretical density of the ceramic after densification. These factors 
necessitate the use of powder milling as one of the major powder 
processing unit operations. Therefore, milling of powders is an 
integral unit operation in the manufacture of silicon nitride components 
for advanced energy applications. The production and use of these 
powders require the use of efficient milling techniques and 
understanding of characteristics of the milled powders in a given 
environment. High energy attrition milling appears to offer significant 
advantages over conventional tumbling and attrition mills. 

The objectives of this project are to: (1) develop fundamental 
understanding of surface chemical changes taking place when silicon 
nitride powder is attrition milled in aqueous environment, and (2) 
demonstrate the use of high energy attrition milling for silicon nitride 
powder processing, by developing measurement techniques and data on the 
effect of milling variables on the resulting powder. This study will 
provide data and models for effective application of high energy 
attrition milling to industrial processing of silicon nitride powder. 
It also will provide recommended procedures for physical and surface 
chemical characterization of powders and slurries involved in the 
milling process. 

Technical Pronresg 

During this period three major tasks were addressed: 1) testing of 
the milling kinetics model, ESTIMIU, 2) completion of milling tests 
with 3.0 mm media, 3) comparison of milling results 2.0 and 3.0 mm 
diameter media. 

Testine of Milling K inetics Model. The linear, size discretized, model 
for breakage kinetics is obtained by dividing the particulate assembly 
being milled into "n" narrow size intervals (xi , x i+ l ) ,  where i - 1, 2, - - - -  , n. Then a mass balance for the material in the i-th size interval 
at time t yields, for i - 1, 2, - - -  , n: 
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In this equation, ms(t) irr the mass fraction of material in the i-th 
size interval and H is the total 089s of material being milled. Si, 
the size-discretized breakage rate function for the i-th size internal, 
denotes the fractional rate at which the material is milled out of the 
i-th size interval and b,,, the size-discretized breakage function, 
represents the fraction of the primary breakage product of material in 
the j - th size interval which appears in the i- th size interval. The set 
of n simultaneous differential equations in eq. 1 are represented by a 
matrix equation and an analytical solution io obtained. A detailed 
discussion of the model md a computer program is published by the 
University of Utah Comminution Center (UCC). Presently, we are 
collaborating with Prof. Rajamani at the UCC in the development and 
usage of this program for silicon nitride powder milling. 

This model was developed in early 60's. However, since 1980's the 
University of Utah has taken this model and developed a computer program 
that has been utilized for numerous applications. Our current task is 
to modify and test the program for simulation of silicon nitride powder 
milling in a high energy agitation ball mill. 

The model testing was primarily directed towards estimatlon of the model 
parmeters 0 -  breakage rate function (Si) and breakage distribution 
function (B,,). After certain modifications, the model has been 
successfully estimating the parameters. The input data are the feed and 
product size distributions at various milling times. The model utilizes 
these data to provide functional forms of breakage rate and breakage 
distribution functions. Subsequently, these functions are expected to 
fully describe the size distribution of milled products at various 
milling conditions. The best estimates of Si and B, for the milling of 
this silicon nitride powder with 2.0 nm media area: - I  

,- - Î - 
d, 7.1867 

Si - 0.0144 [ y] and 

- 0.5096, d2 - 0.4111, and 43 - 0.6430 41 

Using these parameters, we have attempted to simulate size distribution 
of milled powders under a variety of conditions. These trials have been 
very successful. 

with 3.0 l p l ~  Medh. Milling tests with 3.0 non media were 
completed and samples have been analyzed for specific surface area, and 
particle size distribution. As expected, the milling rate decreased 
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significantly with the 3.0 mm media, compared to that with the 2.0 mm 
media. The primary counteracting factors that come into play in 
changing the media size from 2.0 mm to 3.0 mm are: 

1. Larger size media exert higher impact force during compression 
of the particles by the media. 

2. Larger size media decrease the total number of spherical balls 
available per unit volume. The number of balls per ml 
decreases from 125 to 37 (under dynamic loading) when the 
media diameter decreases from 3.0 mm to 2.0 mm. 

The higher impact force of larger media is more suitable for breakage 
of larger size particles. From the data of tests conducted in this 
series, it is evident that the particle size of SNE-03 powder is not 
large enough to require the impact force of 3.0 mm media. 

Some examples of the milling rate comparison are shown in Figures 1 and 
2. The rate of increase of specific surface area as a function of 
milling time is much slower with the 3.0 mm media. In fact, even after 
milling for 160 min. with the 3.0 mm media, the surface area has 
increased only to 6.2 m2/g. Similarly, the d5, of these powders shows 
very little decrease with the 3.0 mm media. Some interesting features 
of these data are: 1) product size continues to decrease though slowly, 
with the 3.0 mm media; 2) product size appears to reach a plateau after 
milling for an hour with the 2.00 mm media. These factors indicate the 
need for utilizing an optimum size media for obtaining enhanced milling 
kinetics. 

Further analysis of the milling kinetics data of 2.0 and 3.0 mm diameter 
media shows that similar forces are active at a given combination of 
milling parameters. As shown in Table 1, at high slurry density, high 
rotor speed and low feed rate, both media produce a powder of the 
highest specific surface area. On the other hand, at low slurry 
density, low rotor speed and high feed rate, the specific surface area 
of powder is one of the lowest for both media sizes. Particle size 
distributions as measured by d50 are consistent with the specific 
surface area measurements. This type of behavior of this milling system 
is an indication that no significant changes in the size reduction 
mechanisms were prevalent under these milling conditions when using 2.0 
vs 3.0 mm diameter media. 
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MI+ 15 
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Figure 1. Comparison of milling kinetics of 2.0 and 3.00 mm diameter 
media. The dS0, mean diameter of particles, is compared at 
44% volume of solids, 2800 rpm rotor speed, and 480 cc/min. 
feed rate. 

& .3 M 
Mill-2 1 

Figure 2. Comparison of milling kinetics of 2.0 and 3.00 mm diameter 
media. The dS0, mean diameter of particles, is compared at 
34% volume of solids, 2000 rpm rotor speed, and 480 cc/min. 
feed rate. 
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Table 1. Comparison of Specific Surface Area and of SNE-3 Silicon 
Nitride Powder Milled for 160 min. 
Parameters 

Using Specified Milling 

Surface d,, , Media Slur'ry Rotor Feed 
U~L-JWI Density.% v/v &ea. m =/9 ,cllg, 

2.0 

3.0 

2.0 

3.0 

44.0 

44.0 

34.0 

34.0 

2800 

2800 

2000 

2000 

240 

240 

480 

480 

11.1 0.77 

6.2 0.94 

4.9 0.85 

4.4 1.07 

Another aspect of the milling media size is slow kinetics of 
deagglomeration and size reduction when using 3.0 mm media. Since one 
of the major advantages of this milling system is its ability to perform 
both deagglomeration and size reduction, it is necessary to evaluate the 
impact of media size on the resulting size distribution. The results of 
tests carried out with 3.0 mm diameter media showed that the rate of 
deagglomeration decreased significantly. As shown in Figure 2 ,  the use 
of 2.0 mm media resulted in a significant decrease in d,,, in the first 
20 min. or 60 min. mflling period. This shift in the d50 during the 
initial milling period is considered to be due to deagglomeration, 
rather than size reduction by intraparticle fracture. This conclusion 
is supported by the determination of d,, and micrographs obtained by 
scanning electron microscopy. The particle size distributions obtained 
by using 3.0 mm media showed no significant changes in the initial 20 
min. In addition, the comparison of specific surface area show that a 
significant increase was achieved in the first 20 min. by using the 2.0 
mm media, In relative terms, the specific surface area increased by 43% 
with 2.0 mm media vs 19% with the 3.0 mm media, after milling for 20 
min. Similar increments were achieved after 60 min. milling. Once 
again, these results provide a clear direction towards the use of 
smaller diameter media in order to achieve high rate of deagglomeration 
or size reduction. 

Status of Mile stones 

Milestone 5 was postponed to next page due to expanded experimental 
design in the current phase. 

Publication 
None 
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Scalability Demonstration Procrram for Silicon 
Nitride bv the Sullivan Process 
Thomas Milton Sullivan (Sullivan Mining Corporation) 

Obi ective /S- 
This work involves scale-up of the SullivanM Process for 

silicon nitride with the delivery of over 864 net shape flexural 
bars and other test samples for evaluation by the High Temperature 
Materials Laboratory at Oak Ridge National Laboratory. Both a low 
temperature and a high temperature silicon nitride shall be 
produced and characterized. Data on process optimization and 
system economics are establishing the operating parameters far a 
larger SullivanM Process system. 

Task 1 - Demonstrate Preliminary Scalability 
1.1 Assemble Four-Inch System - Complete. 
1.2 Polymerization - Clorosilanes are polymerized prior to 

supercritical fluid processing to remove reaction 
byproducts using less expensive equipment than relatively 
expensive supercritical fluid processing equipment. 
Glass lined reactors such as those manufactured by 
DeDetrich and others are commonly used to polymerize 
chlorosilanes. Reactor manufacturers rent the use of 
reactors and related equipment for test purposes. Rental 
of equipment needed to complete this task has been 
repeatedly delayed due to scheduling conflicts. This 
activity will proceed as soon as laboratory time can be 
contracted. 

1.3 Net Shaping - Mass production ceramic components like 
ceramic roller cam followers, are sold at very low prices 
requiring centerless finishing methods. Methods capable 
of finishing several parts per second are required. 
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Ceramic blanks must be made in the tens of millions per 
year with precise dimensions. Roller internal dimensions 
must be made so that ID is parallel to the OD within 
0.025 mm. 
0.025 mm. Unless this level of precision can be 
achieved, parts must be chucked, a process too slow and 
expensive for mass production. 

Rollers were produced with parallelism and 
perpendicularity measuring within the 0.025 mm 
specified tolerance using a Talyrond 150 made by Rank 
Taylor Hobson Inc. Larger unit volumes will prove mass 
production capability the SullivanM process with respect 
to precision. 

1.4 HOR Bar Casting - MOR bars have been cast in multiple 
cavity molds. Casting in multiple cavity molds involves 
several aspects of the process technology that are 
difficult to accurately predict. Material flow in molds 
becomes difficult to control as part density increases. 
Iteration was needed to develop multiple cavity molds 

Roller ends must be perpendicular within 

with channels and gates in the correct locations to 
simultaneously cast several parts with consistent density 
and dimensions. Bar to bar uniformity is deemed more 
important for this task than material properties. 

Bars now accurately replicate mold dimensions and 
features . As expected, post supercritical fluid 
processed part density is increasing as the process is 
iterated using a statistical design of experiments matrix 
and greater control of the entire process is exerted. 

Multiple cavity casting activity is essentially 
complete with respect to flexural bar shapes. Material 
properties and microstructure will be improved in Task 3. 

1.5 Estimate Economics - Process economics were estimated 
based on operating experience with the 4" Process System. 

Built at a cost of $269,518, the 4" supercritical 
fluid processing system is capable of producing 1,556.8kg 
in a 252 day year. The cost of supercritical fluid 
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processing (not including overhead) can be obtained by 
dividing the depreciation (five years) by the amount of 
material produced, since maintenance cost is negligible. 
Energy and raw materials are included in overhead and 
materials respectively. 

Ceramic components are heat treated in a furnace at 
high temperature by an outside vendor. Furnace work 
costs $750 per run on a toll basis. This is considerably 
higher than the pro rata cost of owning and operating a 
furnace of similar size. Dividing the cost of a furnace 
run by the material fired gives the furnace cost per 
kilogram of material produced. 

Only one person is needed to operate the system. 
Amortizing the cost of direct labor over the total amount 
of material produced gives the cost of labor. 

Materials are selected from a group of inexpensive 
silicon containing liquid chemicals and ammonia. Though 
prices fluctuate, available silicon in silanes generally 
costs $2.20 to $3.31 per kilogram. Yield factors raise 
the cost of raw mraterials per kilogram of product to 
$8.82/kg. 

The cost of material produced in the 4" Process 
System, not including finishing, therefore is: 

41t Process System 
$269,518 costs 5 yr depreciation period f 1,556.8kg/yr $34.62/kg 

Heat Treatment 
$750/run x 63 runs f 1,556.8kg/yr 

Direct labor 
$50,000/man-yr f 1,556.8kg/yr 

30.35 

32 . 12 
8.82 

43.34 

$149.25 

Materials 

Overhead @ 120% 

TOTAL COST 
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Task 2 Composition for High Temperature Properties 
2.1 Modify Composition - Low additive levels and acicular 

shaped grains will improve performance of the material at 
high temperature. 

Complete elimination of additives was attempted. 
Silicon nitride bonded weakly. Iterations did not show 
promise, so this approach was abandoned in favor of low 
additive levels. 

Acicular grain shapes can be formed at high 
temperatures or by changing process chemistry at low 
temperature. Test specimens of silicon nitride were 
reacted and extracted in the supercritical fluid process 
system prior to firing at temperatures up to 182OOC. 
Acicular grains measuring less than one micron in 
diameter and more than twenty microns in length were 
formed in a part with an amorphous exterior. Grain 
orientation is apparently influenced by material 
porosity. 

Forming acicular grains at low temperature by 
chemical reaction has the advantage of reducing porosity 
while orienting grain axes. 

2.2 MOR Bar Casting - Work continues on casting technique to 
achieve a preferred axial orientation for grains, 
however, MOR bar casting for high temperature properties 
is essentially complete. 

Grains tend to grow into pores. 

Task 3 Process Optimization 
3.1 Low-Temp Hicrostructure Refinement - Work continues on 

improving material properties prior to high temperature 
firing. Recent improvements in understanding the 
function of catalysts has steadily increased post- 
supercritical fluid processing density. More work is 
nevertheless required. 

3.2 Heat Cycle Acicular Hicrostructure - Progress to date 
indicates that an all liquid approach is more conducive 
to acicular grain shaping than heat cycle grain shaping. 
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Work is currently directed at unidirectional acicular 
grain orientation. 

nilestones 
Critical milestones are on schedule. 

A paper, titled Ceramic Metal Forming Tools, was 
presented to the Society of Manufacturing Engineers on June 5, 
1991. 

Thomas Sullivan addressed the Motor Vehicle 
NanufacturerOs Association of the United States on June 27 and 

the annual ContractorOs Coordination Meeting on October 29, 
1991 . 
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1 .I .4 Processing of Monolithics 

ImDroved ProcessinQ 
V. K. Pujari, D. M. Tracey, N. D. Corbin, M. R. Foley, A. K. Garg, 
N. 1. Paille, P. J. Pelletier, L.C. Sales, R. H. van de Merwe, 
C. A. Willkens, R. L. Yeckley (Norton Company) 

OBJECTIVE/SCOPE 

The goals of the program are to develop and demonstrate significant 
improvements in processing methods, process controls, and 
nondestructive evaluation (NDE) which can be commercially implemented 
to produce high-reliability silicon nitride components for advanced heat 
engine applications at temperatures to 1370 C. Achievement of this goal 
shall be sought by: - The use of silicon nitride - 4% yttria composition which is 

consolidated by glass encapsulated HI P’ing. 
The generation of baseline data from an initial process route 
involving injection molding. 
Fabrication of tensile test bars by colloidal techniques - 
injection molding and colloidal consolidation. 
Identification of (critical) flaw populations through NDE and 
fractographic analysis. 
Correlation of measured tensile strength with flaw populations 
and process parameters. 

in process methods and controls. 
- Minimization of these flaws through innovative improvements 

The quantitative program goals are: 1) mean RT tensile strength of 
900 MPa and Weibull modulus of 20, 2) mean 1370°C fast fracture tensile 
strength of 500 MPa, and 3) mean 123OoC tensile stress rupture life of 100 
hours at 350 MPa. 

TECHNICAL PROGRESS 

The technical progress against the major tasks described in the 
statement of work is summarized in the following. The major tasks are: 1) 
Material Selection and Characterization; 2) Material Processing and 
Process Control; 3) Development and Application of NDE; 4) Property 
Testing and Microstructural Evaluation; 5) Reporting; 6) Quality 
Assurance. 

designed experiments, testing of NSF bars derived from these experiments 
and application of NDE in process control and monitoring: 

Efforts were focused towards process optimization utilizing factorial 
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NSF bars were fabricated in a set of experiments (iterations) 
utilizing key process variables in a planned and systematic manner. 
HIP’ed tensile bars from each experiment were tested to establish 
mean tensile strengths and Weibull moduli. Data from each iteration 
serve to establish a response surface. Several experimental 
conditions were identified which show potential for meeting or 
exceeding ultimate program target properties of 900 MPa (tensile 
strength) and Weibull modulus of 20. 

Fracture toughness (K,J of the material was identified to be a key 
process control parameter. HIP process conditions were found to 
significantly influence the fracture toughness. Based upon these 
experiments, control limits for K, were established (6.0 - 6.4 
MPadm). 

An instrumented multistation casting apparatus was designed, built 
and successfully tested for reproducibly fabricating NSF bars. 
Special features of this apparatus include i) closed loop operation, 
ii) in-line ultrasonication and filtration and iii) continuous monitoring 
of pressure tank slurry level. 

The potential for in-situ monitoring and control of the casting 
process utilizing ultrasonics (UT) was successfully demonstrated. 
UT signal amplitude and time of flight in a through transmission 
mode were recorded. Highest value of the amplitude and the lowest 
value of the time of flight were found to coincide with completion of 
the casting process. 

TASK 1 MATERIAL SELECT1 ON AND CHARACTERIZATION 

Materials at each stage of processing are being analyzed according 
to established standard operating procedures (SOP). Statistical Process 
Control (SPC) charts are being developed for all key process parameters 
during Stage II for overall process monitoring purposes. 

TASK 2 MATERIALS PROCESS ING A NDPROCESSCONTROL 

i) Process Control 

Table 1 provides a summary of the effort to date, and lists the 
control variables being examined together with a subset of the 
performance measures. For each batch a sufficient number of NSF 
bars were cast and HIP’ed to measure the effect of a particular 
variable on process yield and mechanical properties. Shaded areas 
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in the body of the table indicate either work-in-progress or work 
planned for the immediate future. Each of the performance 
measures provides a goodness criterion relative to the specific unit 
operation, and is not a cumulative measure of yield from the initial 
unit operation of the process. 

their levels have been fixed to define SOP: 
Based upon total process yield, the following variables and 

Surfactant s1 Casting Pressure Profile P2 
Solids Loading % HI Pre-HIP preparation PH1 
Binder System BO 

HIP and machining conditions having potential for yielding 

HIP Fixturing None 
HIP Settings Non Standard 

final program property objectives have been identified: 

Machining Procedure C 
Experiments are currently underway to examine Post-HI P and 

Stage I1 Control Variables/ Performance Measures 

Post-Machining treatment conditions. 

Table 1: 
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ii) Powder Processing 

Eight -29kg batches (CO15-CO25) were prepared for colloidal 
consolidation studies. X-ray diffraction of the starting powder shows 
very little variation in alpha phase from lot-to-lot. The in-coming 
Ube E03 and E05 are almost 100% alpha and the E l  0 is -97% 
alpha silicon nitride. There has been significant variation in particle 
size, surface area and oxygen content from lot-to-lot. In most cases 
milling conditions have been adjusted to bring properties within 
specifications, Figure 1. 

A statistical quality control software package has been 
implemented with the ability of providing programmed indication of 
Out-of Control (OOC) conditions (SQCpack/Plus, PQ Systems, I nc., 
Dayton, Ohio). Control charts for oxygen, surface area, average 
particle size and yttria level have been transferred to the new 
system. Control limits (+3a) and specifications have been 
established for the milled powder properties. 

Microfocus X-ray examination has proven several instances of 
metallic inclusions in the in-coming silicon nitride powder (20-30 
pm). Inclusions are not found after the milling process, which 
includes both magnetic separation and filtration. From Batch 0 
tensile rod testing, several metallic failure origins were observed, 
which is atypical of past performance where inclusion failure were 
almost nonexistent. The origins were up to 100 pm in size and in 
several cases undetected in the dense rod by microfocus X-ray. 
SEM showed the 100 pm regions to be composed of scattered fine 
(<5pm) grains of an iron alloy, probably iron silicide. These were 
individually below the limits of microfocus X-ray. A likely source of 
the contamination was identified downstream of milling, and has 
been removed from the system. 

Surfactant system S2 resulted in similar milling efficiency (by 
particle size distribution) and oxygen content as the baseline 
surfactant system, S1, but yielded a significantly higher (25%) 
surface area. This may be due to insensitivity of the Sedigraph 
5100 in the less than 0.2 micron range. Other particle size 
distribution studied. analysis techniques are being 

% BLENDED 

Avernw 
Psrllela 

sln MlUED 
POWDER 

L L z L l  4 0 8 t 0 1 2 1 4 1 1 1 1 1 0 2 2 1 4  

Mlll Balch I 

Figure 1 : Particle Size (D50) Before and After Milling 
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iii) Colloidal Consolidation 

a) SliD Formulation 

The milled and concentrated batches described in the 
previous section were conditioned following the established 
SOP. This includes sonication with an ultrasonic horn for five 
minutes, followed by deairing in vacuum (60 mm of Hg). In 
addition, the slip was characterized for agglomerate 
population using an agglomerator gage. Approximately ten 
samples per casting batch were examined to ascertain the 
agglomerate population in the slip. Typically, agglomerates in 
the size range 20-25 pm have been observed in milled 
batches (C017 through C022) prepared for casting. 

on suspension stability (aging), rheology, agglomerate 
formation and casting behavior was also completed. The 
control surfactant being utilized currently for the aqueous 
milling (Sl) and an alternate (S2) shown to have potential for 
minimizing agglomerate formation were evaluated. 

Specimens cast from milled batches C016 and C017 
(surfactant S2) showed higher green density and superior 
green microstructure when compared to specimens from S1 
slurries. The green state fracture surfaces were found to be 
uniform and smooth (flat) as compared to that derived from S1 
slip. This may suggest that the agglomerate size may be 
further reduced using surfactant S2. 

However, as described in the next section, the casting 
behavior of this slip was found to be less reproducible. The 
cast NSF bars from this slip were found to be less flexible 
(higher elastic modulus) and hence showed cracking due to 
shrinkage in the mold. Various binders and pH modifications 
were evaluated with minimal success to improve the 
deformation (viscoelastic) behavior of the cast bodies. Based 
upon the study no further work on surfactant S2 will be 
pursued. 

A study to determine the effects of type of surfactants 

b) Tensile Bar Castinq 

Large scale NSF bar casting iterations N through R 
were performed to evaluate the effects of the key slip 
variables (i.e. surfactant type and solids loading) and the 
applied casting pressure profiles. For these iterations, the 
aqueous milled suspensions prepared from the established 
standard process utilizing surfactants S1 and S2 were used. 
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In each iteration, greater than 70 NSF tensile bars were cast. 
dried, degassed and HIP’ed, machined, radiographed and 
tensile tested. 

During the casting of NSF bars, some difficulty was 
encountered in establishing the necessary time for completion 
of the casting process. In some cases, overcasting resulted 
in shrinkage releted cracking at the buttonhead radius. These 
forming defects are possible failure origins during tensile 
testing, so that an improved casting regulator is being 
implemented to alleviate this problem. 

Three casting batches designated T, U and V were also 
prepared this period using milled batches CO19, C021 and 
C022, respectively. NSF bars in all three iterations were cast 
using identical mold design which involves two gates at each 
end of the bar with a portion of the filtration surface sealed to 
prevent casting from that region. However, for iterations U 
and V the sealed portion of the plaster mold was replaced by 
a non-porous plastic. This modification resulted in 
considerable improvement in the casting process 
reproducibility. 

profile was used during casting. The profile was defined 
through a separate set of experiments which established the 
relationship between pressure level and casting rate as a 
function of time. 

For Q.C. purposes, a set of discs (pucks) were also 
cast from each milled batch using the prescribed 
press ure/t i me prof i I e, S 0 P . 

For each of the above iterations, a specific pressure 

c) Instrumented Casting Eau ioment 

A new casting machine has been designed and built 
and is currently being brought on line. This unit has the 
capability of casting two, four, or six tensile rods 
simultaneously. Provisions have been made to control the 
pressure in either a manual or fully automated mode. In 
addition, it is now possible to load the system directly from a 
holding tank and to deair and deagglomerate the slurry 
directly on the casting machine. 

iv) Hot Isostatic Pressinq 

Using an alternative loading procedure, the HIP capacity has 
effectively been doubled. This alternative loading procedure does 



50 

Mill 
Batch 

not use fixtures. The HIP procedures (with and without fixtures) 
were compared with tensile rods from the same batch (batch N). 
Green density gradients were minimal in these rods, eliminating this 
as a factor during the HIP process. Improved TIR (less bending) 
and density uniformity without fixtures was found, as can be seen in 
the data of Table 2 for batch N. 

procedure. Table 2 summarizes the results and it is apparent that in 
all cases excellent TIR and density values were achieved. 

A total of six HIP runs have been completed with the new 

Cast HIP 

Batch Condition I Fixture I TI R I Density 

Table 2: HIP Data for Iterations N-R 

c013 

c014 

c015 

C016 

' C017 

N Standard Yes ,0320 3.1786 

Standard No .0200 3.21 11 

0 Standard No ,0216 3.21 92 

Standard No .0222 3.2203 

P Standard No ,031 5 3.2200 

Q Standard No .0230 3.2228 

R Standard No .0380 3.2236 
------ 

Improved tensile rod yields from a HIP loading procedure 
without fixtures has been consistently demonstrated (Figure 2). 
Typically less than 10% of the bars in a HIP run are rejected. 
Rejection is based upon density (49.5% TD) and axial warpage 
(>0.060"). Low density bars are thought to result from non-uniform 
conditions in the HIP. Warpage has been found to result from 
density variations in the green state. Casting controls are being 
incorporated to address this issue. As mentioned in section iii, by 
incorporating programmed pressure profile during casting, density 
gradients have been minimized to acceptable levels. 

microstructure, toughness and strength depend on HIP temperature, 
time and pressure. Toughness data for 2 temperature levels and 3 
cycle times are given in Figure 3. Corresponding flexure strength 
data are plotted in Figure 4. 

HIP experiments were conducted to establish how 
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Figure 4: Strength Dependence on HIP Temperature and Time 
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Process 
Condition 

HIP Type 

Small Hip 

Large Hip 

Pressure was found to have insignificant effect on fracture 
toughness and an expected minor effect on grain size. 
Nevertheless, it is critical to achieving full density. 

Three standard HIP runs conducted for Batch V showed 
toughness averages of 5.73, 5.85 and 6.51 MPaqm. The 
experimental data suggests that this run-to-run toughness variation 
is caused by unscheduled temperature variations within the unit. 
Control thermocouples are apparently not performing the necessary 
power regulation. 

The goal of further HIP development is reduced run-to-run 
HIP toughness variability. HIP heating element and power 
consumption monitoring will be evaluated as methods to meet this 
goal. In addition, various temperature soaks will be evaluated to 
establish the potential of toughness increase to the 6.5-7.0 MPadm 
range. 

Two experimental designs are underway to investigate 
property-microstructure relationships. One design characterizes the 
dependence of grain growth on soak temperature and time. The 
second design investigates the,effect of modification to the HIP 
pressure-temperature profile on microstructure and properties. 
Preliminary results (shown in Table 3) demonstrate that changes in 
the soak pressure and pressure profile can improve strength and 
toughness of NCX5102 material. All mechanical property 
measurements were made on MOR bars cut from HIP'ed tiles. The 
modified pressure-temperature profile experiment was conducted in 
the smaller research HIP. The modified cycle did not yield a similar 
toughness increase in the larger HIP, as seen in Table 3. However, 
the toughness of the modified cycle was higher than the standard 
cycle. Additional work is planned to reproduce the toughness 
increases observed in the smaller research HIP. 

Milled Standard HIP Cycle Modified (Low Pressure) 
Batch ' HIP Cycle 

Strength Toughness Strength Toughness 
(MPa) (MPa rn''2) (MPa) (MPa m1I2) 

C020 857 (126) 6.0 1050 (162) 6.7 (0.15) 

c020 5.82 6.21 
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TASK 3: DEVELOPMENT AND APPLICATION OF NDE 

Microfocus Radioaraohv Techniaue Develooments 

a) Densitv Gradients 

A sintered Si,N, step wedge was made with steps that 
vary in thickness by 1% to simulate density gradients. The 
thickness of the wedge is approximately that of the gage 
section of a HIP’ed tensile rod, The wedge has 7 steps and 
its thickness varies from ,2345 to .2500 inches. The step 
wedge was examined using film radiography and all steps 
were clearly seen as shown in Figure 5. This step wedge will 
be used in the future as a tool to quaritify density gradients. 

b) Aaalomerate Detection Studv 

An investigation into the detection sensitivity of 
agglomerates in green and HIP’ed NSF bars was conducted 
during the reporting period. It has been previously 
established that agglomerates in powder or slip have the 
radiographic appearance of high density regions. 
Agglomerates of Si,N, powder were produced in sizes from 50 
to 400 pm and samples were taped to the surface of an 11 
mm diameter green NSF bar. Agglomerates 100 pm and 
larger were easily detected through the 11 mm diameter. 
Smaller samples could not be taped without crumbling so that 
agglomerates from a new batch calcined at higher 
temperature will be tested. 

Simulated dense agglomerates were produced by 
crushing a HIP’ed NCX-5102 billet sample. The pieces were 
sized from 50 - 400 pm and as in the green testing, samples 
were taped to a dense NSF bar. In this case, the gage 
diameter is 6 mm and agglomerates as small as 65 pm were 
readily detected. X-ray conditions for improved detectability 
are being evaluated. 

c) Characterizina X-rav Beam 

Several experiments were conducted in order to study 
variations in the intensity of the x-ray beam. In order to 
quantify density gradients in cast specimens, there is a need 
to know when density variation indications are intrinsic to the 
sample and not due to scatter or non-uniformity of the x-ray 
beam. Indirectly, the intensity of the x-ray was measured 
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i i) 

over the width of beam and variations up to 15% were 
discovered. 

variations in the beam intensity. Pb diaphragms were tested 
and found to reduce the beam intensity difference to 7%. 
Presently, we are in the process of manufacturing tungsten 
targets with different angles in order to improve the gray level 
uniformity. 

Two approaches have been pursued to dampen the 

d) Shadow Formations in Microfocus Radionraphv 

Shadow formations have been observed on magnified x- 
ray film images. The shadows occur on the edge of test 
objects and are seen as an increase in film density. It has 
been determined that these shadows are due to secondary 
radiation produced internally in the tube head. At this point, 
several types of filter material have been evaluated for beam 
hardening and the re-ion of internal scatter. One filter was 
found which absorbed the internal scatter and nearly 
eliminated. the edge burnout on cylindrical samples which 
vastly improves the detection capabilities. We are now in the 
process of making modifications to our tubehead to prevent 
the formation of secondary radiation. 

Microfocus X-rav of Iterations 

MFX examination of various type specimens from powder to 
final machined NSF bars is being utilized to monitor/control the 
quality of the various processing steps. MFX is also being used for 
identification of strength impairing flaws in test-ready bars for 
correlation with fractographic data and development of a failure 
prediction capability. 

a) MFX of Colloidal Suspensions 

New batches of recently made slip have been 
radiographed for the presence of inclusions and 
agglomerates. No agglomerates over 100 pm were detected. 
An alternate technique utilizing a "Hegman Gage" is also 
being utilized to evaluate the size of the agglomerates in the 
suspension. For batch S, agglomerates less than 25pm were 
measured using this technique. In order to monitor the aging 
effect on the slip, agglomerate frequency and size are 
monitored several times a day. 



b) MFX Examination for Process Control 

The improvement in processing over the course of the 
program can be plotted in terms of flaw population data 
versus iteration. Figure 6 provides plots of average flaw size 
and number of flaws per sample for iteration #1 through #5. 
The flaws include pores, inclusions and agglomerates 
detected in the gage length volume. The plots indicate 
dramatic improvement in both size and frequency, 
corresponding to strength improvements discussed under 
Task 4. Another illustration of process improvement is 
provided in Figure 7 which plots the percentage of bars which 
have defects detectable by MFX. Iteration #5 is seen to have 
only 39% of its samples with flaws above detectability limits, 
down from a high of 88% for iteration #2. 

c) Detection of Strenath Imoairina Flaws 

NSF bars from iterations #’s 3, 4, and 5 (batches N, 0, 
P) were examined both in the green and HIP’ed conditions 
during the reporting period. The green examination was 
performed at 4X magnitude, while the HIP’ed bars were 
examined at 5X. In total, 13 iteration #3, 38 iteration #4 and 
23 iteration #5 bars were examined. A variety of flaws were 
found in the gage section of the bars, including pores, 
agglomerates and inclusions. Approximately 50% of the bars 
showed no flaw indications and, as Figure 6 suggests, there 
was roughly one flaw averaging 75 pm in each of the samples 
which had indications. 

been interpreted relative to fractographic flaw data from 
iteration #3 and #4 samples. A total of 29 specimens which 
fractured in the gage section were among the 51 specimens 
examined prior to mechanical testing. Sixteen (16) of these 
29 NDE evaluations resulted with no flaw detected. 
Fractographic analysis suggests that the majority of these 
specimens failed from machining damage. However, there 
were two volume inclusion failures among this group (100 pm 
and 165 pm). Refinements in digitized image enhancement 
are being pursued to increase the probability of detection of 
such flaws. 

NDE indications and these can be compared to the failure 
origins suggested by SEM fractography. The comparison 
shows cases of notable agreement, cases where the NDE 

MFX and liquid dye penetrant flaw indications have 

The balance of the 29 specimens (Le. 13 bars) did have 



56 

n 2.4- 

8 2.36 - 
t 2.3- 

y 2.26 - 

i 

indications did not correspond to the failure origin and, cases 
where the NDE data favorably supplements incomplete 
fractographic conclusions. The analysis of the data is being 
pursued with the goal of validating the interpretations for an 
eventual strength prediction capability. 
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iv) NMR SDectroscoDv (ANLI - Slurrv Characterization 

A comprehensive study was conducted for Batch C024 water 
milled silicon nitride slurry for a period of 24 days following the 
concentration of the milled batch. The investigation was focused at 
establishing the cause-effect relationship involving slurry behavior 
and certain basic slurry parameters. Measurements of viscosity, 
pH, centrifuged sediment packing density, and hard agglomerate 
size were made (at Norton Company) daily for the first 5 days, and 
then at one week intervals, Simultaneously, NMR spin-lattice or 
longitudinal relaxation time (Tl) and spin-spin or transverse 
relaxation time (T2) measurements were conducted at Argonne 
National La bo rat ory . 

The viscosity (Brookfield, @30 RPM) of the slurry remained at 
22 cp during the aging. Largest agglomerate size as measured by a 
Hegman gage was relatively constant at 25pm. The slurry pH was 
found to increase from an initial value of 9.8 to final value of 10.4, 
and the packing density of the sediment (obtained by centrifuging 
the slurry for 30 min at - 1000 g) was found to increase from - 57 
vol% to 60.5 vol% during the 24-day aging period, Figure 9. 

The changes in the proton NMR longitudinal and transverse 
relaxation times are given as a function of aging time in Figure 10. 
In general, a reduction in the T1 value is observed with increasing 
aging time. During the initial stages, the T1 demonstrates 
oscillatory behavior. It subsequently stabilizes at - 680 ms after 13 
days of aging. The decrease in T1 parallels the increase in the 
centrifuged sediment density. This suggests that dynamic chemical 
processes govern aging of the slip initially, reaching an equilibrium 
state in about two weeks. A general increase in the T2 values is 
seen, which parallels the increase in pH of the slurry. The proton 
exchange rate between the water molecules decreases with pH, 
causing an increase in the proton T2 values. 

The T1 and T2 values of pure water are about 1500 ms. The 
lower T1 values observed for the slurry indicate that the water 
molecules have restricted motion, presumably because they are tied 
up with the surface of colloidal silicon nitride particles. The T2 
values are much shorter than T1 because of chemical exchange. 
Reductions observed in T1 indicate more "ordering" of the water 
molecules as the slurry undergoes an aging process. 

The previous bimonthly report discussed equilibrium of CO19 
slurry at - 11 days. The investigation of C024 suggests equilibrium 
at - 14 days. The T1 -T2 studies are being continued for a total of 
52 days aging. A more definitive interpretation of the data should 
be possible at the completion of the study. 
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Figure 10: Aging Behavior of Aqueous Ceramic Slurry T1 and T2 by NMRS 
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iv) ComDuted Tomoaraohv (Arsonne National Laboratorv) 

During the reporting period, density variations within green 
NSF tensile bars and disc (puck) samples have been evaluated to 
establish effects of different mold designs (NSF bars) and casting 
pressure profiles (discs). 

pressure cast NSF bars. One of the bars was cast using 100% 
filtration surface of the plaster mold, while the other had a portion of 
the mold surface sealed. The 10 mm diameter gage sections of the 
two specimens were imaged using identical x-ray CT parameters. 
Four slices (each 1.06 mm thick) were reconstructed with a 
tomographic image size of 256 x 256 pixels. The results are 
represented in line profiles of the image intensity across two 
diameters at 90' to each other, Figure 11. The profiles display raw 
pixel grey level data. While smoothing would aid interpretation, 
there nonetheless is a significant distinguishing characteristic of the 
two CT scans apparent in these raw data, and it involves the 
intensity at the center of the profiles (bar centerline). This location 
is a point of low density for the 100% filtration case, while it is a 
point of high density for the partial filtration case. These results 
suggest the possibility that the mechanism of cracking during drying 
of as-cast bars in the 100% filtration case involves the low density 
core indicated by the data. 

Casting pressure profile trials have involved disc samples 
(hockey puck shape) using a range of pressures and mold materials. 
CT specimens have been obtained from the discs by diametrically 
sectioning thin slivers (5 or 8 mm wide) from them. Results from a 
CT evaluation of a specimen cast at ambient pressure to a bulk 
density of 2.00 g/cc in a plaster mold are given in Figure 12. The 
puck diameter and thickness were 76 mm and 11 mm respectively 
for this case. The sliver specimen was cut 5 mm wide and was 
mounted so that the density gradient (puck axial direction) was 
vertical. 

Ten tomographic slices were reconstructed over the 11 mm 
height of the specimen, with each representing one-tenth of the 
height. Image intensity data for each slice are presented in Figure 
12 from top to bottom. The data were obtained by averaging pixel 
intensities over the center 1 mm2 area of each slice. The results 
indicate a 15% variation in density (gray level) through the puck 
thickness, with lowest density at the mold surface (bottom). These 
data combined with those of other cases form a basis for defining 
pressure profiles for density gradient control. 

A comparison of mold designs was completed on a pair of 
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TASK 4: PROPERTY TESTING AND MICROSTRUCTURAL 
EVALUATION 

i) Machinina Surface Finish Related Buttonhead Failure 

Previous reports have discussed forming issues which have 
contributed to buttonhead failures during tensile testing. A 
significant number of these failures have persisted, even after 
resolution of the forming issues that caused critical flaws in the 
buttonhead radius region. Profilometer measurements were taken 
at the buttonhead radius (BHR) of a large number of specimens of 
iteration #3 and #4 to establish whether poor surface finish was the 
source of the problem. The results clearly show that surface finish 
was the major cause of the problem. 

The finding which implicates BHR surface finish was a 
serendipitous outcome of the machining requalification study which 
concluded during the reporting period. This study was initiated 
independent of the buttonhead failure problem and was pursued to 
obtain an update concerning cost, quality and delivery of NSF bars 
from different machine shops. 

The average finish specification (RJ at the gage and BHR is 
16 pin (0.41 pm). The three shops involved in the study routinely 
met and exceeded this requirement in the gage length, with R, 
values of 5-7pin. The finish of the BHR varied significantly both 
above and below the spec and this provided the basis for correlating 
buttonhead failure to finish. 

The overall average BHR surface finish of NSF specimens 
which failed at the BHR was found to be 20 pin. The average for 
non-BHR failure was 15 pin. Table 4 gives the average R, 
measured at the BHR of specimens machined at three shops, 
designated as vendors A, B and C. Also listed are the percentages 
of specimens from each vendor which failed at the BHR. Vendor A 
finished to an average R, of 19.2 pin with a resulting 51 % BHR 
failures. Vendor C supplied bars with an average R, equal to 9.7 
pin. and this resulted in only 4% BHR failures (1 of 24). The R, 
results from vendor B averaged 13.1 pin. which is within 
specifications, but nonetheless 33% of the specimens failed at the 
BHR. The data clearly shows that a more stringent surface finish 
specification is required for the high strength materials being 
processed in this program. 



63 

Table 4: Buttonhead Radius Surface Finish - Failure Data 

i i) Iteration N Tensile Data and Fractoaraehv 

A set of 18 NSF tensile bars were teated for room temperature 
fast fracture strength. These were machined prior to the resolution 
of the surface finish problem, using procedures A and B, so that 
there was a high incidence of buttonhead fallures (1 1 of 18). The 7 
successful gage length fractures demonstrated exceptionally high 
strength levels. The data ranged from 818-1056 MPa with a mean 
strength of 920 MPa and Weibull modulus of 13. 

The individual test and fractography data for these RT 
specimens and four high temperature specimens are given in Table 
5. The fractography data show that machining damage is a major 
factor in the failure events. Three of the specimens failed from the 
effects of machining damage in combination with a surface pore or 
agglomerate, Figures 13a, b. A surface scratch normal to the 
tensile direction was the failure origin of specimen N-G, Figure 14. 
This damage may have been inflicted during the rough grinding operation. 

There was one volume failure in the set of seven room 
temperature fast fracture tests. Specimen N-8 failed due to a 30 urn 
agglomerate in the gage section, Figure 15. Two elevated 
temperature (1 370°C) fast fracture tests were conducted .in this 
iteration. In one case, specimen N-M, failure originated from one of 
the numerous (2-20 pm surface length) machining pullouts that 
marred the surface of this specimen, Figure 16. The second 1370°C 
test was conducted on a specimen without noticeable machining 
defects. Its failure origin was not evident from fmctographic 
evaluation. The 1370°C strength levelss were 395 and 397 MPa, 
which are approximately 80% of the end of program target value of 
500 MPa. 

test was run at an applied stress level of 250 MPa. Specimen N-J 
failed after 2 hours and the origin was traced to a surface machining 

Two 123OOC stress rupture tests were conducted. The first 
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Specimen 

groove and subsequent slow crack growth, Figure 17. The second 
test was run at a reduced stress of 200 MPa but survived only 0.8 
hours due to failure from a 165 um F e n  rich volume inclusion, 
Figure 18. 

Table 6: Iteration 3 Tensile Test Data 

Temp. 
Test 

iii) 

' -  

S MIA 45 

V A 30 

S Scratch 100 

S MIW 50 

S MINP 30 

S M 20 

N-22 

N-P 

200 

N-F I RT 

2 S MIS= 

0.8 V I(FW 165 

N-M I 1370% 

1 370% 

1230% 

Fsel 
Fracture 
Strength 
WPa) 

898 

939 

879 

946 

81 8 

1 056 

902 

395 

397 

I - I - -  1 s I pullout 1 20 

- I -  I s  I unknown I - 

M = machining groove 
SCG = slow crack growth 
V = volume 

A = agglomerate 
I = Inclusion 

P = porelporosity 
S = surface 

Iteration 4 (Batch 0) Tensile Data and Fractoaraphv 

The machining requalification study described above was 
conducted in part with specimens from iteration #4 and, as has been 
discussed, a large number of BHR failures were encountered. 
Nineteen (19) of 32 room temperature NSF fast fracture tests were 
successful gage length failures. In spite of excellent surface finish 
(R, = 5-7 pin), SEM fractography suggests that the majority of these 
gage failures initiated from machining defects, ranging from 5 pm 
wide axial grinding marks to >750 pm transverse scratches, Figures 
19a, b, c. A small percentage of the failure origins involved 
inclusions ranging in size from 20 to 135 pm, Figures 20a, b, c. In 
many instances, the SEM images provide incomplete detail on the 
character of the failure precursors, because of shattering of the 
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Figure 14: SEI of the failure origin of specimen N-G fractured at 
RT (0,=879MPa) showing a severe scratch normal to 
the longitudinal axis of the specimen 

Figure 15: SEI of the failure origin of specimen N-B fractured at 
RT (a,=939 MPa) showing a -30 pm diameter 
agglomerate. 
. 
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Figure 17: SEI of the failure origin of specimen N-J fractured at 
1230°C during stress rupture showing a machining mark 
and slow crack growth. 

Figure 18: Back scattered Electron Image (BEl) of the failure origin 
of specimen N-0 fractured at 1230OC during stress 
rupture showing an irodyttrium rich inclusion. 



69 

failure origin or one of a variety of other reasons. Axial grinding 
marks, for example, are dominant features in a number of 
fractographs, even though they would seem to be unlikely 
precursors due to their benign orientation. Synergistic effects 
involving other subsurface flaws are probable causes of failure. 
Fracture mechanics is being employed to provide critical flaw size 
predictions which serve to guide the fractograph interpretations. 

The tensile test and fractography data are summarized in 
Table 6. The room temperature fast fracture strength ranged from 
586 to 950 MPa and averaged 789 MPa, with a characteristic 
strength of 839 MPa and Weibull modulus of 8.5. The fact that the 
specimens were machined at three sites suggests that a more 
definitive statistical analysis should separate the data into subsets. 
Considering the fact that two HIP runs were used in the iteration, 
four distinct subsets can be identified. 

One of the iteration subsets (designated Iv) involves the 8 
specimens listed in Table 6 which were machined by vendor C. 
Statistical analysis indicates that the strength data of this subset are 
unprecedented in terms of the Weibull modulus measure of 
reliability: the analysis indicates a Weibull modulus of 28.1 with a 
characteristic strength of 904 MPa (mean strength of 889 MPa). 

The surface finish comparisons conducted in the machining 
study indicated no statistically significant surface finish difference in 
the gage length region of specimens machined by vendors A, B and 
C. Nonetheless, the strength data for subset IV is so outstanding 
that the machining method employed by vendor C (roughing as well 
as finish grinding) will be incorporated as SOP in further iterations. 
Vendor C provided the best quality BHR surface finish in addition to 
the superior gage length grinding and as a result it will be 
recommended as primary program vendor, contingent upon 
contractual agreement. 

Elevated temperature tests in this iteration involved four 
1 37OoC fast fracture tests and one 123OOC stress rupture test, Table 
6. The fast fracture strengths ranged from 140 MPa (slow crack 
growth from a machining defect) to 457 MPa (failure from a 100 pm 
volume Fe inclusion). 

One stress rupture test was conducted on specimen 0-58 
using an initial applied stress to 200 MPa, holding at temperature 
for 24 hours, increasing the stress to 250 MPa, holding for 24 hours 
and then increasing to 300 MPa, with the intention of maintaining 
this stress level to faiture. The specimen failed during the increase 
to 300 MPa. SEM fractography suggests that the failure origin was 
a surface defect/inclusion with a Fe, yttria, glass composition. 
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Table 6: Iteration 4 Tensile Test Data 

Specimen L 
IE 

I 

RT 

RT 

FK I 073 

* 
1370% 

M machining groove 
P = porelporosity 
I = inciurion 
V = volume 

A = agglomerate 
SCQ = d 0 W  crack growth 
S = surface 
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\ Figure 19c: SEI of the failure origin of specimen 0-16 fractured at RT 
(up889MPa) showing a 3 pm wide machining groove. 

I. I 
Figure 26a: BE1 of the failure origip qf specimen 0-5 fractured at RT 

(uf=787MPa) showing 4 inclusion containing Fe, Cr, Ni. 
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Figure 20b: BE1 of the failure origin of specimen 0-19 fractured at RT 
(a,=685MPa) showing an iron rich inclusion at the surface. 

Figure 20c: BE1 of the ratiure origin of specimen 0-60 (u,=?ZSMPa) 
showing an inclusion/aggbmerate containing iron. 
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iv) FractoaraDhv - Strenath Correlation 

Utilizing fracture mechanics, the strength a, of a tensile 
specimen determined in a fast fracture test can be used in 
conjunction with the material's fracture toughness K,, to estimate 
the size of the critical, fracture-initiating flaw. The approach has 
been used in conjunction with fractographic evaluation of surface 
failures to establish the character of fracture precursors. The 
simplest model neglects residual stress and considers the critical 
surface flaw as a semi-circular sharp crack oriented normal to the 
applied stress. In this case, the surface length (twice the depth) of 
the critical flaw is given by, Ref.(l): 

critical flaw surface length = 2/n (K,c/0.8 a,)2 

Iteration #4 surface failures were analyzed by this approach 
using a K,, value of 6.2 MPa m1I2, which is representative of this 
batch of material. The fracture mechanics (FM) prediction for the 
surface length of the flaw is given in Table 7 along with the 
corresponding SEM observation, for each of the 10 surface failures 
attributed solely to machining damage. Also given in the table are 
R, values from profilometric analyses of the gage section surface 
finishes. 

R, is a measure of the maximum depth of the surface profile 
below the mean. The profile was measured in the circumferential 
direction corresponding to the axial finish grinding. The values of R, 
are on the order of 1pm and it is clear that there is no correlation 
with strength. This is not surprising in view of the axial orientation 
of the grinding profile. SEM/FM suggests that the size of the critical 
flaws exceed R, values by 1-2 orders of magnitude. 

strength/large flaw size and high strength/small flaw size. In the low 
strength cases, there is reasonable agreement between SEM and 
FM, suggesting that the dominant precursor has been derived from 
the SEM image. 

The semi-circular flaw model is clearly inappropriate for the 
>750 pm machining scratch of specimen 0-12. A high aspect ratio 
semi-elliptical model would seem to be more realistic for this case. 
For such a flaw the relevant dimension is the flaw depth (minor 
semi-axis) and analysis using this model, Ref (2), suggests that the 
scratch penetrated to a depth of 38 pm causing fracture at 596 MPa. 

There is significant variance between the SEM observations 
and FM predictions for the higher strength cases (796-899 MPa). 
FM estimates of surface length fall in the range 47-60 pm, while 
SEM precursor feature dimensions are in the 5-10 pm range. This 

The SEM/FM data fall into two sets, corresponding to low 
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Of 

(MPa) 

variance suggests that the dominant failure origin character has not 
been captured in the SEM images. Additional evaluation is being 
conducted to resolve the discrepancies on a case by case basis. 

Flaw Surface Length 
(vm) 

SEM* FM 
Prediction** 

Table 7: SEM Fractography & Fracture Mechanics Predictions 

10 
5 
10 
5 

# 

50 

49 
47 
47 

0-22 
0-12 
0-51 
0-21 

0-66 

0-25 
0-49 
0-1 6 
0-37 
0-1 5 

# 39 
.71 

618 I >150 I 100 I .40 

879 
~ 

884 

894 
899 

.82 

.51 

.95 

.68 

+* Semi-circular surface crack model 
* Largest evident surface feature near mirror 

v) Residual Stress in NSF Bars 

An assessment of near surface, machining inducec resluJa 
stress states in NSF tensile bars was completed during the reporting 
period, meeting the June 30, 1991 milestone on this subject. 

The work was conducted at the Army Materials Technology 
Laboratory. The x-ray diffraction approach with Cu K, radiation was 
used. The sin2 psi stress measurement technique was employed to 
provide quantitative data on a total of 13 N S F  bars. A number of 
MOR bars and a Si,N, powder sample were evaluated in the course 
of the developmental work. This technique provides a stress 
measurement which represents a bulk volume average, as opposed 
to point values. In this study, 50% of the diffracted volume is within 
22.8 pm of the specimen surface. 
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The stresses in the gage section were the primary focus of 
this work. Longitudinal stresses measured at the center of the gage 
length were found to be invariably compressive, with magnitude 
ranging from 200 to 400 MPa. Hoop stresses when detectable were 
found to be tensile with magnitude ranging to 70 MPa. 

The technique was utilized to establish the dependence of 
residual stress on post-machining heat treatments, grinding methods 
of different machine shops and forming (injection molding vs. 
pressure casting) methods. No effect was found on the as- 
machined stress state after a series of trial heat treatments. 
Likewise, no significant differences in residual stress were found in 
the assessment of specimens machined at three machine shops. A 
difference was found when comparing injection molded and pressure 
cast final machined specimens. The cast specimens were found to 
have a higher level of compressive stress, 350 MPa vs. 245 MPa for 
injection molded specimens. This could be a result of the green 
density gradients inherent to the casting process, which cause HIP 
related residual stresses. 

In an attempt to measure HIP related residual stresses, one 
specimen (R-16) was partially machined in the gage section. 
Residual stress analysis was performed at 8 orientations 
corresponding to four different depths of machining as well as the 
as-HIP'ed surface (0" orientation). No significant difference in 
residual stress was found after grinding to depths of 0.012, 0.048, 
0.104 and 0.114 inches. 

An unexpected result in this study involved the x-ray 
diffraction integrated intensity which was found to increase with 
depth of machining, Figure 21. This integrated intensity is 
proportional to the % t3-phase Si,N,. As such, the data forms a 
trace of the diminishing a-phase of the HIP reaction layer. This 
result suggests a potentially useful Q.C. method for assessment of 
reaction layer removal in machining. 

Figure 21 : X-ray Diffraction Residual Stress Results 
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vi) Staae II Tensile Strenath Data Summarv 

The Stage II experimental plan (Table 1) involves 14 NSF bar 
iterations with 10 control variables and one MLP iteration. The 
iteration schedule spans the 15 month period 2/1/91 to 4/30/92. 
Eleven NSF bar iterations have been started and are at various 
stages of completion. Tensile data have been obtained for 
specimens from iterations N through V. These data are summarized 
in Figure 22. 

The data suggest that there are numerous process conditions 
(control variable combinations) which have the potential of 
producing 900 MPa strength levels. Systematic fractography and 
NOE studies are being used to isolate reliability impairing 
conditions/defects. An example is the machining procedure which 
was identified in iteration 0. Another reliability impairment source 
that has been found to have increased in significance through Stage 
II is iron contamination. Actions have been initiated to control this 
source of variability. 

An important in-process performance measure has been found 
to be the K,c of qualification tile that are HIP'ed with NSF 
specimens. Since Klc is an intrinsic measure of the material 
microstructural fracture resistance, a densification acceptance 
criterion (acceptheject) based upon KlC has been established. 
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Figure 22: Mean Tensile Strengths from Stage II Iterations 
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Improved Processing 
S. D. Nunn, 0. 0. Omatete, A. E. Pasto, and 
R. A. Strehlow (Oak Ridge National Labgratory) 

0b.iecti ve/scooe 

To determi ne and devel op the re1 i abi 1 i ty of sel ected advanced ceramic 

Issues of 

processing methods. This program is to be conducted on a scale that will 
permit the potential for manufacturing use of candidate processes to be 
evaluated. The emphasis of this program is on silicon nitride. 
practicality; safety, hygiene, and environmental issues; and in-process 
testing methods are to be addressed in addition to technical feasibility. 
The methodology includes selection of candidate processes and evaluation of 
their range of applicability to various kinds of commercially available 
ceramic powders. 

Technical hiahl icrhts 

I .  Silicon nitride gelcasting and sintering 

Work continued on preparing test plate specimens. A specification for 
a series of varied compositions has been prepared for silicon nitride 
plates using yttrium and aluminum oxides as sintering aids. The following 
specimens were processed during the period: 

1. gelcast three 6% yttria-2% alumina plates; 
2. sinteref three half plates of 894 yttria-4% alumina at 19OO"C, 300 psig 

(2 x 10 Pa); and 
3. sintered at 1750°C and 15 psiq (2 x lo5 Pa) the matching half plates 

for comparative studies of sintering conditions. 

In addition, several other parts were gelcast for drying studies, and 
specimens of varying thickness were prepared in the range of 1 to 2 cm. 
This is part of a series on maintenance of shape integrity o f  gelcast 
parts. 

Work was interrupted on the preparation of test plate specimens by 
repair operations on the high-pressure furnace used for sintering. 

11. Drying studies 

We found earlier that: 

1. Humidity is the dominant variable, and room-temperature drying may be 
adequate for thin parts. 

2. There is no constant-rate drying period. 
3. The length of drying can be significantly reduced by varying the 

humidity and/or the temperature. 

Drying studies continued using gelcast silicon nitride specimens. A 
drying study on a silicon nitride part was conducted using a full-plate 
specimen of 6% yttria-2% aluminq at constant conditions of 75% RH and 35°C. 
The results are being analyzed. 
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I I I. A1 te rna te  systems development 

Experiments i n  a l te rna te  systems no t  based on acrylamide have 
continued. Two e f f e c t i v e  a l te rna te  systems have been found and are being 
eval uated. 

I V .  Cooperative research agreement w i t h  Garret t  Ceramic Components 

The ob jec t ive  o f  t h i s  work i s  f o r  Garret t  Ceramic Components (GCC) and 
the Oak Ridge National Laboratory (ORNL) t o  perform a co l labora t ive  r e -  
search program t o  examine the gelcast ing process f o r  f ab r i ca t i on  o f  ceramic 
components using GCC's GN-10 s i l i c o n  n i t r i d e  mater ia l .  This program w i l l  
i nves t iga te  whether the  process exh ib i t s  advantages over s l  ipcast ing,  pres- 
sure s l i p  casting, o r  i n j e c t i o n  molding i n  terms o f  the  resu l tan t  mater ia l  
propert ies,  p a r t  qua l i t y ,  and shape-forming a b i l i t y .  The a p p l i c a b i l i t y  o f  
the  process t o  GN-10 complex-shaped parts, such as turbocharger r o t o r s  and 
advanced gas tu rb ine  ro to rs ,  w i l l  be examined. 

A l l  par ts  o r i g i n a l l y  scheduled t o  be gelcast  were completed and 
shipped t o  GCC. A f t e r  they were glass-encapsulation hot i s o s t a t i c a l l y  
pressed (HIP'ed) by GCC, they were returned t o  ORNL f o r  t e n s i l e  tes t ing .  
The par ts  included: 11 f l a t  p la tes f o r  subsequent t e n s i l e  test ing,  11 T-25 
turbocharger ro tors ,  four  3-cm-diam rods, and two "doughnut" specimens - t o  
t e s t  f o r  f law in t roduc t ion  due t o  shrinkage on gelat ion.  

Machining o f  t e s t  specimens was begun. Two p la tes  were selected and 
returned t o  GCC f o r  t e s t  and evaluation. The p la tes  were from runs t h a t  
produced three p la tes  and two rotors .  The GCC t e s t  procedure w i l l  be f o r  
modulus o f  rupture (MOR) specimens t o  be prepared from these plates,  and 
the  r e s u l t s  are t o  be compared w i t h  those from ORNL t e n s i l e  specimens. 

Twenty-two square cross-section bars cu t  from one o f  the  s i l i c o n  
n i t r i d e  p la tes  have been tested f o r  un iax ia l  t e n s i l e  strength. The t e s t  
bars had a nominal 6 by 6-mm cross sect ion and were chamfered before being 
mounted i n  the  gr ips.  The mater ia l  had an average f rac tu re  strength o f  
334.3 MPa (48.5 k s i )  w i th  a standard dev iat ion o f  31.3 MPa (4.5 k s i ) .  The 
ca lcu lated Weibull modulus was 11.03 f o r  t h i s  group o f  samples. 

Opt ical  examination o f  the f rac tu re  surfaces ind icated t h a t  the  f rac-  
t u r e  o r i g ins  were a t  i n t e r n a l  process-related flaws. These appear t o  be 
primary pores t h a t  were f i l l e d  by the s in te r i ng  a i d  glass dur ing d e n s i f i -  
cat ion.  
f laws. 
microscopy/energy-dispersive microscopy (SEM/EDS) analysis o f  the f rac tu re  
surfaces. 
pared f o r  SEM analysis. 

Eleven r o t o r s  made i n  the  e f f o r t  have been tomographical ly analyzed. 
The r e s u l t i n g  images are being analyzed. 

It has been agreed that,  based on the  r e s u l t s  o f  t h i s  work, addi t ional  
e f f o r t s  would be undertaken t o  develop the  process o f  ge lcast ing s i l i c o n  
n i t r i d e .  Further cast ing t r i a l s  are being planned using added mater ia ls  
t h a t  have been received from GCC. 

This resu l ted  i n  inc lus ion  pa r t i c l es ,  which acted as c r i t i c a l  
Five o f  the  22 specimens were selected f o r  scanning e lect ron 

I n  addi t ion,  one o f  the  rods prepared i n  t h i s  work has been pre- 
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Processing science for sr '3N4 Ceramics F.F. Lange, D.S. Pearson 
(University of California, Santa Barbara) 

biective/sco pk 

We are trying to increase the understanding of the role of 
interparticle forces in the processing of ceramics. The effects of 
electrolyte addition and pH changes on the rheological properties 
of dispersions, the kinetics of pressure filtration, and the 
mechanical properties and microstructure of the resulting bodies 
will be compared to each other and to existing models of 
interparticle forces (Le. DLVO theory). 

Technical p r o w  e 

We are formulating a new processing paradigm. The current 
paradigm is based on producing slurries with long-range repulsive 
forces. We propose that strong, short-range repulsive forces 
produce better slurries and green bodies. Unlike long-range 
repulsive forces which permit particle segregation, short-range 
repulsive forces prevent particle segregation by permitting 
particles to weakly agglomerate without surfacekurface contact. 

In addition, we have seen evidence that this short-range 
repulsive force can be tailored to create a shear-thinning slurry 
where particles can be separated and mixed at high shear rates and 
the mixing frozen in place when no shear is applied. The green 
bodies formed from these weakly agglomerated slurries are plastic 
when saturated and dry without cracking. 

repulsive forces: one aqueous and the other non-aqueous. 
We examined two silicon nitride systems with short-range 

Alumina slurries have shown improved processing when salt 

In alumina, the viscosity of the slurry is 
is added(') and we have attempted to determine if this effect 
occurs in silicon nitride. 
increased by the addition of salt while the green body remains 
plastic with little effect on the green-density. 

Silicon nitride powder. 
Continuing our study of the fundamental properties of 

powders and how these properties are related to their dispersion 
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behavior, we had the electrophoretic mobility of UBE SN-E3 silicon 
nitride powder examined at Rutgers University. 

technique. 
mobility at high pH. This agrees with our observations on the 
stability of silicon nitride slurries: Dispersed suspensions made 
at pH 10 are more stable and produce consolidated bodies with a 
higher green density than slurries made at pH 2. The isoelectric 
point is seen to be at approximately pH 5.5, close to the isoelectic 
point (pH 6) we observed in our electrophoretic mobility apparatus. 

Figure 1 shows the results tested by the ultrasonic 
The mobility at low pH is significantly less than the 

'C \ 
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- 4  

- 5  

-I 
I I I 

2 4 6 8 1 0  12 
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Figure 1. Acoustophoretic mobility measurements on UBE E-3 
powder. 

Consolidated bodies. 
The density of consolidated bodies formed from coagulated 

slurries was investigated over the pressure range from .I to 10 
MPa. Pressure was applied by either centrifugation or pressure 
filtration. While the density of these bodies remained relatively 
constant regardless of the consolidating pressure, it was found 
that the rheology of these bodies varied considerably. All of the 
consolidated bodies appeared elastic, although bodies consolidated 
below 2 MPa were disrupted by ultrasound or vigorous shaking and 
the body becomes fluid. 
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Removing agglomerates from the powder prior to 
consolidation improved the rheology of the body formed. A body 
prepared from as-received powder was dispersed in water by 
ultrasound. This slurry was then consolidated by pressure 
filtration (2 MPa) and the newly formed body was disrupted by 
ultrasound such that a viscous slurry was recovered. Another body 
was formed by identical procedures, but the starting powder was 
cleaned of larger agglomerates by centrifuging. The rheology of 
these bodies are shown in figure 2 and it is clear that the de- 
agglomerated powder forms a body which is much less viscous. 

loads superimposed over hydrostatic pressures. 
termed a triaxial test. The hydrostatic pressure generates a 
purely compressive stress in the sample, while the uniaxial load 
generates a shear stress. 

If no hydrostatic load is applied (and we can observe the 
sample during the test), the bodies fracture vertically (ie. split). 
Under hydrostatic load, the body yields, but this may be due to 
either micro- or macroscopic cracking. In some cases the samples 
appear to have cracked during the test. Since no sample has come 
out of the apparatus flowing, we have concluded that we have not 
yet achieved fluidization. Some samples flow when touched after 
testing. Again, it is impossible to quantify this type of yielding. 

Figure 3 shows the yielding behavior of silicon nitride bodies 
made from dispersed slurries under several hydrostatic loads. The 
yield stress increases with increasing hydrostatic pressure. This 
is consistent with results found in soil mechanics. Unfortunately, 
these samples appeared to have cracked rather than fluidized. 

Bodies made from salt-added slurries also exhibited a yield 
(figure 4). After testing, these samples would then flow when 
touched; however, they also appeared cracked so it can not be 
concluded that fluidization has occured during the test. The yield 
stress for these samples is much lower than for the dispersed 
samples; this is an indication that the added salt is reducing the 
interparticle forces. 

Since these types of materials are usually dilatant at these 
high volume fractions (-50%), we plan on performing our tests at 
extremely slow rates to avoid excessive stresses as the particles 
move past each other necessitating a volume expansion. We also 
plan on running our test with much larger hydrostatic pressures. 

Presently, we are subjecting consolidated bodies to uniaxial 
This is commonly 
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Figure 2. Stress vs. rate for sample A (upper), the as-received 
powder, and sample B (lower), the cleaned powder. Arrows 
indicate direction of stress ramp. Note the scale change 
on the x-axis. 
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Figure 3. Triaxial compression of pellets from dispersed 
slurry (no salt added). 

Figure 4. 
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Pellet from salt-added slurry with 2.76 MPa 
hydrostatic pressure. Note the change in scale. 
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We are expanding the range of molecular weights of the 
molecules which we are reacting with the surface. The rheology of 
these reacted particles is similar to that observed earlier. We are 
currently making large batches of reacted particles for producing 
green bodies for mechanical testing. 

We are also comparing the rheology of slurries made from 
chemisorbed and physisorbed powders (figure 5). The yield stress 
of the physisorbed powders was found to decrease with increasing 
addition of adsorbate; above 2 wt?! (of the powder) addition, no 
further increase is observed. This plateau in yield stress is still 
higher than the yield stress of slurries made from chemisorbed 
powder. 

the chemisorbed and the physisorbed powders (figure 6). The 
physisorbed powders showed a large increase in viscosity when 
they were cooled to 5°C under ambient conditions. The tool had 
water droplets which had formed from moisture in the air. If the 
sample (and the tool) were kept under dry nitrogen, no water 
condensation occured and the viscosity was similar to that at room 
temperature and to that of the chemisorbed material at room 
temperature and at 5°C; the chemisorbed material was not affected 
by condensation of moisture. 

The effect of water adsorption is another difference between 

We have seen that alumina and silicon nitride behave 
differently when salt is added to an aqueous slurry. Alumina 
becomes plastic while silicon nitride behaves elastically. 
silicon nitride can be made plastic by applying large stresses. The 
difference between the two different materials may be due to the 
reduced charge on the silicon nitride surface and the morphology 
differences between them. 

In contrast, the non-aqueous chemisorbed alcohol system is 
plastic and unlike the physisorbed alchohols it is not affected by 
atmospheric moisture. 

The 
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Figure 5. The effect of adsorbate concentration. The bottom 
curve is a chemisorbed sample, the top curve is 1% 
physisorbed, and the middle two curves are 2 and 5% 
p h ysisorbed. 
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Figure 6. The effect of water on 5% physisorbed powder. 
Curves #1 and #2 are before low temperature excursion, 
#3 is after the first excursion, and #4 is after a second 
excursion. 
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s of milestones. 

114401 

1 14402 

1 14403 

114404 

Survey rheological characteristics of slurries 
produced under a variety of pH/electrolyte 
conditions. Develop methodologies for 
characterization of slurry rheological 
properties and green body mechanical 
properties. 
Status report on testing procedures and 
preliminary resu I ts. 
Determine effect of pH/electrolyte 
conditions on green body properties including 
processing rates, mechanical properties, and 
density . 

ok 

ok 

ok 

Status report on green body properties and 
processing relationships. 

1 Nov 91 

1 14405 Explore other means to modify interparticle 
interactions (polymers such as PVA). 
Status report on polymer effects. 11 4406 

1 Apr 92 

1 May 92 
11 4407 Examine flaw populations in sintered bodies. 1 Oct 92 
1 14408 Final report on colloidal processing. 

References 

1 Nov 92 

(1 ) B.V. Velamakanni, J.C. Chang, F.F. Lange, D.S. Pearson, "New Method for 
Efficient Colloidal Particle Packing via Modulation of Repulsive Lubricating 
Hydration Forces", Langmuir 6, p.1323 (1990). 
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1.2 CERAMIC COMPOSITES 

1.2.2 Silicon Nitride Matrix 

In-Si tu Touqhened S i  1 icon Nitride (Phase I IA) 

H. Yeh, J. Pollinger, D. Newson, E. Solidum (Garrett Ceramic 

J. Yamanis, M. Behi, C-W. Li, P. Whalen (Allied-Signal Research and 
Components) 

Techno1 ogy) 

OBJECTIVE/SCOPE 

The objective of this program is to improve the properties of a 
newly developed in-s i tu reinforced high temperature Si3N4 material 
(AS-700), and to develop net-shape component fabrication processes. 
This effort is targeted for heat engine applications, and the goals 
for the key properties are listed below: 

F1 exural Strength at 137OoC 
Stress Rupture 490 MPa @1200°C 
Fracture Toughness 
Wei bull Modulus 

490 MPa 
>lo0 hr 
> 10 MPa*m1/2 
> 18 

This effort consists of five (5) technical tasks: Task 1 - Slip 
Casting Development; Task 2 - Improvements of Densification and Grain 
Growth Processes; Task 3 - Alternate Raw Materials; Task 4 - 
Fabrication of Test Specimens and Task 5 - Material Characterization. 

The technical efforts were initiated January 2, 1991; Tasks 1, 2, 
and 3 were conducted in this reporting period. 

TECHNICAL HIGHLIGHTS 

TASK 1 - SLIP CASTING DEVELOPMENT 
The objective o f  this task is to develop a process to pressure 

slip cast the baseline AS-700 Si3N4 material in thin cross-section 
test plates and thick parts with varying cross-sections. Material 
shall be densified and heat-treated using established base1 ine 
procedures. Mechanical properties and microstructures wi 1 1  be 
characterized and compared with current baseline cold isostatic 
pressed AS-700. 

Research sponsored by the U.S. Department of Energy, Assistant Secretary 
for Conservation and Renewable Energy, Office of Transportation 
Technologies, as part of the Ceramic Technology for Advanced Heat 
Engines Project of the Advanced Materials Developnent Program under 
contract DE-AC05-840R2140 with Martin Marietta Energy Systems, I n c . ,  

York Breakdown Structure Subelement 1.2.2.1. 
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1.1 S1 i D Devel oDment 

The goal of this subtask is to develop an AS-700 Si N4 slip with 
desirable properties for slip casting both thin and thic it cross- 
section components. To achieve the desired green part properties of 
homogeneous microstructure, high green density, and ability to be cast 
into complex-shape and large cross-section parts, the desirable slip 
properties are high solids content, low viscosity, long-time 
stability, agglomerate-free, and sintering aid powder particles of the 
same size or smaller than the silicon nitride powder particles. AS-700 
slip development was divided into two tasks - generate desirable slip 
properties that result in acceptable rheology, forming, and green 
densities; and generate a homogeneous green microstructure. 

Homogeneous green microstructures were achieved by slip milling 
procedure modification. The original AS-700 green microstructure 
formed by cold isostatic pressing o f  alcohol milled powders is shown 
in Figure 1. The SEM backscatter image shows that the sintering aids 
(1 ight color) are somewhat agglomerated and the agglomerates are 
greater in size than the silicon nitride powder (dark color). The 
baseline slip casting process (milling time T) has reduced the size 
and number of sintering aid powder agglomerates (Figure l ) ,  but 
further homogenization was desired. The milling time was increased to 
time 4T and the result was a further reduction of sintering aid 
agglomerate size and number (Figure l ) ,  but not to the desired level. 
A sintering aid powder premilling step was added and the sintering aid 
powder agglomerates were effectively eliminated (Figure 1). The 
premilling step was also designed to prevent any contamination during 
the milling. The sintering aid premilling slip fabrication process was 
implemented as the optimized slip milling preparation procedure. 

Slip property development utilized designed experiments to 
improve AS-700 slip properties - achievable sol ids content, viscosity, 
and green density, by evaluation of the following variables: 
dispersant composition, dispersant concentration, mi 1 1  ing 
time/procedure as described above, and pH adjustment additive 
concentration. The investigative process used was to optimize slip 
properties at the baseline slip solids content o f  70 wt% solids, then 
increase the slip solids content and investigate further slip process 
improvements. Figure 2 shows that the improvements made in slip 
processing resulted in greatly improved properties (lower viscosities 
and high solids contents) and higher green densities. 

The properties o f  the baseline slip solids content o f  70 wt% was 
improved by dispersant concentration and milling time optimization and 
the slip viscosity was lowered and green density increased from 61% to 
63.5%. But the viscosity was so low that further slip improvements 
were barely detectable, and the low solids content results in long 
casting times. The solids content was increased to 73 wt%, where the 
majority of slip processing improvements were conducted. As Figure 2 
shows, the slip viscosity was extensively decreased and the cast green 
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Figure 1. Green Microstructure Homogeneity Development in AS-700 
Silicon Nitride. 
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Figure 2. Improvements in AS-700 S1 ip Properties and Resulting 
Presintered Densities as a Function of S1 ip Sol ids Content. 

density increased to 65.6%. The improvements were accompl i shed through 
a dispersant composition change and concentration optimization, 
milling procedure optimization (the sintering aid premill ing procedure 
described above) and pH adjustment additive concentration 
optimization. The 73 wt% solids optimized AS-700 slip was used to 
successfully slip cast 2" by 3" plates and large 3" diameter by 2.5" 
tall cylindrical billets. The slip proved to be very stable over the 
relatively long casting required for forming the cylinders by 
unidirectional casting . 
optimized 73 wt% solids content slip resulted in some rotor cracking 
during casting and drying due to the green density, which was low 
enough (relatively) to result in too much casting and drying 
shrinkage/stress, and long casting times, which let the casting 
shrinkage stresses build up. The AGTlOl rotors were slip cast for just 
this reason - to determine the required slip properties that would 
result in reasonably short casting times and high green densities to 
prevent unacceptable casting and drying shrinkage stresses in large 
complex shaped parts. The sl ip sol ids content was increased to 74 
wt%, and then 75 wt% solids. The 75 wt% solids slip properties were 
further optimized by slight changes in dispersant concentration, 
required by the changing colloidal dispersion environment (relative 
water volume-to-powder surface area ratio and amount of double layer 
crowding). The optimized 75 wt% solids slip was used to successfully 
slip cast the AGTlOl rotors. 

Casting of the complex-shaped AGTlOl rotors revealed that the 
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The goal o f  t h i s  subtask i s  t o  take the AS-700 s l i p  developed i n  
Subtask 1.1 and develop pressure s l i p  cas t ing  process parameters f o r  
generation of uniform high green density, warpage and crack-free green 
parts, both t h i n  and t h i c k  varying-cross-section. 

Three AS-700 s l i p  cast specimen geometries were selected t o  
evaluate the forming c a p a b i l i t y  o f  the AS-700 s l i p  being developed. 
The geometries (shown i n  Figure 3) were the  2" by 3" by .5" plate,  the  
3" diameter by 2.5" t a l l  c y l i n d r i c a l  b i l l e t ,  and the A G T l O l  r a d i a l  
r o t o r .  The p l a t e  was used t o  evaluate basic s l i p  cast ing c a p a b i l i t y  
such as achievable cast green density. The large c y l i n d r i c a l  b i l l e t  
was used t o  evaluate s l i p  s t a b i l i t y  and green densi ty needed t o  cast 
t h i c k  cross-section components without cracking due t o  cast ing o r  
d ry ing  shrinkage. The A G T l O l  r o t o r  was selected t o  be the u l t ima te  
t e s t  o f  the AS-700 s l i p ,  as Garret t  Ceramic Component's previous 
experience showed t h a t  the r o t o r  required a very stable s l i p  because 
o f  i t s  long cast ing time, and high green dens i t ies  t o  prevent cast ing 
and dry ing  shrinkage stresses. 

---- - 
--_L 1 0 0 5 5 2 - 4  

Figure 3. S1 i p  Casting Component Geometries Selected f o r  Development. 
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S l i p  casting, drying, and pres inter ing o f  the 2" by 3" p la tes  
revealed no problems w i th  any o f  the s l i p s  developed, from 70 w t %  
so l i ds  through 75 w t %  sol ids.  The t h i n  cross-section (0.5") and simple 
geometry present minimal drying problems o r  shrinkage stress concerns 
and low cast green densi t ies do not r e s u l t  i n  unacceptable stresses. 
The p l a t e  geometry has proven t o  be very i nsens i t i ve  t o  s l i p  
i n s t a b i l i t y  because o f  i t s  short  cast ing time. 

Pressure s l i p  cast ing o f  the large cy l inders was invest igated 
using two cast ing f r o n t  geometries - un id i rect ional ,  and side and 
bottom dewatering. The bottom and side dewatering approach resul ted i n  
r a p i d  cast ing times but the b i l l e t s  t y p i c a l l y  cracked r a d i a l l y  dur ing 
dry ing due t o  the green densi ty and moisture gradients generated by 
the m u l t i p l e  cast ing f ronts .  B i l l e t s  cast using the un id i rec t i ona l  
approach were successful ly cast, dr ied,  and presintered without 
defects. Increasing the s l i p  so l i ds  content t o  74 w t %  resu l ted  i n  high 
enough green densi t ies t h a t  the removal o f  moisture from the b i l l e t  
was more d i f f i c u l t  and cracking dur ing dry ing sometimes occurred. A 
s l i p  so l i ds  content o f  73 w t %  was selected as the optimum f o r  the 
1 arge diameter b i  11 ets.  

Pressure s l i p  cast ing o f  the AGT lO l  r a d i a l  r o t o r s  was f i r s t  
evaluated using 73 w t %  so l i ds  optimized AS-700 s l i p .  The r o t o r s  
exhib i ted some blade and hub cracking dur ing cast ing and dry ing due t o  
the lower than required green densi ty generated by the 73 w t %  so l i ds  
content. Increasing the so l i ds  content t o  74 w t %  d i d  not  e l iminate 
cracking. The so l i ds  content was increased t o  75 w t %  so l i ds  and the 
green densi ty  achieved was enough t o  prevent cracking by reducing the 
cast ing and dry ing shrinkage and stress t o  su i tab le  leve ls .  
Presintered A G T l O l  r o t o r s  were sectioned t o  evaluate green densi ty 
homogeneity. As shown i n  Table 1, the green densi ty d i s t r i b u t i o n  
throughout the r o t o r  i s  very homogeneous, w i t h  the highest d i f ference 
only 0.6%. This homogeneity i n  powder packing w i l l  r e s u l t  i n  densi f ied 
par ts  w i t h  excel lent  dimensional cont ro l  and r e p r o d u c i b i l i t y .  

I n  summary, the goals o f  Task 1 were accomplished, w i t h  an AS-700 
s l i p  preparation process developed t h a t  resul ted i n  s tab le s l i p s  able 
t o  be formed i n t o  a va r ie t y  o f  shapes - demanding i n  terms o f  cross- 
sectional thickness and complex shape. The r e s u l t s  a1 so i nd i ca te  t h a t  
s l i g h t  changes i n  s l i p  so l i ds  content may be required f o r  d i f f e r e n t  
geometry parts, t o  optimize cast ing and dry ing shrinkage, whi le  not  
i n h i b i t i n g  moisture removal dur ing drying. The high green densi t ies,  
homogeneous green microstructures, and forming capabi 1 i t y  should a1 1 ow 
AS-700 s l i p  cast s i l i c o n  n i t r i d e  densi f icat ion/gra in  growth 
development wi thout the obfuscation o f  unoptimized green micro- 
s t ructure o r  requirement f o r  subsequent green forming refinement which 
might modify the dens i f i ca t i on  and g ra in  growth process mechanisms. 
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RAMAL EVALUATION 
HUB AT BOTTOM 

SAMPLENO. DENSITY 
10 63.2% 
11 63.3% 
12 63.3% 
13 63.2% 
14 63.3% 

VARIATION= 0.2% 

Table 1. Achievement of homogeneous presintered density in AS-700 slip 
cast AGTlOl rotors. 

HUB AT -LE HUB AT TO? 
SAMPLENO. DENSlTY SAMPLENO. DENSTY 

20 63.1% 30 63.1% 
2l  (13.0% 31 63.2% 
22 62.9% 32 632% 
23 63.2% 33 =a% 
24 63.2% 34 63.2% 

VARIATION= 0.4% VARIATION= 0.3% 

VERTICAL EVALUATION 

SAMPLENO. DENSITY 

40 63.3% 
50 63.5% 

VARIATION= 0.6% 

BolmM 

SHAFT AT MIDDLE 
SAMPLEW. DENSITY 

40 63.3% 
41 63.4% 
42 63.5% 
43 63.4% 
44 63.3% 

VARIATION= 0.3% 

SHAFT AT TOP 
SAMPLENO. D E m  

so 63xn 
51 63.4% 
52 63.5% 
b3 63.4% 
54 63.4% 

VARIATmNr 0.2% 

TASK 2 - Imrovensent o f  Densification and Grain Growth Processes 

The objective o f  this task is to establish improved densification 
and heat treatment process conditions for AS-700 Si3N4. The evaluation 
criteria shall be density, microstructure, mechanical properties, as- 
processed surface quality, and shape retention. Density and mechanical 
properties shall be the primary screening criteria. Large AS-700 
samples (approximately 3" diameter by 2" high) will be used as the 
primary samples for densification and grain growth process 
development . 

A number o f  slip cast AS-700 small plates (2" by 3" by .63") 
were processed through the base1 ine densification/heat treatment 
cycle. The plates were formed using the optimized AS-700 dispersion 
process and baseline (milling time MI) and improved milling 
procedures M2 (longer milling time) and M3 (sintering aid powder 
premilling). The results are presented in Table 2. The results o f  
milling time MI show basically equivalent properties to CIPed AS-700 
baseline material. The material formed from milling time M slip 

optimized M3 milling procedure shows significantly lower toughness , 

and room temperature strength compared to the baseline CIP material. 
This is inspite o f  the fact that these specimens have achieved the 
highest sintered densities o f  any AS-700 yet processed. Microscopy 
also indicates large exaggerated grains (much larger than those in 
the typical AS-700 CIPed i n - s i t u  reinforced microstructure). It is 
theorized that the improved homogeneity green microstructure o f  the 

shows slightly lower strengths. The material formed from t I e 
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TABLE 2. AS-700 Si3N4 Small Plate Properties as a Function of Milling 
Procedure. 

M I L L I N G  

CIPED 

S91C014D M i  ( T I  I--+-- S910014E M i  ( T I  

11 S910066D ! M1 ( T I  

AFTER 

T - RELATIVE M I L L I N G  TIME 
() - NUMBER OF SAMPLES TESTED 

M3 slip milling procedure results in a more reactive compact during 
densification, allowing sintering to higher densities and that the 
baseline grain growth thermal processing temperatues may now be too 
high and need to be reduced to control the development of the i n - s i t u  
reinforced microstructure. The grain morphology obviously affects the 
balancing act between high strength due to fine grain size and high 
toughness due to high aspect ratio interlocked grains. There are also 
indications that the increased green compact homogeneity and 
reactivity during densification and grain growth are effecting slight 
changes in the grain boundary phases, which also affects mechanical 
properties, especially at high temperature. 

Thus the potential benefit of the improved green microstructure 
homogeneity and resulting reactivity to generate improved mechanical 
properties requires refinement of the densification/grain growth 
process to be taken advantage of. Designed experiments were then 
developed to explore such parameters as lowered densification and 
grain growth temperatures, heating and cooling rates, and thermal 
processing hold times using slip cast plates with the optimized M3 
milling procedure. 

Preliminary results fron the designed densification experiments 
on the small slip cast plates with optimized green microstructure 
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explored the effect of hold time at densification/grain growth 
temperature. 
hold time tl, t (.8t ), t3 (.6t1), and t4 (.4t ). 

temperatures. The plates processed for times t , t2, and t 3  all 

97.3% density and was not further evaluated. All the plates contained 
amorphous grain boundary phase, measured by XRD. The mechanical 
properties, shown in Table 3, were independent of densification hold 
time. The room temperature flexural strengths are now close to but 
slightly below the baseline cold isostatic pressed strengths. The 
program goal o f  490 HPa fast fracture strength at 137OoC is also 
slightly greater than the current 137OoC of 452 MPa. The desired 
fracture toughness o f  8.5 - 9 MPaJm is also above the current fracture 
toughness of 7.65 MPaJm. 

Four hold time combinations were explored - the base1 ine 
The plates were 

all processed a 3 b  the asel ine densification/hea i treatment 
achieved full density. The plate densified at i ime t4 only reached 

Table 3. Small Slip Cast Plate Mechanical Properties. 

SAMPLE 
PLATE 

s910177E 

S910177F 

e101 7 7 A  

s910177c 

S910177D 

S910167F 

CIP 
STANDAW) 

1 DENSIFICATIOll 
HOLD TIM 

tl 

tl 

t2 

t3 

t3 

t4 

- - - -  

4-PT FLEXURE STRENGTH RETAINED STRENGTH FRACTURE TOUGHNESS 
RT llOO°C 1375OC 20 Kg INDENT CHEVRON NOTCH 

1 DENSITY (HPa) (Wa) (IIpa4l) 

m: 
1) 0 - Denotes No. of Sanplcs Tested  
2) I t2  = .8tl, t3 = -6t1, t4 .4tll 
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TOP Bottom 
I 

To further optimize the small slip cast plate densification and 
heat treatment process to meet program property goals, the designed 
experiments are being continued. They are two level designs that will 
examine densification/heat treatment hold temperature, heating rates 
and cool down rate. The experiment matrix is expected to be completed 
in early November 1991. 

The investigation of densification of the large diameter AS-700 
Si N billets was also initiated. Two slip cast large billets 
(Shdl04A and S910104B) were densified using the intermediate heating 
rate firing schedule F (50% of the baseline cycle heating rate) to 

billets reached densities of 96.7 and 97.6% and no cracking occurred. 
Billet S910104B was machined into 3 x 4 x 50 mm flexure bars for 
density and material strength distribution evaluation. From the 
density data shown in Figure 4, it is clear that the interior of the 
billet did not sinter as well as the exterior. In addition, the 
bottom of the cylinder (placed in contact with the crucible) did not 
reach high density, even in the exterior region. Test bars taken from 
this bottom region tended to have lower strengths, as shown in Figure 
5. Uneven sintering due to uneven heat distribution was the cause of 
the vertical density gradient. and the furnace and part fixturing were 
modified to generate a homogeneous hot zone. Overall, the strengths 
were lower than similarly fabricated small plates and CIPed baseline 

prevent thermal upshoc 2 ing of the large cross-section parts. The 

AS- 700. 

3.25 

3.20 
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5 

6 
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Figure 4. Measured Densities of Bars Cut From Large Slip Cast Billet 
S910104B. 
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Figure 5. Room Temperature 4-pt Bend Fracture Strengths o f  Test Bars 
Cut From Large S l i p  Cast Block S910104B. 

I n i t i a l  ind icat ions are t h a t  dens i f i ca t ion  occurs a t  and near the 
surface before the core o f  the cyl inders,  w i th  the r e s u l t i n g  accicular 
microstructure i n h i b i t i n g  subsequent consol idat ion i n  the  i n t e r i o r ,  
resu l t i ng  i n  lower densi ty centers. 

A set of designed experiments was developed and i s  being 
implemented t o  achieve f u l l  densi ty throughout the la rge  cross-section 
parts, w i th  desi red microstructure development and corresponding 
mechanical propert ies. Experimental parameters being examined include 
heat-up rates, ho ld times, densi f icat ion/grain growth temperatures, 
and cool down rates. 

Prel iminary experimental resu l t s  examining the e f f e c t  o f  heating 
rates (cycle F2 heating r a t e  versus the basel ine cyc le  heating r a t e  
which i s  twice the  cyc le  F ra te )  resul ted i n  improved f lexure  

2.5" b i l l e t  densi f ied using the standard AS-700 process, the  same s ize 
b i l l e t  heated a t  twice the heated r a t e  exhib i ted greater i n t e r i o r  and 
ex te r io r  region room temperature f lexure strengths and higher indented 
t e s t  bar retained strengths, as shown i n  Table 4. Both o f  the la rge  
b i l l e t s  were completely converted t o  beta-Si3N4 and exhib i ted 
amorphous gra in  boundary phase i n  the i n t e r i o r  and approximately 70- 
80% c r y s t a l l i n e  gra in  boundary phase i n  the ex te r io r  regions. 
change i n  microstructure t h a t  resu l t s  i n  t h i s  increase i n  propert ies 
and the reason why heating r a t e  a f fec ts  these proper t ies i s  s t i l l  

strengths and indented tes  z bar strengths. Compared t o  a 3" dia.  by 

The 
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Table 4. Mechanical Propert ies o f  Large Cy l i nd r i ca l  B i l l e t s  as a 
Function o f  Heat i ng Rate. 

m: 
1) () - Denotes No. of Sanples Tested 
2) t 2  2t, 

being determined. 
and w i l l  be completed i n  November 1991. 

The designed experiment matr ix  i s  being continued 

The f i n a l  experiments o f  Task 2 w i l l  be t o  evaluate dens i f i ca t i on  
o f  the s l i p  cast AS-700 A G T l O l  r o t o r s  using the optimized 
dens i f i ca t i on  process developed f o r  large b i l l e t s .  These experiments 
are planned f o r  November 1991. 

The optimized densif icat ion/heat treatment process t o  be used t o  
fab r i ca te  samples i n  Task 4 w i l l  be selected from the processes 
developed f o r  e i t h e r  the small s l i p  cast plates, o r  more desiredly, 
from the 1 arge cy1 inders. 

TASK 3 - ALTERNATE R A W  MATERIALS 

The object ive o f  t h i s  task i s  t o  evaluate the in f luence o f  the 
chemistry and physical character is t ics  o f  the s t a r t i n g  Si3N4 powders 
on in-situ reinforcement processing and resu l tan t  propert ies.  A f t e r  
an extensive search o f  s i l i c o n  n i t r i d e  powders with a v a r i e t y  o f  
cha rac te r i s i t i cs ,  three c r i t i c a l  s i l i c o n  n i t r i d e  powder 
cha rac te r i s t i cs  were selected f o r  evaluation: 

1) Surface area/part ic le s i ze  d i s t r i b u t i o n .  
2) Oxygen content. 
3) Trace element impuri ty leve ls .  

A l ternate Si3N4 powders were then selected. Select ion c r i t e r i o n  was t o  
keep a l l  other powder c h a r a c t e r i s i t i c s  s i m i l a r  t o  the basel ine powder, 
whi le having a lower o r  higher value o f  one o f  the three c r i t i c a l  
Si3N4 powder cha rac te r i s t i cs  t o  be evaluated. S ix  commercially 
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avai 1 ab1 e powders meeting these requirements were selected and e f f o r t s  
are now underway t o  evaluate them i n  the AS-700 system. 

The goal f o r  each a l te rna te  s i l i c o n  n i t r i d e  powder was t o  
fab r i ca te  2" by 3" s l i p  cast AS-700 p la tes w i th  a minimum green 
densi ty  o f  60.7% and w i th  a homogeneous green microstructure.  This 
w i l l  e l iminate any convolut ion o f  r e s u l t s  due t o  d i f f e r e n t  packing 
dens i t ies  o r  green microstructure. The s i n t e r i n g  a i d  p remi l l  i n g  
procedure developed i n  Task 1 was used t o  fabr ica te  the various s l i ps .  
The p la tes  w i l l  then a l l  be dens i f ied  using the  optimized 
dens i f i cat  i on/grai n growth process bei  ng devel oped i n Task 2. 

successful ly cast meeting the green deni ty  and hofsogenei ty 
requirments. The p la tes  are await ing the optimized dens i f i ca t ion /gra in  
growth process being developed i n  task 2. The mechanical proper t ies 
and microstructure o f  the dens i f ied  p la tes  w i l l  be character ized and 
effects o f  the various powder charac ter is t i cs  analyzed. 

Plates o f  a l l  s i x  a l te rna te  s i l i c o n  n i t r i d e  powders have been 

STATUS OF MILE STONES 

M i  1 estones are on schedule. 

BLICA TIONS/PRESENT ATIONS 

J .  Pol l inger  and 3 .  Yamanis presented a program status a t  the  
Automotive Technology Development Contractors Coordination Meeting i n  
Dearborn, MI on October 28, 1991. 
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Optimization of Hiah-Temperature Properties of Silicon Nitride Ceramics 
T. S .  Sheu and T. Y. Tien (The University of Michigan) 

Obiectivehcope 

Silicon &ride ceramics with a fibre-like structure of the P-SisN4 grains 
exhibit the highest fracture toughness and flexure strength. Ceramics with 
long P-Si3N4 grains can be obtained by sintering the silicon nitride 
ceramics at higher temperatures under a higher nitrogen pressure. The 
composition of the sintering additives will also affect the microstructural 
development and their mechanical properties. The mechanical properties 
can fhrther be improved by characteristics of the grain boundary phase. 
However, the additives usually become a glassy grain boundary phases 
after sintering which cause an inferior high temperature property. The 
major goal of this project is to  develop monolithic silicon nitride ceramics 
with optimum mechanical properties at room temperature as well as at 
high temperatures. a'-SiAlON has an equiaxied grain morphology and its 
composition can be expressed as Y,Sil2-(m+n~1m+,N16-nOn which has a 
stuffed derivative structure of a-SigN4. By proper batch formulation, the 
starting materials form liquid which aid densification of the silicon nitride 
ceramics at the beginning of the sintering process. At the later stage of 
sintering, the liquid enters the silicon nitride lattice forming a'-SiAlON. 
The final product contains only the fiber like P-Si3N4 grains and equiaxied 
a'-SiAlON grains without any liquid phase at the grain boundaries. It is 
expected that silicon nitride contains no glass grain boundary would which 
have better mechanical properties at high temperatures. 

Technical progress 

Ceramics containing P-Si3N4 and a'-SiAlON were synthesized in the 
system Si,Al,Y/N,O. Compositions of these ceramics can be fund on the join 
Si3N4-Y203:9AlN as shown in Fig. 1. These compositions were hot-pressed 
at 1780°C under a unidirectional pressure of 300 Kg/cm? During hot 
pressing, samples with various compositions showed different sintering 
behavior. The results are given in Fig. 2. Samples with a lower a' phase 
content require a longer time to achieve Ml densification. 

Flexure strength and fracture toughness at room temperature, as well as 
at 1400OC, as a function of phase contents were given in Fig. 3. Samples 
with 20 - 40 wt% a'-SiAlON show both flexure strength and fracture 
toughness. Temperature-dependence of strength curves for samples 
containing 20 - 40 wt% a'-SiAlON phase hot pressed at different conditions 
are shown in Fig. 4. The highest strength observed was -1300 MPa at 25"C, 
and -800 MPa at 1400°C. A SEM micrograph in Fig. 5 shows one of these 
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Fig. 1. Y-Si-AI-O-N phast diagram. 
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Fig. 3. The relationships among fracture strength, 

fracture toughness, phase portion, and 
temperature. 
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Fig. 2. Sintering behaviour during hot 
pressing. 
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Fig. 5. SEM micrograph of a sample containing 30 wt% a' phase. 
This sample was hot-pressed at 1780°C for 0.5 hour. 

materials containing a very fine grain of a'-SiAlON phase and a high 
aspect ratio of p-Si3N4 grains. 

of Milestone8 
On schedule. 
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Characterization of Grain Bou- Phase in &&con w i d e  Ceramics 
Wen-Cho Teng and T. Y. Tien 
(The University of Michigan) 

. .  . .  . .  

Obiective/scoDe 

The objective of this investigation is to develop silicon nitride ceramics with 
high flexural strength, high fracture toughness and superior creep 
resistance. The fibre-like structure of the B-Si3N4 grain8 can be obtained by 
sintering the silicon nitride ceramics at higher temperatures under higher 
nitrogen pressure. The composition of the sintering additives will affect the 
microstructural development, grain boundary characteristics, and hence, 
the mechanical properties. However, the grain boundary phase has never 
been synthesized and their properties have never been studied. The goal of 
this project is to synthesize and characterize the grain boundary phase and 
to  understand the relationships betweeq the nature of the grain boundary 
phase and the properties of silicon nitride ceramics. It is believed that with 
a thorough understanding of these relationships, ceramics with optimum 
mechanical properties can be obtained. 

Technical progress 

Compositions studied were: 10 wt% SiAlON - 90 wt% Y2Si207, 20 wt% 
SiAlON - 80 wt% Y2Si207 and 30 wt% SiAlON - 70 wt% Y2Si207. These 
compositions were designated as 9010, *8020 and 7030, J.espectively. Starting 
powders were weighed and mixed using isopropanol and an ultrasonic 
mixer. Mixtures were dried and melted in a covered BN crucible at 1700OC 
under a nitrogen pressure up to 40 bars and then furnace cooled. The melts 
were analyzed by XRD and EDX. Nitrogen contents of the samples were 
analyzed by an inert gas fusion technique. Thermal expansion of these 
samples was measured using a dilatometer. The results are discussed in 
the following sections. 

Compositions 9010 and 8020 were amorphous to XRD and 7030 was found to 
contain a small amount of p-Si3N4 crystals. The nitrogen contents after 
melting are given in Fig. 1. Nitrogen loss was observed for all compositions 
when melted under one atmosphere of nitrogen, and very little change in 
the nitrogen content was observed for compositions melted at higher 
pressures. 

Typical thermal expansion curves are given in Fig. 2. From these curves, 
the thermal expansion coefficients and glass transformation temperatures 
were computed. The composition dependence of the thermal expansion 
coefficients are given in Fig. 3, and the glass transformation temperatures 
are given in Fig. 4. These curves show that the thermal expansion 
coefficients increased with increasing nitrogen content, and no clear trend 
can be observed for the glass transformation temperature. 
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Status of milestones 

On schedule. 

Publications 

None. 
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OF Sic-AlN COMpOSrTEs 
G. E. Hilmas and T. Y. Tien 
(The University of Michigan) 

ObiectivehcoDe 

The goal of this project is to obtain dense Sic-A1N composites containing AlN- 

polytypoid phases(s) as a dispersed second phase. AlN-polytypoids (8H, 15R, 12H, 

21R and 27R) form as elongated rod-like or platelet-like grains and are stable at high 

temperatures potentially producing an in-situ reinforcement phase in advanced 

composites. Hot-pressing was selected for this study to optimize densification at high 

temperatures. 

Technical promess 

1.0 INTRODUCTION 
The formation of AlN-polytypoids and subsequent Sic matrix: A1N-polytypoid 

composites have been described in the last two semi-annual reports [1,2], including 

microstructural and mechanical property data. To this point, samples prepared with 90 
vol.% p-Sic and 10 v01.Q 12H (AlN-polytypoid) have resulted in the desired 

microstructure containing a Sic matrix phase with a well dispersed AlN-polytypoid 

second phase. This A1N-polytypoid second phase has formed in a platelet-like 

morphology and has strongly enhanced the fracture toughness of the SIC composite 

while maintaining a good room temperature strength (8.5 MPa-dm and -550 MPa, 

respectively). Samples designed to contain 20 ~01.96 and greater of the 12H-polytypoid 

second phase have resulted in phases and microstructures that are competing between 

forming the desired two-phase microstructure and one that contains a-SiC(2H) and 

AlN(2H) in coexistence or possibly in solid-solution. The resulting microstructures for 

these samples are generally fine-grained with lower fracture toughness values comparable 

to dense Sic monoliths. 

It is believed that several of the above compositions may not have reached their 

equilibrium phases and/or microstructures. Since lower temperature annealing is not 

likely to alter the present phase content, it is necessary to perform longer hot-press cycles 

at 2100 'C to determine if equilibrium has been or can be obtained. In order to perform 

the above analysis, hot-pressed billets of all five compositions [BSW: 12H(II), 

BS80 12H(II), BS70: 12H(II), BS60: 12H(II) and BS50: 12H(II)] must be prepared for 

longer hold times at 2100 'C. It is the intent of this report to discuss preliminary results 

on samples prepared for hold times of 2 and 5 hours at 2100 'C. 
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2.0 EXPERIMENTAL 
The compositions [BS90: 12H(II), BS80:12H(II), BS70:12H(II), BS60:12H(II) 

and BS50:12H(II)] have been prepared by hot-pressing at 2100 'C for hold times of 2 

and 5 hours. In order to try and improve the high temperature mechanical properties of 

these materials, 1 wt.% of C was added during powder processing. Since elemental C is 

already present, the excess C will not affect the phase equilibria. It will act to increase the 

effective surface energy by reducing the Si02 and free Si contents at the grain 

boundaries. This should both promote sintering and limit grain growth of the S ic  matrix 
phase. 

Sections of the hot-pressed samples were machined and then ground and polished 

down to a 1 pm diamond finish for preliminary mechanical properties measurements. 

Fracture toughness values were determined from direct crack measurements from Vickers 

diamond indents and calculated from the equation of Anstis et al. [3]. 

3.0 RESULTS AND DISCUSSION 

The results of the fracture toughness measurements are summarized in figure 1 
along with earlier data from samples hot-pressed for 1 hour at 2100 'C. The values for 

samples hot-pressed for 2 and 5 hours are generally quite consistent with previous results 

obtained on samples hot-pressed for 1 hour. Although the compositions BS90:12H(II) 
and BS80:12H(II) exhibit fracture toughness values somewhat lower than the high of 8.5 
MPa-dm, the values are still quite good and these specimens are expected to have higher 

flexural strength values. 

The samples are currently being evaluated by XRD and SEM to determine their 

phase content and microstructural morphology. Bend test bars are also being machined 

from the hot-pressed billets to evaluate their room temperature and elevated temperature 

flexural strength. 

Status of milestones 

On Schedule. 

None. 

References 

[ 11 
report submitted to ORNL under Contract No. SC-19X-SA125C, April, 1991. 

G. E. Hilmas and T. Y. Tien, "Fabrication of SiC-AlN Composites," Semi-annual 
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. .  . .  
of Silzcon N&-zde Cera- 

K. R. Lai and T. Y. Tien 
(The University of Michigan) 

Obiective/scoDe 

To develop processing methods to  optimize fracture strength, fracture 
toughness and creep resistance of monolithic silicon nitride ceramics. Silicon nitride 
ceramics with fibre-like grains will have higher fracture strength and toughness 
and also creep resistance. The fibre-like structure can be obtained by sintering the 
silicon nitride ceramics at high temperature under a nitrogen over-pressure. The 
mechanical properties can further be improved by controlling the composition and 
grain boundary phase(s). The major goal of this project is to develop monolithic 
silicon nitride ceramics with optimum mechanical properties and to understand 
their mechanisms. 

Technical Drogress 

Fracture toughness, flexural strength and microstructural features of P-Si3N4 
ceramics containing 6 wt.% Y2O3 and 2 wt.% A1203 (B6Y2A) as sintering aids were 
studied. The fracture toughness was measured using the Vicker's indentation 
method['] and the precracking strength testing method.C23. Four-point flexural 
strength was measured following the standard of MIL-STD-1942A with the fixture 
having an outer span of 20 mm and inter span of 10 mm. Grain sizes were 
determined using the disintegration method. 

The grain size dependences of the fracture toughness and flexural strength are 
plotted in Fig. 1 and Fig. 2. Optimum mechanical properties (a = 1,000 MPa, KIC = 
9.0 MPa.m'" ) were observed for specimens which were sintered at 1900OC under a 
10 atm. pressure of N2 for 1 hour. These samples have an aspect ratio of 8.7 and 
grain length and width of 7.25 p and 0.833 p, respectively. 

Similiar mechanical behaviors were observed for P-Si3N4 ceramics containing 10 
wt.% Y3A15012. It appears that the crack propagates intergranularly when the 
grain size of P-Si3N4 is small. Transgranular propagation becomes dominant in 
specimens containing larger P-Si3N4 grains. 

(1) G. R. Anstis, P. Chantikul, B. R. Lawn and D. B. Marshall, " A Critical 
Evaluation of Indentation Techniques for Measuring Fracture Toughness: I. 
Direct Crack Measurements," J. Am. Ceram. Soc., 64 [9] 533-539(1981). 

(2) P. Chantikul, G. R. Anstis, B. R. Lawn, and D. B. Marshall, 'I A Critical 
Evaluation of Indentation Techniques for Measuring Fracture Toughness: 11, 
Strength Method, ibid, 64 [9] 539-543 (1981). 
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Fig. 1 Fracture toughness of BGYU-SisNa ceramics as a function of (a) 
sintering time, (b) aspect ratio, (c) grain length, (d) grain width. 
Samples were sintered at 1900OC under 10 atm. N2 pressure. 
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Fig. 2 Bending strength of BGY2A-Si3N4 ceramics as a function of (a) 
sintering time, (b) ,aspect ratio, (c) grain length, (d) grain width. 
Samples were sintered at 1900°C under 10 a h .  N2 pressure. 

Status of milestones 

On schedule. 

Publications 

None. 
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1.2.3 Oxide Matrix 

D i spers I ‘on-Touahened Ceram i c  ComD os i te  
T. N. Tiegs, P. A. Menchhofer, W. H. Elliott, and D. W .  Coffey 
(Oak Ridge National Laboratory) 

Object i ve/scoDe 

Initially, this work involved development and characterization of Sic 
whisker-reinforced ceramic composites for improved mechanical perfarmance. 
To date, most of the efforts involving Sic whisker-reinforced alumina, 
mullite, silicon nitride, and sialon have been completed. 
studies of whisker-growth processes were initiated to improve the mechani - 
cal properties o f  Sic whiskers by reducing their flaw sizes and, thereby, 
improving the mechanical properties of the composites. Currently, in-situ 
acicular grain growth is being investigated to improve fracture toughness 
of silicon nitride materials. 

In addition, 

Technical hiahl iahts 

Sic whisker growth 

to give high toughness to silicon nitride matrix composites. Numerous 
flaws were identified in commercial Sic whiskers that reduced whisker 
strength and, therefore, reduced their toughening effect. 
identified were artifacts from the whisker growth process and included 
(1) central axial core regions or holes and (2) crystallographic changes 
(that act as stress concentrators) along the axial length. 
was determined that larger diameters in the 1 to 3 pm range would also be 
effective in increasing the toughness of si1 icon nitride. Thus, studies 
were initiated to determine the process parameters that would reduce flaw 
generation in Sic whiskers and increase their diameters. During the same 
time frame, however, concerns about the cost of the whiskers, the proc- 
essing difficulties encountered during fabrication of whisker composites, 
and the health and safety issues associated with the acicular nature o f  the 
whiskers caused the emphases of the work to shift from whisker-reinforced 
composites to in-si tu grain growth to achieve high-toughness si1 icon 
nitride materials. This report summarizes the work that was done to deter- 
mine the process parameters affecting Sic whisker growth, but the work has 
been discontinued and the effort redirected. 

could produce a very high-strength and large-diameter whisker. *3 However, 
because the yields from this type of process are low, the process was not 
considered a viable one for production of economical whiskers for heat 
engine applications. Therefore, we chose a process that would be amenable 
to production of large quantities of Sic whiskers. The patent literature 
showed that processes using carbothermic reduction of silica and carbon 
were fsmmercially successful; therefore, the initial work investigated this 
area. 

carbothermic reduction of si1 ica-carbon system. The most obvious is that 

Previous work identified optimized Sic whiskers that were calculated 

The flaws 

In addition, it 

It has long been recognized that vapor-1 iquid-sol id whiskfr growth 

A few requirements are necessary for whisker growth to occur in the 
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whiskers need space to grow. 
commercial processes are a very fortuitous structure in that they not only 
provide silica and carbon but also pore space for whisker growth. 
catalyst of some kind is also necessary and is most commonly supplied by 
adding iron to the reactants. 
of the reactants. If these requirements are met then whisker growth can 
occur, and, in fact, it is almost impossible to prevent whisker growth. 
This may help explain why the open and patent literature reports have such 
a wide variety of conditions where whisker growth has been observed. 

Numerous silica sources have been used in various investigations 
including rice hulls, colloidal silica, silica gel, sea sand, and silica 
plates. In our study, we examined colloidal silica (particle size - 70A) 
and various sizes of particulate silica (1 to 38 m) .  Carbon sources in 
the literature are also varied and include carbon black, charcoal, sucrose, 
and gaseous carbon. Our investigations looked at several grades of cfrbon 
black and graphite powders with surface areas ranging from 1 to 120 m/g. 
Both the silica and carbon sources were relatively high purity. 
earlier studies have identified the impurities in whiskers made from rice 
hulls as a source of the inclusions which act as one of the major flaws in 
this type of whiskers. 
been used in the patent and open literature reports, and our work standard- 
ized on a ratio of 1. 
ally in the range of 0.1 to 0.5 g/cm . 

Effect of raw materials - the particle size of the silica greatly 
affected the ability to grow whiskers. With the small particle sizes, 
whisker growth was evident, but with silica particle sizes > 5 pm whisker 
growth was essentially nonexistent. The particle size (and surface area) 
affect the generation of Si0 gas, which needs to be sufficiently high 
enough for axial whisker growth at reasonable rates. 
work used silica sources with small particle size and high surface areas 
for most of the work done with colloidal silica (Cab-O-Si1 M-5, 70A parti- 
cle size and 120 m /g surface area). 

Effect of catalysts - reported catalysts include just about every 
metal and its compounds (Fe, Al, B, Co, Ni, Nb, Ta, Y ,  La, Mn, etc.). In 
the present study, the following materials were tested: Fe, Co, Ni, CaO, 
B,O,, and FeSi . 

A wide variation in the whisker-growth characteristics was observed 
due to the catalyst addition to the silica-carbon mixture. 
vations indicated additions of Co or Ni (added as < 44 pm particles) that 
resulted in a great deal of very thin whisker growth, as shown in Fig. 1. 
The use of Fe as a catalyst resulted in whiskers with a wide range of 
diameters but larger than the Co- or Ni-catalyzed whiskers (Fig. 2). 
Obviously, the catalyst dictates the wetting angle and stability during 
axial whisker growth. Use of B,O, as a catalyst resulted in considerable 
growth o f  small-diameter whiskers having apparent crystallographic varia- 
tions along the length (Fig.93). Similar growth was observed previously 
with CaO-catalyzed whiskers. 
growth nucleus with considerable presence of Si, thereby requiring no 
further absorption from the Si0 gas prior to whisker growth. 
whiskers generally had larger diameters and an unusual growth habit as 
shown in Fig. 4. 
end of the larger ones developed during furnace cooldown. 

Rice hulls that are used in many of the 

A 

A final requirement is gas phase transport 

Our 

Silica-to-carbon weight ratios of 0.6 to 3 have 

Bulk densitiej for the powder mixtures were gener- 

Thus, all further 

General obser- 

FeSi was used as a catalyst to provide a 

These 

It is believed that the small-diameter whiskers at the 
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Fig. 2. S i c  whiskers grown with Fe c a t a l y s t  showing ( a )  range o f  whisker diame- 
te rs  and ( b )  c a t a l y s t  b a l l  on ends o f  whiskers. 
i n  Ar-4% H,. 

Heating r a t e  o f  20°C/min t o  160OoC 
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Fig. 3. S I C  whiskers grown with BO,  cata lyst  showing ( a )  f i n e  whisker diame- 
t e r s  and ( b )  crystal lographic changes afong length o f  whiskers. Heating r a t e  o f  
2O0C/min t o  1600°C i n  Ar-4% H,. 
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. Fig. 4. S'iC whiskers grown wi th  FeSi cata lyst  showing ( a )  end o f  whisker 
and unusual growth habi t  and (6) whisker diameters with r e l a t i v e l y  smooth 
surfaces. Heating r a t e  o f  20°C/min t o  1700OC i n  Ar-4% H,. - luir -7 

9 
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E f f e c t  o f  heatinq r a t e  - mixtures o f  Si0,-50% C-1% Fe were heated a t  
ra tes  o f  2, 20, and 200°C/min t o  1700°C and held f o r  1 h t o  examine the 
e f f e c t  o f  heating r a t e  and Si0 generation on whisker growth. The mor- 
phology o f  the whiskers changed as shown i n  Figs. 5 through 7. A t  the f a s t  
heating r a t e  and high Si0 generation rate, .the whisker growth was very 
r a p i d  and uncontrol led. There was a wide raqge o f  diameters and many mis- 
shapen whiskers. As the r a t e  was decreased, the un i fo rm i t y  and s t r a i g h t -  
ness o f  the whiskers improved. Whisker growth dur ing the slowest heating 
r a t e  (2'C/min) apparently took place over an extended pe r iod  of t ime as 
ind icated by theq8changimg diameter along the length. This i s  most l i k e l y  a 
r e s u l t  o f  a change i n  c a t a l y s t  wet t ing w i t h  i n d e a s i n g  temperature. 
Because o f  the r e l a t i v e l y  smooth surfaces, the whiskers grown a t  the slower 
ra tes  are prefer red t o  minimize s t ress concentrators due t o  rough surfaces. 

mixtures was observed i n  every react ion experiment. 
whiskers were a t  the bottom o f  every powder-whisker bed as shown i n  Fig. fd 
These types o f  m o r p h o l o g k  are associated with whiskers high i n  s i l i c o n .  
With our reactor  geometry, S i 0  gas p r e f e r e n t i a l l y  segregated t o  the bottom 
o f  the reac t i on  bed because i t  i s  heavier than the atmospheres.in'the 
furnace. 
t r a t e d  i n  S i0 a t  the lower l e v e l s  dur ing the growth process. Reactor 
geometry and methods t o  e l iminate these types o f  problems would be needed 
as the reactors were scaled up f o r  commercial quan t i t i es  o f  mater ia ls.  

I n - s i t u  toughening o f  s i 1  icon n i t r i d e  by m i c r o s t r u c t w e  development 

One feature o f  S i c  .whisker growth by carbothermal reduct ion o f  Si0,-C 
Severely d i s t o r t e d  

Consequently, the gas avai lab le f o r  whisker growth was concen- 

Microstructure develoDment dur ina hot w e  ss inq - a ser ies o f  s i l i c o n  
n i t r i d e  mater ia ls  t o  assess the r o l e  o f  add i t i ve  chemistry on elongated- 
g ra in  growth, f rac tu re  toughness, and high-temperature proper t ies has been 
fabr icated and machined i n t o  t e s t  specimens. The compositions, hot-  
pressing conditions, mechanical propert ies, and phase compositions have 
previously been reported. The mechanical proper t ies are reported under 
work breakdown s t ruc tu re  (WBS) 3.2.1.3 o f  the present progress repor t .  
Oxidation t e s t s  o f  the mater ia ls  are c u r r e n t l y  being performed a t  800 and 
lOOO"C, and those r e s u l t s  are summarized i n  Figs. 9 and 10. The ox idat ion 
te-sts are continuing. 

To invest igate i f  B-Si,N, nucleat ion could be enhanced by seeding o f  
the matr ix,  several samples were fabr icated w i t h  5 and 20 w t  % @ - S i  N, o r  
b-s ia lon powders. Previous r e s u l t s  showed some improvement i n  f r a c i u r e  
toughness o f  a 6% Y24-2% A1,0, composition with 40 w t  % B-Si,N, addi t ion 
but t h a t  the dens i f i ca t i on  was diminished. Microstructure examination o f  
the samples containing 5% 1-s ia lon add i t i ve  showed extensive elongated 
g ra in  growth (Fig. 11). Testing o f  the mechanical proper t ies i s  i n  
progress and w i l l  conf i rm i f  the f r a c t u r e  toughness has been improved by 
the e l  ongated grains . 
the glass phase i n  s i l i c o n  nitr idf,-f lstems have long been observed i n  
numerous s i l i c o n  n i t r i d e  systems. 
hot press where c r y s t a l  1 i z a t i o n  (wi th  and without appl i e d  pressure) has 
been done t o  determine i f  the volume decreases associated w i t h  the c r y s t a l -  
l i z a t i o n  processes a f f e c t  the property changes. The e f f e c t  on the strength 
and toughness w i l l  be determined. 

Mechanical property reductions associated w i t h  the c rys ta l1  i z a t i o n  o f  

Samples have been fabr icated i n  the 
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Fig. 5. Sic whiskers grown w i t h  Fe catalyst showing ( a )  range o f  whisker 
diameters and ( b )  variation o f  diameters along length of whiskers. 
Z"C/min t o  1600°C i n  Ar-4% H,. 
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Fig. 6. SIC whiskers grown with Fe f i4 , .7 .  Sic whiskers grown with Fe 
catalyst showing a range o f  whisker 
diameters. Heating rate o f  2O0C/min to diameters. Heating rate o f  200°C/min to 
1600°C in Ar-4% H,. 

catalyst showing a range o f  whisker 

1600°C in -Ar-4% H,. 
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Fig. 8. S I C  whiskers grown wi th  Fe 
c a t a l y s t  showing d i s t o r t e d  whisker growth 
a t  bottom o f  powder bed due t o  high Si0 
concentrations.. Heating r a t e  o f  20°C/min 
t o  170OoC i n  N,. 
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Fig.  9. Summary o f  weight changes during oxida- 
t i o n  o f  s i l i c o n  n i t r i d e  compositions a t  800°C. 
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Fig. 10. Summary of weight changes during oxidation o f  
silicon nitride $ompositions at 1000°C. 

Microstructure development duri nq qas-wessure-si nteri nq - 
gas-pressure-sintering I (GPS) is one technique used to grow elongated grain 
structures and obtain fJ$-toughness si1 icon nitrides with refractory 
grain-boundary phases. Initial samples at ORNL were fabricated and 
sintered at both normal atmosphere (0.2 MPa at 1850°C) and with a nitrogen 
overpressure (2 MPa at I 1850 and 1900°C). The results of weight loss and 
densification behavior ~ showed significant improvement in densjfication with 
GPS (Tables 1 and 2). !With the relatively low refractory compositions 
(Y203-A1203 and La O,-Al10 ), high densities were obtained at 185OOC.. At 
higher sintering tempefatures, grain growth was observed, and increqses in 
density to near 100% Ti D. were obtained. Because the rare-earth SiO, 
compositions are high19 refractory, they are more difficult to sinter to 
high densiti s and did~not achieve full densities even at 1900°C. 
1 i terat~re''~'~ has shown that combinations of rare-earth oxides can be used 
to aid in promoting densification, and it is anticipated that the Y.&La,% 
currently being tested 'will densify by GPS. 
attempted at 1950°C for increased grain growth in the low-refractory compo- 
sitions and increased density in the highly refractory compoqitions, but a 

Recent 

Further sintering runs were 

malfunction o f  the controlling mocoupl , -  e resulted . _  in I >  rat o f  
, I  # 
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Fig. 1 1 .  Fracture surfaces o f  ( a )  Si,N4-6% Y,0,-2% A1,O and ( b )  Si3N4-6% Y,O,-2% 
Al,O, (with 5% B-sialon addit ion)  samples hot pressed t o  > 93% T. D. showing enhanced 
grain growth with the s ia lon  addit ion.  
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Table 1. Comparison o f  sintering with and without an overpressure 
o f  nitrogen (conditions at 1850°C for 4 h) 

~ 

1 atm nitrogen 20 atm nitrogen 
Additive (0.1 MPa) (2 MPa) 

composition Weight loss Density Density Weight Density Density 
(%I (s/cm 1 (% T. D.) (X I  W c m  1 (% T. D.) 

6% Y203- 4.67 2.85 87.4 1.70 3.24 99.4 
2% A1,4" 

6% Y203- 
2% A124b 

4.37 

6% Y,O,- 4.35 
2% A1,O,C 

8% La203- 
2% A124a 

8% La203- 
2% A124b 
6% La,O,- 

8% La,%- 

4% Y203d 

1% Y,O? 

4.42 

5.96 

4.12 

4.23 

3.14 96.2 3.44 3.26 99.9 

2.29 68.9 2.68 2.42 72.6 

3.07 92.3 3.43 3.30 99.09 

3.32 99.6 4.76 3.32 99.6 

2.62 80.4 2.34 2.63 80.6 

2.77 82.7 3.58 2.91 86.9 

8% La203- 8.53 2.56 76.5 6.41 2.78 83.1 
1% y,o,a 

%i,N,: Ube E-10. 
bSi3N,: Starck LC-12SX. 
%i,N,: Denka 9FW. 

Table 2. Summary o f  results on gas-pressure sintering o f  selected 
silicon nitride compositions at 1850 and 1900°C 

185OOC 1900" c 
Weight loss Density Weight loss Density 

(XI (s/cn+) (% T. D.1 (XI (g/cn?) % T. 0. 

6% Y203- 1.70 
2% A124 

8% La2%- 
2% A1,4 

6% La,%- 
4% Y20, 

3.43 

2.34 

3.24 99.4 2.08 3.22 98.8 

3.30 

2.63 

99.1 3.99 3.31 99.4 

80.6 2.42 3.12 95.6 
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over 2050°C and severe degradation of the samples. Failure o f  the tempera- 
ture control system required replacement of all the thermocouples and shut- 
down of the furnace for an extended period of time. Consequently, furnace 
runs at 1900 and 1950°C and other runs using two-stage gas pressure were 
not completed during the present reporting period. 

machined into modulus of rupture (MOR) bars for mechanical property 
testing. 
Table 3. 
tained from hot-pressed materials reported previously. However, the values 
are low in comparison to otlty5 pub1 ished work on high-toughness si1 icon 
nitrides fabricated by GPS. 
literature on high-toughness materials fabricated by GPS showed that all of 
those m t ials were processed at temperatures L 1950°C to grow the large 
grains. These levels of temperature were not attained in the present 
samples and, thus, high-fracture toughness should not be expected. Other 
studies have shown that significant grain gr$y$h does not occur until 
temperatures of 1950 to 2000°C are reached. 
the Si,N,-6% Y 0 -2% A1 0 samples as the sintering temperature was in- 
creased from f8gO to 1bdO"C. 
significant grain growth during GPS (Fig. 12). 

Examination o f  the GPS samples showed that a density gradient was 
present over the cross section of the sintered samples. 
fracture surfaces showed no obvious differences in the microstructures. 
Gradients of this type have been reported in the literagye and are mini- 
mized by the use of two-stage gas-sintering techniques. 
maintenance difficulties with our furnace, this work has been delayed. 

Microstructure devel oDment of refractorv qrai n- boundarv Dhase 
cornPositions - as reported previously,L'#L" samples have been fabricated by 
hot pressing with 1 to 12% rare earth oxide (Y20 , La20 , or Yb203) and 1 to 
8% Si0 additives to take advantage of some of tie good high-temperature 
properties exhibited by these materials (Table 4 ) .  
volume of 1 iquid phase present during fabrication, elongated B-Si,N, growth 
will occur for increased fracture toughness, but the intergranular phases 
will be refractory enough for good high-temperature properties. The SiO, 
additions were used to control the intergranular phases and maintain the 
composition in an appropriate phase compatibility area so oxidation 
problems are not encountered. Testing of the mechanical properties is in 
progress and will confirm if the fracture toughness has been improved by 
the elongated grains. The mechanical properties will be correlated with 
the observed microstructures. 

compositions and 1 ow vol umes o f  i ntergranul ar gl ass, el ongated grain growth 
is inhibited and a fine grain structure is produced (Fig. 13). With higher 
volumes of refractory intergranular glass, increased acicular growth is 
observed (Fig. 14), but the grain diameter i s  very similar to the lower 
glass volume compositions. This indicates that the B-Si,N grain nuclea- 
tion mechanism is probably similar for both compositions, but the acicular 
grain growth is not. The mechanical properties will be correlated with the 
observed microstructures. 

All of the samples sintered at 1850 and 1900°C to L 95% T. D. were 

The flexural strength and fracture toughness values are given in 
As indicated, the toughness values are comparable to those ob- 

Further examination of the avai 1 ab1 e 

Some increase was noted in 

Examination of the microstructures showed 

SEM evaluation of 

Due to the 

With a sufficient 

Examination of the microstructures showed that with highly refractory 



129 

Table 3. Summary of mechanical properties on gas-pressure-sintered silicon 
nitride at 1850 and 1900OC for 4 h at 2 MPa nitrogen pressure 

Sintering temperature 

185OoC 1900° c 
F1 exural Fracture Flexural Fracture 
strength toughness strength toughness 

MPaJm) 

compos i ti on Density ( g / d )  
1850" C , 1900° C - 

(KIC, ( M W  (KIC, W a )  
HPUm) 

Si,N4-6% Y,O,- 3.24, 3.22 703 f 218 5.7 f 0.1 -- 5.9 f .O.1 
2% Al,4a 

Si,N4-8% La,O,- 3.30, 3.31 827 f 51 6.8 f 0.1 - -  
2% Al,03a 

-- Si,N4-6% Y,4- 3.26, -- 720 f 92 6.1 f 0.1 

Si3N4-85i La,03- 3.32, - -  650 f 53 6.7 i 0.1 

2% AlrO,b 

2% A1,Ot  

-- 649 f 124 7.0 f 0.1 Si3N4-6% La,O,- 2.91, 3.12 - -  
4% Y,&a 

aSi,N4 E-10 from Ube, Japan. 

'Si,N, LC-12SX from Starck, Germany. 

One problem observed in random samples was an apparent degradation of 
grains (Fig. 15). It is believed to have been caused by poor dispersion 
of the SiO, additive during powder processing. Cabosil was used as the 
Si0 source in these samples and because of its very fine particle size 
(< 6.1 pm), it is very difficult to disperse. The affected samples are 
being remade with increased milling and mixing times to improve the 
dispersion. 

Microstructure develoDment of a1 terna te arain-boundary Dhase 
comDositionS - another series of samples have been fabricated by hot 
press i ng with a1 ternate grain- boundary phases. The grain- boundary phases 
will aid in densification but be of a transient nature and crystallize into 
a refractory grain-boundary phase. Such grain-boundary phases #cl ude the 
rare earth-oxide and nitride apatites as discussed by Thompson. The 
grain-boundary phases include a wide range of stable apatites of composi- 
tion A B8(Si04)+02, where A is a divalent cation (typically Mg, Mn, Pb, Ca, 
Sr, Baj and B i s  a trivalent cation (typically Y ,  La, Ce, Nd). An advan- 
tage of the nitrogen apatite is that it can oxidize without a large volume 
expansion. Compositions currently being fabricated are shown in Table 5. 
As shown in Figs. 16 and 17, significant grain growth can occur in these 
systems. 
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Fig. 12. Fracture surfaces o f  gas-pressure-sintered Si N,-6% Y,03-2% Alz03 
( a )  185OoC and ( b )  1900OC showing enhanced grain growth at tie higher sintering temper- 
ature. Gas-pressure sintered at 20 MPa nitrogen for 4 h. 

c1 w 
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Table 4. Silicon nitride compositions (wt %) fabricated for testing 
of combination of toughness and high-temperature properties 

~ ~~~ ~ 

Sample Y,% contents La,% contents SiO, contents 

8 SC - 247a 1 
4 SC-256 4 -- 

11 4 SC-257 -- 
SC-258 4 6 4 

8 SC-259 4 -- 
4 SC-260 8 -- 

-- 

SC-268 7b 6 4 

asample did not densify. 
b203. 

21281 

Fig. 13. hacture surface o f  a 
Si,N,-7% Si0 -1% Y2% sample hot pressed 
to > 96% T.5. showing fine-grain micro- 
structure produqed by refractory grain- 
boundary phases. 
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Fig. 14. Fracture surfaces of ( a )  Si N,-4% Y203-6% Laz03 and ( b )  Si,Nq-4% Si0,-4% 
Y 0,-6% La20, samples hot pressed t o  > 99% f. D. showing elongated grain micro- 
structures produced by refractory grain- boundary phases. 
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Fig. 15. Fracture surface of 
Si,N 4% Si0,-11% La,% showing degradation 
o f  t%e microstructure caused by poor dis- 
persion o f  the SiO, additive. 

Table 5. Series of silicon nitride compositions to examine effect 
o f  a1 ternate grain-boundary phases on mchanical properties 

~~ 

Sample Y,O, Content La& Content SrO Content Si% Content 

-- 2 -- SC-253 6 
SC-261 6 2 4 -- 
SC-262 
SC-263 

6 
8 

1 
2 

4 

a 2 4 
la 4 

SC-264 - -  
SC - 265 6 - -  

aBaO. 
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24089 

Fig. 17. Fracture surface of hot 
pressed Si N,-4% Si0,-8% La,O,-l% SrO 
showing exzensive grain growth. Gas- 
pressure sintered at 1900°C at 20 MPa 
nitrogen for 4 h. 
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Ceram. SOC. 73[8] 2441-45 (1990). 

Y. Hattori, Y. Tajima, K. Yabuta, J. Matsuo, and T. Watanabe, "Gas- 
Pressure-Sintered Si1 icon Nitride Ceramics for Turbocharger 
Applications," pp. 165-72 in Proceedings of 2nd Internationa7 
Symposium on Ceramic Materia7s and Components for Engines, ed. W. Bunk 



138 

and H. Hausner, Verl ag Deutsche Kerami sche Gesel 1 schaft, Bad Honnef, 
Germany, 1986. 
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Status of milestones 

generation in Sic whiskers" was completed. Milestone 123111, "Fabricate 
high-toughness si1 icon nitride materials with elongated grain 
microstructures," was not completed due to operational and maintenance 
problems associated with the GPS furnace. 

Milestone 123110, "Determine effects of process parameters on flaw 

Pub1 ications 

L. F. Allard, T. A. Nolan, and T. N. Tiegs, "The Nature of Planer Defects 
in Silicon Carbide Whiskers," to be submitted to J. Mater. Res. 
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1.2.4 Silicate Matrix 

cow Fxf>an sion Ceramics for Diesel Enuine &pli 'cations (VP!) 
D. A. Hirschfeld and J. J. Brown 

. .  iective/ScoDe 

Optimize the chemistry, properties, and processing of selected low thermal 
expansion compositions based on the zircon (NZP) and the p-eucryptite-AIPO, systems. 
These materials also exhibit stable properties above 1200°C. The major objective is to 
demonstrate fabricability and to promote commercialization of these ceramics. 

Technical Hiahliahts 

Zircon (NZP) System 

Dr. Michael Haselkorn, Caterpillar Inc., hot pressed several disks of sol-gel 
derived (Ca, . ,,Mg,. 4)Zr4(P04)6 (CMZP) for 1.5 to 4 h at temperatures of 1250 -1 290" C 
in either Ar or vacuum. The CMZP disks were easily sintered to densities of 99.5% of 
theoretical indicative of good fabricability. The flexure strength, elastic modulus, and 
thermal expansion of samples cut from the hot pressed disks are being determined and 
will be discussed in detail when the study is complete. The maximum modulus of 
rupture obtained thus far is 136 MPa (+21) with an elastic modulus of approximately 
100 GPa as shown in Table 1. The results also indicate that pressing in vacuum at a 
higher temperature (1290°C) for longer times (4 h) yields higher flexural strengths 
(Tables 1, 2, and 3). 

The effects of zirconia additions on the thermal expansion and grain size of 
CMZP were investigated. Claussen(1) has shown that additions of ZrO, to aluminum 
titanate reduces microcracking due to crystal anisotropy while maintaining a low 
coefficient of thermal expansion (CTE). Based on Claussen's results, sol-gel derived 
CMZP mixed with 1.4 wt% ZrO was cold pressed then sintered at 1250" C for 48 h. An 
average bulk CTE of -1 0 x 10-'/" C (30-1 0oO" C) with a grain size less than 10 pm. Pure 
CMZP sintered at 1250°C for 24 h yields an average CTE of -16.7 x 10'7/oC and a 
grain size of approximately 20 pm. These results indicate that small ZrO, additions may 
allow both a reduction in grain size and a near-zero CTE for CMZP. 
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Table 1. Effect of Hot Pressina Atmosphere on Flexure Strenath 
and Modulus of CMZP 

Atmosphere 

Vacuum 

Argon 

Vacuum 

Argon 

Flexural Strength 
(MPal 

Elastic Modulus 
(GPa) 

I Pressing Conditions 
(5"C/min to 125O"C, 4 hours at 125O"C, 38.6 MPa) 

Average-100.8 & 14.7 

Average-106.86 & 15 

Pressing Conditions 
(5"C/min to 129O"C, 4 hours at 129O"C, 38.6 MPa) 

Average-136.26 k 21.30 

Specimen cracked after removal from die 

95.90 

98.94 

1 03.1 4 

Jable 2. Eff ect of Time at 1260' C So ak Temperature on Hot Pressed CMZ P 

(5"C/min to 400"C, 10"C/min to 1260°C 
vacuum, 38.6 MPa) 

Soak Time 

2 hours 

1.5 hours 

0.5 hours 

Flextural Strength 
fMPa) 

Average 97.05 & 7.78 

Average 78.1 5 k 7.69 

Average 77.60 L 9.91 

Elastic Modulus 
(GPa) 

96.53 

88.98 

97.1 1 
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Table 3. Effect of Hot Pressina Temoerature on Strengjh and Modulus of CM7P 

(S"C/min to 1250"C, 4 hours soak, vacuum, 38.6 MPa) 

Flexural Strength Elastic Modulus 
Temoerature . 

k2 0 
1250°C Average 100.8 14.7 95.90 

.a' 

1290°C Average 136.26 k 21.30 103.1 4 

Lightweight Ceramics 

Lightweight CMZP ceramics were made by coating a polymer substrate using sol- 
gel techniques to form a more open structure (Figure 1). The reticulated polymers were 
coated with the gel then dried, pyrolized, and sintered yielding a lightweight ceramic 
with open cells smaller than 200 pm. The struts between cells are hollow due to 
pyrolysis of the polymer substrate and have wall thicknesses between 20 and 100 pm 
as shown in Figure 2. Further development of this processing technique and 
characterization of the mechanical properties of this lightweight structure is being 
studied. 

To form CMZP for filter applications, sol-gel derived powders are mixed with 
paraffin wax and a polymer then molded and fired to form an open structure which has 
both large pores and narrow channels (Figure 3). The large pores are formed by the 
pyrolysis of the polymer and the channels are formed by the removal of the wax. The 
processing and properties of this material is under investigation. 

Ceramic Composites 

The effects of fiber volume fraction and processing on the flexure strength of 
(Ca,. ,,Mg,. 4)Zr4(P04)6 (CMZP) reinforced with either chopped Nicalon-Sic fibers or 
Sic whiskers was investigated. The CMZP used for this study was prepared by sol-gel 
synthesis. 

Disks 50 mm in diameter were hot pressed in air, N,, or Ar at the temperature 
and pressures indicated on Table 4. Three to five specimens approximately 25 mm long 
were cut from the center of each disk then ground smooth and the edges chamfered. 
The specimens were broken in three point bending with a span of 20 mm and a 
crosshead speed of 0.2 mm/min using an ATS universal testing machine with a load 
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m- 
Figure 1. Fracture sudace of lightweight CMZP fabricated using a sol-gel coating 

technique 

Figure 2. Strut structure of lightweight CMZP 
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Figure 3. Structure of CMZP for fitter applications 

Table 4. Fracture Strenath of Reinforced CMZP Composites Hot Pressed in Air 

Reinforcement Processing conditions Density MOR 
GmBQUQw !Temp./Pressure.Time) I% Theoretic& 

5 (Fiber) 

5 (Fiber) 

1 0 (Fiber) 

1210°C/18 MPa, 2h in Air 97 49.6k9.5 

121O0C/18MPa, 8h in N, 98 47.7&10 

121 0" C/18 MPa, 2h in Air 97 

10 (Fiber) 121O0C/27MPa, 6h in Ar 98 

10 (Whisker) 1230 " C/30MPa, 4h in Ar 97 

20 (Fiber) 1230" C/30 MPa, 3h in Air 98 

50.4k10.6 

48.3k12 

141.3k11 

91.3k7.1 
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capaclty of 225 kg. No significant increase in strength was observed by increasing the 
fiber content from 5 to 10 ~01%. Similar to the samples hot pressed in air, no increase 
in strength was observed for the samples hot pressed in an inert atmosphere by 
increasing the fiber content from 5 to 10 ~01%. These strengths are significantly less 
than that of hot pressed unreinforced CMZP (approximately 91 MPa) because the 
chopped fibers act as flaws in the composite. The strength of the composites is 
significantly increased by adding up to 20 vol% chopped fibers and with higher densities 
as achieved with higher pressure and temperature during pressing. 

Sol-gel derived CMZP powders with 10 vol% Sic whiskers were turbomilled by 
Dr. Dale Wttmer at Southern Illinois University. A disk of 50 mm in diameter was then 
made by hot pressing the CMZP powder-Sic whisker mixture with 1.5 wt% ZnO as 
sintering aid. The processing conditions are listed on Table 4. Densities greater than 
97% of theoretical were achieved in the central part of the disk. The average flexure 
strength of four bars from the center of the composite disk was 141.3 MPa (+11) 
measured in three point bending. This strength is much larger than that achieved for 
chopped fiber reinforced CMZP (Table 4) and hot pressed unreinforced CMZP 
(approximately 91 MPa). The microstructure of the fracture surface is shown in Figure 
4 which exhibits fine grain size, whisker pull outs, and low porosity. An investigation of 
the effects of whisker content on the toughness and strength at both room temperature 
and high temperature is underway. 

The chemistry of the fiber/matrix interface of Nicalon-SiC/CMZP composites hot 
pressed in air or in an 0,-deficit atmosphere was further investigated using Auger 
Electron Scanning (AES) microscopy. An AES microscope (Perkin Elmer Model 61 0) 
with a scanning beam size of 3 pm was used to examine both the fiber surfaces and 
troughs in the matrix where fibers had been removed. The amount of C and Si in the 
matrix trough for the sample pressed in air was higher than in the sample pressed in 
Ar as shown in Table 5. Since Si and C are not likely to exist in the form of Sic in the 
matrix, the presence of Si and C confirms that CMZP reacts with Sic in either Ar or air. 
In previous reports, this reaction was indicated by energy dispersive x-ray analyses of 
the fiber surface and trough and by calculations of thermodynamic equilibrium using 
SOLGAS M IX-PV. 
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Elements 
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Figure 4. Fracture surface of whisker reinforced CMEP 

Table 5 AES Analvsis of Fiber Surface and Matrix Trouah of 
Nicalon-Reinforced CMZP 

Hot pressed in air 
(at%) 

Fiber Trouah 

13.7 

39.2 

9.2 

45.9 

17.3 15.9 

4.0 

4.3 

1.7 

2.4 

9.3 

5.0 

Hot pressed in Ar 
(at%) 

Fiber Trouah 

1 1.2 6.4 

35.8 38.1 

16.7 9.9 

2.7 1.7 

5.2 17.6 

2.6 16.4 
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p-Eucryptite System 

A process has been developed to form in-situ whiskers in modified p-eucryptite 
which improves the strength of the material while maintaining a near-zero bulk linear 
coefficient of thermal expansion (CTE). 

Modified p-eucryptite, (ti,. 41,Mg0. 035 )AI(P,. 5,,Si,. 48)04, is prepared using a 
solid-state reaction method then mixed with up to 12 wt% of either TiO, or ZrO, and 
heated at 1600°C to form a glass. The glass melt is quenched in water, ground to a 
fine powder, then mixed with acetone to form a slurry which is poured into a mold. 
The acetone is drained leaving a compact. The compact is heat treated at 680°C to 
allow coalescence of the glass particles and then recrystallized at 1 100 O C. The resulting 
ceramic contains randomly oriented whiskers with an aspect ratio of approximately 30 
as shown in Figure 5 for a sample containing 6 wt% TiO, . Electron microprobe analysis 
indicates that these acicular grains or whiskers are TiO, or ZrO,, depending on the 
additive. 

The presence of the whiskers in the modified P-eucryptite significantly improves 
the flexure strength as shown in Figure 6. With up to 12 wt% TiO,, the MOR determined 
using three point bending tests show an increase in strength from 53 MPa to 150 MPa 
(Table 6). 

Table 6. Effect of TiO, C ontent on CTE of Modified p-Eucryptite 

TiO, content 
two/ ) 

0 
6 
8 
10 
12 

Average Bulk CTE 
!3O-100O0C) 

-7.0~1 0-7/ " C 
-2.5~1 Om7/ O C 
0.5~1 0-7/ O C 
0.9~1 Om7/" C 
2.8~1 Om7/ O C 

MOR 
mm 

52.6 & 1.2 
99.5 +. 17.4 
117.9 & 12.2 
113.8 t 8.8 
150.0 19.5 

The presence of the TiO, whiskers also affects the thermal expansion behavior 
of the material. The bulk CTE averaged over 20°C to 1OOO" increases from -7.0 x 
10'7/oC to +2.8 x lO"/"C when the TiO, content is increased from 0 to 12 wt % as 
shown in Table 6. From the thermal expansion data it is seen that the incorporation 
of 8-10 wt% TiO, produces a p-eucryptite which exhibits a near zero CTE. 

Previously, it was reported that addition of 2 wt% CaO to the AIPO, modified p- 
eucryptite, reduced microcrack formation during recrystallization. CaO appears to 
reduce the viscosity of the glass during recrystallization thus relieving the internal 
stresses induced by the volume change during the glass to glass-ceramic 



147 

E 

Figure 5. Etched microstructure of modified p-eucryptite with 6 wt% TiO, 

T 
160 - 

I 

140’ 

T i 0  con ten t  ( w t % )  

Figure 6. Flexure strength of modified p-eucryptite as a function of TiO, content 
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transformation. However, the melting temperaturb of recrystallized modified p-eucryptite 
was reduced to 1OOO"C as measured using differential thermal analysis (DTA). 

One possible way to increase the melting temperature of the modified p-eucryptite 
is to add silica; hence, a new glass-ceramic which contains higher silica content, 
ti,. ,AI(P,. 5,Sio. 75)04. 5, hereafter referred to as high silica p-eucryptite, was 
synthesized by the conventional glass-ceramic processing method. High silica p- 
eucryptite is a solid solution phase composed of 50 mol% Li,0*A120,~3Si0, and 50 
mol% AIPO,. This composition was obtained by solid state reaction of 
U20*AI,O,*3Si0, and AIPO, at 1200°C for 100 hours. The resulting powder was 
mixed with 4 wt% TO, (nucleating agent) and 2 wt% CaO by dry milling then melted 
at 1620°C. Next, the glass obtained was annealed at 550°C. The glass-ceramic was 
formed by heat treatments at 760 " C and l O 0 O o  C. The melting temperature of high silica 
p-eucryptite is approximately 1200" C (measured using DTA). The resulting glass-ceramic 
has a grain size of 2-3 pm with no evidence of microcrack formation. Acicular grains 
of TiO, having an aspect ratio of 10-20 were formed during recrystallization and are 
shown in Figure 7. The bulk linear coefficient of thermal expansion of high silica p- 
eucryptite is -4.3~1 0-7/" C which is less negative than that of modified p-eucryptite 
(-7~10-~/"C). The strength of this ceramic is 134 (+lo) MPa measured in 4 point 
bending (20mm/40mm spans). 

The processing of high silica p-eucryptite glass-ceramic, was also investigated. 
A mixture of 94 wt% Li,. ,AI(P,. ,,Si,. 75)04. 5. 2 wt% CaO, and 4 wt% TiO, was melted 
at 162O"C, rapidly cooled to temperatures from 600°C to 760"C, and then heated to 
900°C for 0.5 h to allow grain growth. The grain size of the resulting glass-ceramic 
varied from 2 - 15 pm based on the nucleation temperature with higher nucleation 
temperatures resulting in a larger grain size. A typical microstructure exhibiting a uniform 
crystallite size is shown in Figure 8. 

References 

1 . Claussen, Nils, "Microstructural Design of Zirconia-Toughened Ceramics," 
International Conference on the Science and Technology of Zirconia, ed. N. Claussen, 
M. Ruhle, A.H. Heuer, American Ceramic Society, 1984, pp. 325-351. 

Status of Milestones 

Table 7 contains the list of Milestones and Figure 9 contains the Milestone Status 
chart. 
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Figure 7. Etched fracture surface of Li, . ,AI(P,. 5,Sio. 75)04. 

Figure 8. Fracture surface of Li,. ,AI(P,. ,,Si,. 75)04. , glass-ceramic heated to 
640°C then 900°C. 
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Table 7. KEY TO MAJOR MILESTONES (WBS ELEMENTS) 

Completion Date 

VPI 2.4.1 Property Optimization by 
Hot Isostatic Pressing 

VPI 2.4.2 Optimization of Compositions 

VPI 2.4.3 Mechanical Properties of NZP Ceramics 

a. Characterization at Room Temperature 

b. Characterization at High Temperature 

VPI 2.4.4 Fiber Reinforced Composites 

a. Synthesis of SiC/NZP Composities 

b. Characterization of Mechanical Properties 

VPI 2.4.5 Lightweight Insulation 

VPI 2.4.6 Characterization of In-Situ Toughened Composities 

a. Modified p-eucryptite Composites 

b. NZP Whisker Reinforced Composites 

VPI 2.4.7 Submit Technical Paper on Research Results 
for Publication 

July 31, 1992 

Mar. 31, 1991 

Dec. 31, 1991 

July 31, 1992 

July 31, 1991 

July 31, 1992 

Sept. 30, 1991 

July 31, 1992 

July 31, 1992 

July 31, 1991 

VPI 2.4.8 Final Report Sept. 30, 1992 
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Publications 

The following presentations were made at the 92nd Annual Meeting of the American 
Ceramic Society, Cincinnati, Ohio, April 27, 1991-May 2, 1991: 

1. "Lightweight (Ca, - x,Mgx)Zr4(P04)6 Ceramics" by J. tiu, D. A. Hirschfeld, J. 
J. Brown 

2. "Synthesis and Thermal Properties of (Rb,Cs)Zr,(PO,)," by D. Raqu6, T. ti, 
D. A. Hirschfeld, and J. J. Brown 

3. "Characterization of Chemically Modified p-Eucryptite Having an Acicular Grain 
Structure" by K. H. Lee, D. A. Hirschfeld, and J. J. Brown 

4. "Corrosion Resistance of Modified p-Eucryptite" by L. P. Battu, D. A. 
Hirschfeld, and J. J. Brown 

A presentation was made at the 4th International Symposium on Ceramics and 
Ceramic Components, Goteburg, Sweden, June 10-12, 1991,"CMZP - A New High 
Temperature Thermal Barrier Material" by D. A. Hirschfeld, D. M. Liu, and J. J. Brown. 
The presentation was made by Dr. Hirschfeld. 

U. S. Patent Application, April 29, 1991, "An In-Situ Whisker Reinforced Glass- 
Ceramic", by K. H. Lee, D. A. Hirschfeld and J. J. Brown 

A presentation was made at the 50th Meeting of the Virginia Academy of Science, 
Blacksburg, VA, May 21 -24, 1991, "The Synthesis, Microstructure, and Thermal 
Properties of (Ca,Mg)Zr,(PO,), by D. A. Hirschfeld, Y. Yang, T. K. Li and J. J. Brown 

A patent disclosure, "The Preparation of Rough Fibers and Their Composites" 
by T. K. Li, D. A. Hirschfeld, and J. J. Brown, on the reinforcement of ceramic matrix 
composites with rough fibers was submitted to Virginia Tech Intellectual Properties for 
evaluation on July 18, 1991. 

A presentation was made at the 4th International Symposium on Ceramics and 
Ceramic Components, Goteburg, Sweden, June 10-1 2, 1991 ,"CMZP - A New High 
Temperature Thermal Barrier Material" by D. A. Hirschfeld, D. M. Liu, and J. J. Brown. 
The presentation was made by tent on the flexure strength of modified p-eucryptite 
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1.3 THERMAL AND WEAR COATINGS 

Fabr ica t ion  and Test inu  o f  C orrosion-Res7 ' s t a n t  Coat inus 
D. P. Stinton, 3.  C. McLaughlin, and 0. W. Graham (Oak Ridge 
National Laboratory) 

Object i ve/sc oDe 

Sodium corrosion of si1 icon carbide and si1 icon nitride components in 
gas turbine engines is a potentially serious problem. The outer surfaces 
of Sic and Si,N, parts oxidize at high temperatures to form an SiO, layer 
that inhibits further oxidation. However, sodium that is present in high- 
temperature combustion atmospheres reacts with the SiO, layer, such that it 
is no longer protective. 
coating that will protect the underlying Sic or Si,N, from sodium corrosion 
and provide simultaneous oxidation protection. To evaluate the behavior of 
potential materials such as stabilized ZrO, or HfOt, TiO,,, Al,O,*TiO,, and 
Ta,O, in sodium-containing atmospheres, the corrosion resistance of hot- 
pressed samples of these materials will first be evaluated. A chemical 
vapor deposition (CVD) process will be developed for the application of the 
most promising coatings. The effect o f  the combustion environment upon 
coating characteristics such as microstructure, strength, adherence, and 
other properties will then be evaluated. 

The objective of this program is to develop a 

Technical hiahl iahts 

Development of coatings to protect Sic or Si N, turbine engine compo- 
nents from sodium and steam corrosion continued tiis period. After an ex- 
tensive search, a limited number o f  materials were identified with the po- 
tential to protect components from corrosive atmospheres (Table l). These 
materials were selected because of their high-temperature stability, with 
respect to sodium and their low coefficients o f  thermal expansion (CTE). 
Low CTE's are required to promote good bonding o f  the coating to the 

Table 1. Potential corrosion-resistant oxides 

Compound CTE 
( x  10-6/oc) 

Al,OSa 3.97 8.0 . 

3A1,O3.2Si0, 2.8 5.7 
SiCa 3.21 5.5 
ZrTi 0, -5 -4 
HfT io, -5 -4 

Al,Ti05 3.68 2.2 

Ta205 8.02 3.6 
Si,N,a 3.19 3.0 

a Included only as a reference and not as a poten- 
tial coating. 
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substrate. 
coating should be less than that of Al,O, (8 x 10- /"C), since their 
experience indicated the CTE mismatch caused an Al,O, coating to fail to 
adhere to Sic and Si,N, substrates. 

In order to more easily evaluate the corrosion resistance of A1,Ti05, 
ZrTiO,, HfTiO,, and 3A1,O3.2Si0 specimens were prepared by hot pressing or 
cold pressing and sintering. rvaluation of these materials by X-ray dif- 
fraction revealed that the desired crystalline compounds had been produced. 
After exposing each of the candidate materials plus a sintered a-Sic speci- 
men to a combustion environment at 1000°C, the pellets were examined metal- 
lographically. The a-Sic exhibited a surface layer of glass about 20-pm 
thick. Significantly better corrosion resistance, which is consistent with 
the pub1 ished results of Federer, was exhibited by 3Al20,.2Si0,, which had 
a 10-pm glass layer. Further improvements in corrosion resistance are seen 
by ZrTiO,, HfTiO,, and Al,TiO, since the reaction layers were -4-pm, 4-pm, 
and (2-m thick, respectively. 

Corrosion testing was also performed on Sic specimens that had been 
coated with Ta,O . 
substrate formed a relatively thick crystal1 ine SiO, protective layer be- 
neath the Ta 0,. 
line Si0 suglayer unaffected. 
nucleate8 as small equiaxed grains but grew into large columnar grains 
normal to the substrate surface. Microstructures of this type are not 
desirable for corrosion protection because grain boundaries provide easy 
access to the substrate for sodium and oxygen. 
produced in a series of coatings produced at different depo-sition 
temperatures and reactant concentrations. The microstructure of the 
coatings was whiskerlike at low temperatures and changed to fibrous or 
columnar at high temperatures. Additional development is needed to opti- 
mize the coating process to achieve the small equiaxed grains that are 
desired. 
investigate the effect of deposition temperature, reactant concentration, 
and total flow rate on the coating morphology. The statistical design 
should minimize the number of experiments required to determine the optimum 
coating structure. 

SiO, layers that form on Sic or Si3N, components are a natural barrier 
to oxygen, making the material oxidation resistant. 
this regard because most oxides, including the materials being investigated 
here (ZrTiO 
oxygen, par%;cul arly at higi temperatures. 
oxygen barrier present on Sic and Si,N components will be protective only 
if it is stable when in contact with tke corrosion-resistant oxide coating. 
Specimens were fabricated this period to test the stability of the 
substrate-Si0 -coating interface. Discs of Sic were embedded in pellets o f  
A1 TiO, and 3hZ0,.2Si0, by hot pressing at 14 MPa and 1600°C for 1 h. 
Adaitional specimens are being prepared by cold pressing and sintering from 
the other potential coating materials. After annealing in air at 1200°C 
for several weeks, cross sections will be metallographically examined to 
determine the stability of the SiO, layer. 

Previous experience at GTE has shown !hat the CTE of the 

During coating in an oxidizing environment, the Sic 

Corrosion testing left the Ta205 coating and the crystal- 
The Ta,O, coating deposited by CVD 

Varying mor-phologies were 

To this end, an experiment has been statistically designed to 

SiO, is unusual in 

Theref'?ore, the natural SiO, 
HfTiO,, A1,TiO , 3Al20,.2Si0, and Ta,O ), are permeable to 
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Status o f  m i  1 estones 

On schedule 

pub1 i cat  ions 

D. P. Stinton, 3 .  C. McLaughlin, and L. Riester ,  "Fabrication and Testing 
o f  Cwrosion-Resistant Coatings," t o  be published i n  the  Proceedings o f  the 
4 t h  I n t e r n a t i o n a l  Symposium on Ceramic W a t e r i a l s  and Components for 
Engines. 
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to R- Stress 0-e of C m  
- S. Wayne, D. ONeil, and J.H. Selverian (GTE Laboratories Incorporated) 

The objective of this program is to develop oxidation-resistant, high-toughness, 
adherent coatings for silicon-based ceramics for use in an advanced gas turbine engine. These 
coatings will be deposited by chemical vapor deposition (CVD) onto reaction-bonded Si3N4 
(RBSN), sintered Sic (SSC), and hot-pressed Si3N4 (HSN). The coating will be designed to 
provide the best mix of mechanical, thermal, and chemical properties for the application. 

The deposition process of the Al2O3+ZrO2 composite coating has been improved with 
the use of an Al-1 OwPhZr alloy as the metal chloride source material, resulting in a very uniform 
dispersion of Zro;! in the AI203 matrix. 

The room-temperature pin-on-disk sliding wear tests of uncoated and coated RBSN, 
SSC, and HPSN have been completed. The breakaway and kinetic coefficients of friction have 
been measured, and microscopic inspection of worn surfaces is underway. The MOR tests from 
Phase I have been reinterpreted in light of the presence of cracks in the coating. 

Uncoated and coated HSN, RBSN, and SSC were scratch-tested. The uncoated SSC 
sustained the most severe damage compared to uncoated RBSN and HSN. The 
AIN/A1203+Zr02 coating protected the substrates from damage in the scratch test. Also, the 
coating had the lowest adherence to SSC. 

Microscopic inspection of room-temperature wear-tested specimens has shown that the 
composite coatings can offer improved resistance to contact stress damage as determined by 
pin-on-disk and single-point scratch tests. Of the three substrates, the coating was most 
effective on hot-pressed Si3N4, which is thought to be related to higher coating adhesion on 
this substrate. 

Studies were performed on two substrate materials (Si3N4 and Sic) with varying numbers 
and thicknesses of the alumina-zirconia and aluminum nitride coatings. Results were compared 
to previous finite element studies of the coating systed to ensure correct implementation of the 
composite-plate code. 

This report describes the completion of section i of the new milestone added to this 
contract in June 1991: residual stress in the coating layers due to CVD cycle and thermal 
expansion mismatch. The residual stresses were calculated by implementing composite plate 
theory.19 This method readily accommodates modHications to the number of coatings and 
coating thicknesses, as well as properties of coating and substrate materials. 

The propagation of a crack through the A1203+Zr02 composite coating on a silicon 
nitride substrate was modelled. Initial results suggest that, as a vertical crack propagates through 
the coating, it is only partially deflected by the interface. Therefore, improvements in the 
toughness of the interface are expected to have a small influence on these types of cracks. 

Coatina DeveloDmenf 

The deposition process of the A1203+Zr02 composite coating has been improved with 
the use of an Al-1 Owt%Zr alloy as rhe metal chloride source material. Previously, a mixture of AI 
and Zr particles were used to generate the separate AI and Zr chlorides, which resulted in a 
coating with an irregular dispersion of Zr02. By using an Al-Zr alloy, a uniform dispersion of Zr02 
was obtained. Figure 1 shows x-ray maps indicating the elemental distribution of AI and Zr. 
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Figure 1. Cross-sections of a AkO3+ZrO2 coating on SSC. The top image is a backscattered 
electron image of the coating. The W l e  image is a AI K a  x-ray map and the bottom 
image is a Zr L x-ray map. The AI and Zr x-ray maps indicate that the AI and Zr form an 
intimate mixture. 
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In a previous study, the effect of Tic coatings on the strength of cemented carbides was 
interpreted in terms of the coating acting as a crack.4 Stjernberg used Equation 1 to relate the 
coating thickness to the measured fracture toughness of the cemented carbide: 

K ~ = Y Q &  Eq. 1 

where KIC is the mode I fracture toughness of the material, Y is a geometrydependent constant 
(Y4.96 for rectangular bars), Q is the stress, and "a" is the flaw size. If a crack in the coating was 
regarded as a flaw, then the coating thickness should be equal to the predicted crack size from 
Equation 1. This equation was used to calculate flaw (e.g., crack) sizes for this study in both 
uncoated and coated samples at 20°C. The strength of the uncoated samples subjected to the 
vacuum anneal at 1200°C followed by 20 minutes at 1200OC with flowing HCI was used to 
calculate the flaw size in the uncoated samples. 

Table 1 shows the result of these calculations. The measured coating thicknesses on 
the SSC and HSN substrates shown in Table 2 agree reasonably well with the calculated crack 
sizes listed in Table 1 (4.6 pm vs. 7 pm for SSC and 6.5 pm vs. 13 pm for HSN). Unfortunately, 
due to the amount of scatter in the measured strengths of the samples, the error in the crack size 
is correspondingly large. However, the measured and calculated crack sizes are the same order 
of magnitude. This indicates that for SSC and HSN substrates the cracked coating serves to 
reduce the strength of the coated bars. 

The calculated crack size and coating thickness for the RBSN substrate (9.7 pm vs. 146 
prn) are in poor agreement with one another. The disagreement between the measured crack 
size and the calculated crack size was attributed to the coating cracks linking surface flaws in the 
RBSN, which is known to be a relatively porous material. However, direct evidence of crack 
linking has not yet been observed. 

For SSC and HSN, the calculations in Table 1 explain the observation that at 
temperatures above the deposition temperature (lOOO°C) the coating has little effect on the 
strength. At temperatures above the coating deposition temperature: the coating will be in 
compression and cracks in the coating would close due to the different coefficients of thermal 
expansion between the coating and substrate. This would eliminate the cracks as being a weak 
point in the coated bar; thus, the strength of the coated bar would be controlled by substrate 
flaws as in the uncoated MOR case. 

The magnitude of the strength reduction due to the coating was greater for RBSN and 
HSN (50%) than for SSC (30%). This can be explained in terms of the coefficient of thermal 
expansion. SSC has a coefficient of thermal expansion approximately 50% greater than RBSN 
and HSN. This indicates that the magnitude of the stresses in the coatings play an important role 
in the observed strength degradation. 

tact Stress/Frictlon Coefficient Tesu 

Room-temperature pin-on-disk tests on coated samples are completed. The test 
procedure being used was described in the April 1990 Bimonthly Progress Report. Sets of pins 
and disks of RBSN, SSC, and HPSN were coated with AIN and A1203+Zr02 coatings. These 
coatings were deposited at 1000°C using the CVD operating conditions implemented 
throughout Phase I. The friction results to date are shown in Table 3. The preliminary results 
show that in some instances the A1203+Zr02 coatings reduce friction and possibly wear. A 
significant reduction in kinetic friction value is obtained in the case of HPSN and RBSN, while no 
apparent benefit is observed with SSC. 
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Material 

Table 1. Crack Size in Uncoated and Coated Ceramics. Calculated from Equation 1. Errors in 
crack size were calculated based on the emor in the measured strengths. 

crack size in uncoated crack size in coated crack due to coating 
material, am material, a, (ac - auc) 
(VI (VI (crm) 

RBSN 
ssc 
HSN 

48* 15 194 f 70 146 f 85 
8f2 15f 7 7f9 
5fl 17f6 12f7 

Table 2. Thickness of A1203+ZQ/AlN Coatings Measured from Fractured Samples 

RBSN 
ssc 
HSN 

I I 

9.7 f 5.0 
4.6 f 2.9 
6.5 f 2.4 

Total coating thickness 
clun) I Material 

Table3. Results from Pin-on-Disk Friction Tests of Uncoated and Coated 
RBSN, HPSN, and SSC. All tests were done on self-mated 
samples. Reported values, unless otherwise indicated, are an 
average of three tests on the same pair of samples. 
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Microscopic inspection of specimens from room-temperature sliding wear tests was 
completed and results are shown in Figures 2 and 3. Figure 2 contains the worn pin and disk 
surfaces of uncoated ceramic after 500 meters of sliding contact. The spherical tip of the pins 
develop a circular wear scar, the extent of which is a measure of wear resistance. Coating the pin 
and disk materials leads to a noticeable improvement in wear resistance for hot-pressed silicon 
nitride as seen by reduced wear scar on the pin and the polished wear track surface of the disk. 
The reaction-bonded silicon nitride and sintered silicon carbide materials were not protected as 
effectively by the coating, which is in part attributed to the poor adhesion to these substrates. 
The experimental observations do agree with the previously reported results (see June 10,1991 
Bimonthly Report) insofar as a reduction in kinetic friction was measured with coated HPSN and 
RBSN. Furthermore, this reduction in kinetic friction was maintained up to 500 meters of sliding 
contact. 

In a scratch test a diamond indenter (Rockwell C) is drawn over a sample at a constant 
velocity, while the normal force is monotonically increased (0 to 100 N). An acoustic pick-up is 
attached to the sample holder, and both the force and acoustic signals are recorded during the 
test. 

The uncoated and AIN/A1203+Zr02 disks of HSN, RBSN, and SSC from the pin-on-disk 
wear tests were scratch tested. Figures 4 and 5 show the load, acoustic emission, and wear 
traces for 2 samples (remaining samples are reported in the August bimonthly). Several points 
can be made from these tests. The force traces of the uncoated and coated samples were similar 
with the exception of uncoated SSC, which showed several large load drops. In general, the 
acoustic emission of the coated samples was less than the acoustic emission of the uncoated 
samples. Acoustic emission is regarded as an indicator of substrate cracking. The scratches 
themselves are very informative and vary from sample to sample. The individual samples are 
discussed below. 

Cracking of the uncoated SSC disk began at -40 N. As the force increased, the cracking 
became massive failure of the SSC disk. The coated SSC disk had a lower acoustic signal than 
the uncoated SSC disk, indicating that the coating protected the SSC substrate from damage. 
The scratches on the uncoated and coated SSC are very different. The uncoated SSC showed 
massive cracking and chipping, while the coated SSC showed no chipping and less cracking. 
The major damage to the mated SSC was in the form of flaking of the coating in the scratch track 
beginning at -30 N, indicating low adhesion of the coating to the SSC. 

Vent cracks began to form in the uncoated RBSN disk at -30 N. As the force increased, 
the size of the vent cracks increased; however, the RBSN did not chip. The coated RBSN disk 
had a lower acoustic signal than the uncoated RBSN disk, indicating that the coating protected 
the RBSN substrate from damage. The scratches on the uncoated and coated RBSN were 
similar. The major damage to the coated RBSN was in the form of flaking of the coating in the 
scratch track beginning at very high forces, -90 N, indicating high adhesion of the coating to the 
RBSN. 

Uncoated HSN behaved differently than the SSC and RBSN (Figure 4). HSN did not 
exhibit massive chipping (like SSC) or vent crack formation (like RBSN). The uncoated HSN 
failed at a high force, -90 N, by small scale chipping at the edge of the scratch track. The coated 
HSN (Figure 5) was similar to the coated RBSN. The coated began to flake at -50 N. However, 
the flaking was not continuous at forces greater than 50 N. The discontinuous nature of the 
flaking may be related to processing defects in the coating. 
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UNCOATED 
Pin Disk 

. 

Figure 2. Wear tracks on the pins and disks for uncoated hot-pressed Si3N4 (top), reaction- 
bonded Si3N4 (middle), and sintered SIC (bottom), after a sliding distance of 500 
meters at a sliding velocity of 0.01 mls. 
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Figutw J. Wear tracks on the AlN/A1203+Zr02-coated pins and disks for hot-pressed Si3N4 
(top), reaction-bonded Si3N4 (middle), and sintered Sic (bottom), after a sliding 
distance of 500 meters at a sliding velocity of 0.01 m/s. 
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Figure 4. Scratch test results of uncoated HSN. The load trace is the solid line (left axis) and 
the acoustic signal is represented by the spikes (right axis). 
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Figure 5. Scratch test results of coated HSN. The load trace is the solid line (left axis) and the 
acoustic signal is represented by the spikes (right axis). 
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n of Re-1 Strew 

Based on these studies, our conclusions for brittle ceramic coatings on the above 
substrates are 

Verifying that coating thickness has negligible effect on residual stress in any of the coating 
layers. 

The order (i.e., grading the thermal expansion mismatch in a multilayer-coated system) has 

Modulus of elasticity has almost no effect on residual stress in any of the coating layers. 

Because each of the coatings are thin films relative to the size of the substrate thickness, the 
strain in the coatings is the same as the strain at the top fiber of the substrate, that zone 
which has an interface with the first coating layer. 

If material properties vary as a function of temperature, magnitudes of stress will be different, 
but the above conclusions still hold. 

It stiould be noted that these conclusions apply to brittle thin films, and that simulations 
were performed on uncracked coating layers. The strqsses calculated in each of the layers would 
be those which induce cracking in any of the layers, and as such are indicators of the tendency 
for cracking during cooling from the CVD process. 

The effect of crack propagation during solid body contact of these elastic layers is not 
known, so thickness and layer ordering may have an effect in that case. The possibilities for 
working around the problem inherent to brittte coatings could lie either in the area of controlled 
brittle fracture using multilayer coating, or by the use of "ductile" layers which would permit stress 
relief of the ceramic layers when they are bonded to other bhttle layers. 

negligible effect on residual stress in any of the coating layers. 

Method: coco- 
The method fotlows the flow chart LUustrated in Figure 6. Nomenclature is given at the 

end of the report. The geometry of the coated,system is shown in Figure 7, and Figure 8 
illustrates the nu ng.sch0rne for a multi-coated substrate. In Figure 8, layer 1 could. be the 
substrate, and ing layers couldbe reprqw by laysrs 2 through 6. The method is 
flexible for describing any number of coating layers. Note that h is the total thickness of the 
substrate and all the coatings. 

Firstly, individual layer stiff nesses are calculated by 

,k 4 1  E: 

Q:2 = Qkl = k k  
l - v 1 2  v21 

k k  
Q66=%2 
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2 Thermal Mechanical 
Loads Loads 

Composite Plate Theory 

Layer Stiffness - Q ij 

Transformed La ye r 
Stiff ness -aij 

Total Stiff ness - "ABD" 

Total 
H ij = [ABD] 

r' Stress/Strain Results 

t' M3 

Figure 6. Flow chart for computer code implementation of composite plate theory. Layer 
properties were used to get transformed stiffnesses for each layer, and these were 
cumulated into a total stiffness matrix for the entire coated system. Unknown mid- 
plane strains were then solved for, and stresses in each of the layers recovered. 
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Z 

X 

Figure 7. Schematic of the coated substrate model. h is the total thickness, and the mid-plane 
is at N2. The z direction is normal to the plane of the coatings. 

13- I 
2 
1 

7 

h3 

Figure 8. Numbering scheme for a multicoated system. h is the total coating thickness, and all 
interface positions are measured relative to the mid-plane at h/2, where the z = 0 
plane. Note that layers below this plane have negative interlayer position values. 
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If the layer is anisotropic, the stiffnesses of each of the layers are rotated to the principal 
directions of the plate by using the tensor rotation transformation 

m2 n2 2mn 

n2 m2 -2mti 

-mn mn m2-n2 

m = cos 8 
n = sin 8 

where 8 is described in a counter-clockwise direction. Next, each of the transformed layer 
stiff nesses are assembled into a global stiff ness matrix of the form: 

- All A12 A16 B11 B12 B16 

A16 A26 A66 B16 B26 B66 
B11 B12 B16 D11 D12 D16 

B12 B22 B26 D21 D22 D26 

- B16 B26 B66 D61 D62 D66 

A12 A22 A26 B12 B22 B26 

where 

N 

N 

k= 1 
Bij =s 1 C Qi (hf -& ) (i,j=1,2,6) 

The goal is to solve for the mid-plane strain and curvatures of the coated structure, due 
the applied loads, then to use the strain values to back-calculate for all the stress components 
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through the thickness of each of the materials in the structure. Thermal forces (due to cooling) 
are 

t l N  k k - k  k k k  2 2  
My'g c (012 ax+Q22 ?+ i.',26 s y )  (\ -\-A) 

k- 1 

t l N  - k  k - k  k - k  k 2 2 
xy k-1 

=-c (Q16s+Q26 ? + Q ) 6 6 a ~ y ) ( \ - \ - l ) ~ +  

and the total load on the structure is the sum of any mechanical loads and moments (here zero) 
with these thermal loads. The global stiness matrix is then inverted to get 

H11 H12 H13 H14 H15 H16 
H12 H22 H23 H24 H25 H26 
Hl3 H23 H33 H34 H35 H36 
H14 H24 H34 H44 -5 H46 
Hl5 H25 H35 H45 H55 H66 

H16 H26 H36 H46 H56 H66 

and the mid-plane strain and CL. vature can then be solved for by any n.Rrix solution method. 
Mid-plane strain and curvatures are used to find the strains through the entire thickness of the 
coated substrate: 



170 

0 
E y = E  + m y  Y 

0 
Yxy= Yxy + ZKxy. 

Now that strains have been resolved, stress can be found by 

k 
IJ 

Each of the E.. terms vary through the thickness a very small, amount relative to the aAT 

strain terms, thus leading to the sharp discontinuities in the in-plane stress terms when traversing 
material interfaces. 

This theory has been implemented in a FORTRAN computer code, which also includes 
material properties of the specific material systems used here. 

Numerical expeiiments were petformed to support the above conclusions. Table 4 
shows the material properties used in all stress analyses. Each of the systems was cooled from 
1000°C to find the residual stress in each of the materials present. The substrate was 6350 
microns thick for all studies. 

Comparison to Finite Element Results 

To ensure that the composite plate theory code was working correctly, the stress results 
were compared to a finite element solution of a similar problem.2 The finite element method 
used in Sham and Sarir? was specially formulated to exploit hybrid finite elements because of 
the relative size of the elements used for the coating and for the substrate. 

Results for both substrate materials are shown in Table 5. Excellent comparison 
between the two methods is shown, thus confirming the applicability of composite plate theory to 
this problem. 

Si3N4 Substrate 

Three numerical experiments were performed with the silicon nitride substrate. Firstly, 
residual stress with no interlayer but with varying thickness of the alumina-zirconia coating was 
calculated. Next an AIN interlayer behNeen the alumina-zirconia and Si3N4 substrate was varied in 
thickness and residual stresses found for each material. Lastly, the AIN coating was placed 
above the Si3N4 coating to illustrate the irrelevance of thermal expansion grading. All 3 coating 
configurations resulted in the same coating stresses. One set of results are shown in Figure 9. 
The results indicate that the presence or absence of an interlayer, thickness of the coating 
layers, and order of the coatings on the substrate have negligible effect on residual stress in 
each of the layers. 
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Layer 

Table 4. Material Properties Used for All Aubstrate and Coating Layers 

Young's 

(Gpa3 
M odu Ius 

Material 

A1203 

AIN 

Interface 

S3N4 
(substrate) 

A1203 

AIN 

Interface 

Si3N4 

Sic 

390 

340 

320 

296.5 

Young's 
Modulus 

(GPa) 

390 

340 

320 

296.5 

207 

0.27 

Poisson's 
Ratio 

2.7 x 10-6 -1 6 
(-1 7) 

0.22 

0.24 

0.255 

0.27 

0.22 

Layer 

Thermal 
Expansion 
ca9ff. (PC) 

7.8 x 10-6 

4.9 x 10-6 

3.8 x 

2.7 x 

4.3 x 10-6 

Young's Poisson's 
Modulus Ratio 

(GPa) 

Table 5. Comparison of 2-Dimensional Finite Element Results Using Special Hybrid 
Elements to the Composite Plate Theory hscrsbed Here. Stress values are from 
reference 2; VillUSS in parentheses are rqsults from the composite plate code 
described here. For both tables, AT t -1OOO"c. 

7.8 x 10'6 

4.9 x 10-6 

1731 (1728) 1740 (1738) 
P O I  141 

131 191 
282 (249) 290 (258) AIN 

Sic 
(substrate) 

Poisson's Thermal Residual Stress (MPa) 
Ratlo Expansion [Layer Thickness, pm] 

COM. (Pc) 

340 

207 

0.24 1 4.9 x 10-6 1 938 (964) 
PI 

I I 

A1203 390 0.22 

0.24 

0.22 

0 

141 
2482 (2534) 

943 (970) 
(91 

448 (459) 
V I  

(-1 2) 
-11 

I 
Residual Stress (MPa) 

Expansion [Layer Thiiness, pm] 
cod. The- (Pc) I 



172 

Figure 9. In-plane residual stresses for a silicon nitride substrate coated with alumina-zirconia 
with an AIN interlayer. Stresses for 1, 4 and 10 micron interlayer thicknesses are 
shown. Thickness of the interlayer has negligible effect on residual stress. 
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Sic Substrate 

Since it has been shown that coating stresses are not sensitive to thickness or coating 
order variations, all pertinent stresses for the Sic substrate coating systems can be found with a 
single residual stress analysis. The stresses shown in Figure 10 are applicable for changes in any 
layer thickness or order sequence. 

ter w o n  of Crack Propaaatron 

This part of the bimonthly describes modeling work performed on sections (ii) and (iii) of 
the new milestone added to this contract in June1991. Section (i) of this new milestone has 
been completed and was described in the August 1991 bimonthly for the contract. We describe 
here the model and results for numerical simulation of a single-pass scratch test, and crack 
propagation due to an initial flaw. 

Studies were performed on a single-layer coating of Al2&-ZrQ on a substrate of silicon 
nitride. Subsequent studies will describe results for a multilayer coated substrate. Loads were 
imposed on the body in the form of residual thermal stress, and mechanical loads resulting from 
solid body contact with friction. The finite element model allows automatic changes in mesh 
topology due to crack growth, and a bimaterial fracture model which takes into account the 
different fracture toughnesses of the coating, interface, and substrate when the cracks are at or 
near the interface. Results indicate that, subject to these loads, a vertical flaw in the coating 
propagates approximately downward until the coating-substrate interface region. Once the crack 
has entered the interface, it moves away from the contact loads along the interface a distance of 
approximately half the coating thickness, after which it continues in a direction nearly normal to 
the net direction of the applied force load. Since the crack did not continue along the interface, 
improvements in the interface bond strength would not have influenced crack direction 
significantly. 

Geometrv 

The finite element mesh was created to simulate the cross-section of a wide sample 
(plane-strain) of a coated substrate. Coating thickness was 2 microns; substrate thickness was 
arbitrary and assigned a value of 58 microns. 

The plane of the mesh is shown in Figure 11. The width of the model was 60 microns. 
Between the elements describing the coating and the elements describing the substrate, a set 
of boundary markers exists which describe the location of the bimaterial fracture model. During 
remeshing, this boundary must lie on element boundaries to keep the interface coherent. The 
model initially was crack-free. A vertical flaw 0.5 microns long was positioned 1 micron from the 
mechanical load. As the crack propagated, the model was automatically remeshed to take into 
account the change in surface, the bimaterial interface, and the stress concentration at the crack 
tip. Eight noded quadratic elements were used for the original mesh, mesh changes were 
mapped with 6 noded triangular elements, and the crack tip was modeled with 6 noded 
singularity elements. When the crack tip was at or near the bimaterial interface, singularity 
elements were not used. For each crack increment, the next propagation direction was 
predicted by using a maximum energy release rate criterion, which is also applicable in the region 
of the interface. The energy release rate was calculated by comparing the energy released by 
the system for candidate directions in each of the materials the crack tip is near. Once a direction 
was found, the crack length was increased a small amount and the calculation repeated. This 
procedure was continued until no significant change in the direction of crack propagation was 
seen. 
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Figure 10. In-plane residual stresses for a silicon carbide substrate coated with AN and alumina- 
zirconia. Stresses shown are applicable for a wide range of coating thicknesses. 



175 

Figure 11. Schematic of the finite element mesh relative to microstructural cross section. 
Direction and positioning of scratch test indenter are shown. 

:I, : . 
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Thermal loads were applied to the entire body by including a temperature change of 
-1000°C into the analysis. This temperature is typical of temperatures used in the CVD process 
for this material system. It was assumed that the coating was applied to the substrate in the CVD 
chamber in a stress-free state and that stresses were generated in the CVD chamber by thermal 
expansion mismatch between the coating and the substrate. A mechanical load wa6 also applied 
to the coating. The mechanical loads represent the load applied by solid body contact. The load 
was distributed over a 1-micron region; the shape of the distribution was parabolic. The 
magnitude of the maximum value of the distribution was scaled such that the stress results were 
normalized from zero to one. The coefficient of friction used was 0.5, resulting in the same form 
of the distribution of shear stress on the surface of the coating. Figure 12 is a schematic of the 
boundary conditions. On the lower edge of the model, the Central node of the edge was pinned, 
and all other nodes on the edge were constrained in the vertical direction. 

I -s.. 

The coating material was A1203-Zr02, and the substrate was silicon nitride. Both 
materials were modeled as elastic in both thermal and mechanical properties. Material properties 
were assigned to the coating, substrate, and interface. Elastic and thermal properties for the 
coating and substrate are shown in Table 6. The interface energy release rate as a function of 
mode-mixity is shown in Figure 13. 

Results 

The crack propagation occurred over 14 crack increments, after which the direction of 
crack growth remained constant. Since the crack crossed the bimaterial interface, the bimaterial 
interface fracture model was used for several crack growth steps. Other crack growth steps used 
linear elastic fracture mechanics theory solved using finite element methods. An enlargement of 
the initial vertical flaw displaying the original and deformed shape of the coated system is shown 
in Figure 14. Note that the deformed shape was a result of the thermal, normal, and shear loads 
on the structure. Figure 15 illustrates the direction of crack growth prior to crossing the bimaterial 
interface. The crack has begun a slight turn away from the applied mechanical loading. Figure 16 
shows the deformed shape for the final crack increment. Note that the crack did not remain in the 
interface, as it would for a material with a lower range of interface fracture toughnesses (lower GI, 
curve), and also that the final crack direction is approximately normal to the applied mechanical 
loading direction. The fracture modeling of coated systems is continuing with a two-layered 
coated substrate under the same thermal and mechanical loads. 

Nomenclature 

Ei - Young's Modulus 
yij - Poisson's Ratio 
Qj - Shear Modulus 
Qij - Stiffness Component 
Tij - Rotation Transformation Component 

- Mid-plane Strain 'i 
Ki - Mid-plane Curvature 
Ni - Applied Forces 
Mi - Applied Moments 

0 
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Figure 12. Schematic of the boundary conditions used in the fracture simulation. Coefficient of 
friction was 0.5. The value of 'p' (the maximum magnitude of the load distribution) 
was assigned a value such that the stress results are normalized. 
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Table 6. Material Properties Used for the Coating and Substrate 

Property 

Young's Modulus, E (GPa) 
Poisson's Ratio, v 
CTE, a (/"C) 
Fracture Toughness, KIC (MPaG) 

Material 

Substrate 
(silicon nitride) 

300 
0.26 

2.7 x 10-6 
5.0 

Coating 
(A1203+Zr02) 

380 
0.23 

9.4 x 10 -6 
3.5 

300 1 ' . 1 . . 1  . . I . .  

250 - 

200 - 
150 - 
100 - 

0 I . . I , . l , , ,  I . ,  

15 30 45 60 75 90 0 

Phase Angle (Degrees) 

Figure 13. Energy release rate for the interface as a function of mode mixity. A mode-mixity of 
0.0 describes pure mode I loading at the crack tip, and a mode-mixity of 90 (degrees) 
describes pure mode II loading at the crack tip. 
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Figure 14. Initial vertical flaw, 0.5 mkrons long (1/4 coating thickness). 
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Figure 15. Deformed shape and crack growth direction prior to crossing the bimaterial interface. 
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h . Total Thickness 
hi . Distance from Mid-plane to Interfaces 
ai . Coefficient of Thermal Expansion 
AT - Temperature Change - 

Milestone 

Microstructural evaluation of the AI2O3+ZrO2 
composite layer. 

Studies of first generation coating configuration to 
determine cause of failure during oxidation tests at 
12OOOC and 1375OC. 

Modification of coating configuration to improve 
oxidation resistance at greater than or equal to 12OOOC. 

Feasibility study of measuring friction coefficient and 
contact stress damage using conventional pin-on-disk 
or ball-on-disk wear tests. 

Performance tests of modified coating configuration 
including i) 500-hour oxidation, ii) thermal shock, and iii) 
flexure strength. 

Test feasibility of coating a commercial part or 
equivalent. 

Computer simulation of i) residual stress in coating due 
to CVD cycle and thermal expansion mismatch, ii) 
coating response to load from single-pass scratch test, 
and iii) crack propagation due to initial flaws. Computer 
calculations will be verified using scratch testing and 
microscope inspection. 

Submit draft of final report covering Phase II results. 

Publlcationg 

m 
12/89 

03/90 
!' 

06/91 

1 2/90 

12/90 

03/91 

12/91 

12/91 

Status 

Completed. 

Completed. 

Cancelled. Replacea 
by Phase IIA. 

In progress. 

Delayed. Awaiting 
improvement in coating 
oxidation resistance. 

Cancelled. Replaced 
by Phase HA. 

On schedule. 
(This new milestone 

corresponds to Phase 
HA). 

On schedule. 

1) A talk titled "Effect of AI203 + Zr02 CVD Coatings on the MOR Strength of Si3N4 and Sic," 
was presented by J. Selverian at the 1991 American Ceramic Society Conference. 

2) Abstract submitted to the 1991 MRS conference, "Tensile Strength and Weibull Modulus 
Determination of CVD Ceramic Thin Films on Ceramic Substrates". 
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Wear-Resistant Coatings 
M. H. Haselkorn (Caterpillar, Inc.) 

Obiec tive/sco pe 

The goal of this technical program is to develop wear-resistant coatings for piston ring and 
cylinder liner components for low heat-loss diesel engines. 

Wear resistant coatings will be applied to metallic substrates using plasma 
spraying, vapor deposition (CVDPVD), and enameling coating processes. First, the 
adherence of each coating for each coating process to the metallic substrate will be 
optimized. Methods which can be used for improving the adherence of these coatings 
include development of unique substrate preparation methods before application of the 
coating, gradmg coating compositions to match thermal expansion; compositional changes; 
laser or electron beam fusing and/or optimizing coating thickness. Once the adherence of 
each coating system is optimized, each coating will be screened for friction and wear at 
350°C under lubricated conditions. Coatings which show promise after this initial 
screening will be further optimized to meet the friction and wear requirements. Then, the 
optimized coating systems will be fully characterized for oxidation resistance, adherence, 
uniformity, and thermal shock resistance, as well as friction and wear. 

Selection of the most promising coatings and coating processes will be made after 
the characterization task. Criteria for selection will include not only performance @e., 
wear, adhesion, friction coefficient, thermal shock resistance and thermal stability) but 
also manufacturability and economic factors, as well. Using both criteria a coating system 
having acceptable costbenefit relationships will be selected. 

Technical progress - 

Candidate wear resistant piston ring coatings identified from the pin-on-disk 
friction and wear screening included: 

1. Plasma sprayed chromia-silica composite, 
2. Plasma sprayed high carbon iron-molybdenum blend, 
3. Plasma sprayed, self-lubricating, PS212, and, 
4. Mid-temperature chemical vapor deposited Ti(C,N). 

Candidate wear resistant cylinder liner coatings also identified from this friction 
and wear screening included: 

1. Low temperature arc vapor deposited (LTAVD) chrome nitride, 
2. Plasma sprayed chromia-silica composite, and, 
3. Plasma sprayed high carbon iron-molybdenum blend. 
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Each candidate piston ring/cylinder liner pair was then further optimized for 
friction and wear using the Hohman A-6 Double Rub Shoe Friction and Wear Test 
Machine. All tests were run at 350 C, under lubricated conditions. The results of this 
testing are contained in Tables 1-3. (Note: one of the overall goals of this program is to 
obtain anraverage wear coefficient of at least 1.0~10-8 mm3/N-m for each coating pair.) 

Running plasma sprayed high carbon iron-molybdenum coated rub shoes against 
a plasma sprayed chromia-silica coated disk (Table 1) produced coefficient of friction 
values below 0.15 and average wear coefficients ranging from 2.3 to 0.4~10-8 mm3/N-rn 
for the shoes and from 2.43 to 14.2~10-8 mm3/N-m for the disks. The Hohman test results 
obtained from this coating pair showed that this piston ring/cylinder liner coating pair 
would meet the program goals for both friction and wear. 

Coefficient of friction values of above 0.2 were obtained running plasma sprayed 
PS212 rub shoes against a plasma sprayed chromia-silica disk. These high coefficient of 
friction values, in turn, caused high PS212 wear coefficients and, for this reason, this 
coating pair ran only 480 hours before the chromia-silica coating completely wore 
through the PS212: Table 1 lists average wear coefficients of 9.11~10-9 for the chromia- 
silica and 1.7OxlO-7 mm3/N-m for the PS212 coatings. 

Running plasma sprayed chromia-silica or mid-temperature chemical vapor de- 
posited titanium carbo-nitride coated rub shoes against the plasma sprayed chromia-silica 
coated disks produced friction coefficients above 0.2 and average disk wear coefficients 
ranging from 10-5 to 10-6 mm3/N-m, respectively. Very little wear was apparent on either 
set of rub shoes. The friction and average disk wear coefficients for these coating pairs 
were above the program goals. 

Another coating pair which met the program’s friction and wear goals is plasma 
sprayed high carbon iron-molybdenum rub shoes running against a low temperature arc 
vapor deposited (LTAVD) chrome nitride coated disk (Table 2). This coating pair had 
coefficient of friction values below 0.15 and, in three tests, had average wear coefficients 
which ranged from 1.23~10-9 to 7.16~10-8 mm3/N-m for the high carbon iron-molybde- 
num coated shoes and from 3.13~10-7 to 1.48~10-8 mm3/N-m for the chrome nitride 
coated disk. 

Running plasma sprayed chromia-silica or mid-temperature chemical vapor de- 
posited titanium carbo-nimde coated rub shoes against the plasma sprayed chromia-silica 
coated disks produced friction coefficients above 0.2 and average disk wear coefficients 
ranging from 10-5 to 10-6mm3/N-m, respectively. Very little wear was apparent on either 
set of rub shoes. The friction and average disk wear coefficients for these coating pairs 
were above the program goals. 
Running either plasma sprayed chromia-silica or mid-temperature titanium carbo-nitride 
CVD rub shoes against the LTAVD chrome nitride coated disk resulted in coefficient of 
friction values above 0.20 and very high chrome nitride average wear coefficients (10-6 
mm3/N-m). For this reason, these tests had to be terminated after only 5-30 minutes of 
testing since none of the chrome nitride coating remained on the surface of the disk. 

Average disk weu coefficients of 1.04~10-4 mm3/N-m were obtained running 
plasma sprayed PS212 coated rub shoes against a chrome nitride coated disk. This wear 
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Table 1 
Hohman A-6 Friction and Wear Results 

Candidate Piston Ring Coatings Run Against a Chromia-Silica Coated Disk 

Candidate Piston Ring Coating Time Average Wear Coefficient (mm3/N-m) 
(Min.) Shoe Coating Chiomia-Silica 

- 
Chromia-Silica Composite ' 120 1.7~10-9 3.36~ 10-6 

PS 212 480 7.61~10-7 9.1 l x  10-9 

55 3.50~10-9 1.52~ 10-5 
Ji 

Mid-Temperature Ti(C,N) 

3' , 

High Carbon Iron-Molybdenum 370 2.30~10-8 2.43~10-8 

960 4.14~10-8 5.9 IX 10-8 
975 7.56~10-8 ' 166x10-8 

899 4.48~10-9 1.42~10-7 

Table 2 
Hohman A-6 Friction and Wear Results 

Candidate Piston Ring Coatings Run 
Against a LTAVD Chrome Nitride Coated Disk 

Candidate Piston Ring Coating Time Average Wear Coefficient (mm3/N-m) 
(Min.) Shoe Coating Chrome Nitride ' 

Chromia-Silica Composite 8 2.17~ 10-8 8.36~ 1 0-7 
5 2.17~10-7 6.95~ 10-6 

~~ 

Mid-Temperature Ti(C,N) 6 1.72~10-7 1.05~10-6 
5 2.95~10-7 6.35~10-6 

30 4.03~10-9 7.72~10-6 

PS 212 120 7.86~10-9 1 . O ~ X  10-4 

High Carbon Iron- 120 1.23~10-9 3 .13~ 10-7 
Molybdenum 650 2.85~10-8 1.92~ 10-8 

375 7.16~10-8 1.48~10-8 



186 

Table 3 
Hohman A-6 Friction and Wear Results 

Candidate Piston Ring Coatings Run Against a 
High Carbon Iron-Molybdenum Coated Disk 

Candidate Piston Ring Coating Time Average Wear Coefficient (mm3/N-m) 
(Min.) Shoe Coating High Carbon Iron-Mo 

~ - ~ - - ~  ~ ~ 

--Mid-Temperature Ti(C,N) 34 9 .55~  10-8 1.68~ 10-8 
24 1 1.42~ 10-9 1.56~10-8 

Xhromia-S ilica Composite 120 4 0 - 9  7.72~ 10- 10 

coefficient was well above the desired 10-8 mm3/N-m wear coefficient of this program. 
High friction coefficients were the probable reason for the poor average wear coefficient 
for the PS212. 

The Hohman friction and wear results for the mid-temperature titanium carbo- 
nitride, LTAVD chrome nitride and chromia-silica coated rub shoes running against 
plasm8 sprayed high carbon iron-molybdenum coated disks are contained in Table 2. 
Rqnning the mid-temperature titanium carbo-nitride rub shoes against the high carbon 
iron-molybdenum disk resulted in friction coefficients of below 0.15 and average wear 
cokfficients of 1.42~10-9 to 9.55~10-8 mm3/N-m for the titanium carbo-nitride coated 
shoes and 1.56~10-8 to 1.86~10-8 mm3/N-m for the high carbon iron-molybdenum shoes. 
These results indicate that this coating pair will meet the friction and wear goals of this 
program. 

Wear testing of the 5 micron thick chrome nitride coatedrub shoes against the high 
carbon iron-molybdenum coated disks could not be completed due to the chrome nitride 
coating spallation. The first instance of spallation occurred during a heat-up cycle after the 
test was stopped to obtpin an initial set of wear measurements. Prior to the castrophic 
coqting failure the rub shoe anddisk had average wear coefficients of 10-9 mm3/N-m. The 
second instance of coating spallation occurred prior to testing when the rub shoes were 
heated to the 350 C test temperature. 

Friction coefficients below 0.15 and average wear coefficients of less than 10-9 
mm3/N-m were obtained for the rub shoes and the disk running plasma sprayed chromia- 
silica rub shoes against a high carbon iron-molybdenum disk. The friction and wear 
coefficients obtained from this coating pair were similar to those obtained running high 
carbon iron-molybdenum shoes against a chromia-silica disk (Table 3). These results 
indicate that this material pair can be interchanged, and either coating can be used for a 
cylinder liner or pistpn ring coating. 
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Wear curves were obtained for the high carbon iron-molybdenum blend running 
against the chromia-silica composite and the high carbon iron-molybdenum blend running 
against the LTAVD chrome nitride. 

These wear curves were obtained by running the specimens on the Hohman A-6 
Double Rub-Shoe machine, at 350 C, with a normal load of 89 N, and a surface velocity 
of 3.4 m/sec. During the testing, an experimental synthetic lubricant from Lubrizol was 
used. The lubricant was delivered to each shoe surface using a penstatic pump at a rate of 
3mm/min. After every 120 minutes the test was interruptedto measure the wear on the shoe 
and disk surfaces. Wear curves for each coating pair were then developed from these wear 
measurements. The wear curves for the high carbon iron-molybdenum running against the 
chromia-silica are contained in Figures 1A and 1B. Figures 2A and 2B contain the wear 
curves for the high carbon iron-molybdenum running against the chrome nitride. 

f 

Figure 1A 
Wear Curve for High Carbon Iron Molybdenum Shoes 
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Figure 1B 
Wear Curve for Chromia-Silica Disk Run Against High Carbon Iron-Molybdenum Shoes 
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Figure 2A Wear Curve for High Carbon Iron-Molybdenum 
Shoes Running Against a Chrome Nitride Disk 
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Figure 2B Wear Curve for Chrome Nitride Disk RunningAgainst Hjgh Carbon Iron Shoes 
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The wear scar volumes measured on the high carbon iron-molybdenum coated rub 
shoes after 980 hours of friction and wear testing against the chromia-silica coated disks 
were 0.55,0.27 and0.05 mm3, for Tests 56,70, and 72, respectively (Figure 1B). The wear 
scars measured on two of the corresponding chromia-silica coated disks from Tests 56 and 
70 were 0.05 and 2.0 mm3. The third chromia-silica coated disk (Test 72) had a wear scar 
volume greater than 8.0 mm3. However, over 50 percent of the volume of this wear scar 
occurred after 380 minutes of testing when one of the rub shoes “slipped” off the disk. 
Eliminating the wear which occurred when the rub shoe “slipped,” the volume of the wear 
scar would have been less than 4.0 mm3. The volumes of the wear scars measured on both 
the shoes and disks after 980 hours of testing indicated that this coating pair, a high carbon 
iron-molybdenum coated piston ring and a chromia-silica coated cylinder liner, will have 
wear rates which would meet the commercial durability requirements. 

The wear curves obtained from running the high carbon iron-molybdenum coated 
rub shoes against a low temperature arc vapor depositmichrome nitridecoateddisk showed 
that very little wear occurred on either the rub shoes or the disk. One set of high carbon iron- 
molybdenum shoes exhibited essentially no wear after 680 hours of testing, Test 43, while 
the second set had a 0.2 mm wear scar after 380 hours of testing, Test 54. However, the 
majority of the wear occurred during the initial 100 hours of testing and after this break- 
in period very little wear was seen on these shoes. The wear scars measured on the 
comsponding chrome nitride coated disks were 0.1 mm3 or less. Although the wear scars 
on the chrome nitride disks were very small, the tests had to be terminated after 650 hours 
and8380 hours because the high carbon iron-molybdenum coated shoes had worn com- 
pletely through the three micron thickchrome nitride coating. These wearcurves show that 
a three micron thick chrome nitride coating, although meeting the program goals with 
respect to both friction and wear, will not meet the commercial durability goals. Using 
these wear curves as a guide, it was calculated that a 15 to 20 micron thick chrome nitride 
coating is required to meet these commercial durability goals. 

The oxidation resistance of the plasma sprayed high carbon iron-Molybdenum and 
plasma spray chromia-silica coatings was evaluated by exposing these coatings to a 
simulated diesel exhaust atmosphere, for 500 hours at 400 C, in a tube furnace. The 
simulated diesel atmosphere was obtained from the mixing of various gases. The compo- 
sition of this simulated diesel exhaust atmosphere was: 

Oxygen (02) 9.6% 
Carbon Dioxide (C02) 8.3% 
Carbon Monoxide (CO) 1439 ppm 
Nitric Oxide (NO) 1439 ppm 
Hydrocarbons 264 ppm 
Water Vapor (H20) 7.3% 
Nitrogen (N2) Balance 
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The plasma sprayedchromia-silicacoating was not affected by the simulated diesel 
exhaust atmosphere. No coating spallation or discoloration was observed on any of the five 
specimens exposed. In fact, the physical appearance of these specimens was identical to 
the physical appearance of plasma sprayed chromia-silica specimens which had not been 
exposed to the simulated diesel exhaust atmosphere. 

The high carbon iron-molybdenum plasma sprayed coated discolored during the 
500 hour exposure to the simulated diesel exhaust atmosphere. This discoloration was 
caused by oxidation of the iron on the surface of the specimens which was in direct contact 
with the atmosphere. The oxidation was limited to the very top surface of the coating and 
for this reason no significant increase in coating thickness or spallation occurred. 
- I ,  -’ The thermal shock resistance of the plasma sprayed high carbon iron-molybdenum 
and plasma spayed chromia-silica coatings was determined by quenching plasma sprayed 
cast iron Falex specimens fifty (50)ltimes from 650 C into boiling water. Each specimen 
was thennocoupled to assure that it attained a 650 C temperature prior to each quench. The 
thermocouple also illustrated that it took approximately seven (7) seconds for the Falex 
disks to be quenched from 650 to 100 C. 

Cracks were noticed in both coatings after three thermal shock cycles. Although 
additional crack propagation occurred during the subsequent thermal shock cycles, no 
coating disbonding or coating spallation occurred. In addition, no excess oxidation was 
observed on any of the plasma sprayed coated specimens after completion of the thermal 
shock testing. 

The cracking observed within these plasma spray coatings after the thermal shock 
testing is not considered a problem since plasma sprayed piston ring coatings used in 
current production diesel engines exhibit similar crack patterns and these cracks are not 
detrimental to the friction and wear properties of these coatings. 

Wear Resistant Enamel Coating - DeveloDment 

To reduce the coefficient of friction of the enamel and improve its wear properties, one 
method evaluated was the addition of solid lubricants to the enamel. The solid lubricants 
evaluated included boron nitride, calcium flouride, barium fluoride, silver flake, and 
cesium oxythiomolybdate. 

Silverflake additions above 5 weight percent were required to reduce the coefficient 
of friction of the enamel. Additions of 10 weight percent silver flake to the enamel reduced 
the coefficient of friction for the enamel from 0.036 (no additions) to 0.26. However, even 
with this coefficient of friction, the enamel had unacceptable wear rates during the initial 
pin-on-disk screening. 

A 5 weight percent barium fluoride addition to the enamel reduced the coefficient 
of friction of the composition to 0.26. Further barium fluoride additions to the enamel 
increased the coefficient of friction to above 0.30. For this reason, the barium fluoride did 
not improve the wear resistance of the enamel. 
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Up to 10 weight percent additions of boron nitride, calcium fluoride, and cesium 
oxythimolybdate solid lubricants did not reduce the coefficient of friction andor reduce the 
wear properties of the enamel. 

The following combinations o€ solid lubricant additions to the enamel were 
evaluated: 

1.2.5 weight percent barium fluoride plus 5 or 10 weight percent silver flake, and, 
2.5 weight percent barium fluoride plus 5 or 10 weight percent silver flake. 

These combinations of solid lubricants reduced the coefficient of friction of the 
enamel to 0.26. Again with this coefficient of friction the enamel compositions hadunac- 
ceptable wear rates. 

Examination of the wear surfaces of the enamel compositions after pin-on-disk 
friction and wear scJeening shwed:that thqmmn for the poor wear characteristics of the 
enamel was the presence of bubbles in its rnicrostd&w which significantly reduced the 

A program was initiated to determine if the ;umber and size of the bubbles in the 
enamel could be reduced by changing the firing cycle of the enamel. Fast beating rates (less 
than one minute to attain temperature), slow heating rates (less than 2 Wminute), as well 
as long and short soak times at temperature were evaluated. 

The fast heating rate resulted in the formation of very large bubbles in the enamel. 
Reducing the heating rate resulted in the formation of numerous small bubbles evenly 
dispersed within the enamel's microstructure. Time at temperature or increasing the soak 
temperature had little affect on the bubbles which developed within the enamel's micros- 
tructure. In summary, none of the firing cycle changes were able to produce a bubble free 
enamel microstructure. 

" I. . * L  

compressive strength of the enamel. 3f  

.., si .... . .. . 
c L I 

'! ": : .. , 'i 
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1.4 JOINING 

1.4.1 Ceramic-.Metal Jo in ts  

Ja.in.ina o f  Ce ramies for Hea t. E n a i m  A p l i  *&ions 
M. L. Santel la (Oak Ridge National Laboratory) 
0b.iect i ve/scooe I I,. 

containing ceramic ,cornpone . f o r  appl icat ions i n  advanced heat engines. 
Presently, t h i s  work i s  f o  ed on the j o in ing  o f  s i l i c o n  n i t r i d e  by 
brazing. The technique o f  vapor coating ceramics t o  clrcumvent wett ing 
problems tha t  was developed f o r  brazing ztrconia a t  low temperatures i s  
being applied t o  brazing si l icon. M t r t d e .  T#te+emphasis. o f  t h b  a c t i v i t y  
during FY 1991 was on: 
(2) corre la t ing braze j o i n t  mic 
factors tha t  inf luence j o i n t  sg 

Technical Hiahl i a u  

Brazinq t r i a l s :  As previously reported, several Ti-vapor-coated Si,N, 
j o i n t s  were made by vacuum brazing a t  1250" wi th  a SOPd-40Ni w t  X commer- 
c i a l  f o i l  (25 jm th ick),  and the$$ tainbd consfderable porosity. 
I n  a separate experiment, braze $0 made with the 50Au-25Ni -25Pd 
w t  % and the gOPd-40WI w t  X al-toys a t  '1256°C (abut  12oQC above the normal 
brazing temperature f o r  the Aut l i -Pd a l lay)  .. The resolt..was that an 
acceptphle porosity-.free ,join?t" was obtained only with the Au-Ni -Pd a l l o y .  
Standardless microchemical analysis o f  the j o i n t s  i n  a scanning electron 
microscope (SEM) showed tha t  both braze layers had become enriched t o  some 
extent wi th  S i :  2.4 w t  % f o r  the Au-Ni-Pd a l l oy  and 9.7 ut % f o r  the Pd-Ni 
a l loy.  A cross-sectional view o f  the microstructure o f  the Au-Ni-Pd j o i n t ,  
taken i n  the SEM, i s  shown i n  Fig. l ( a ) .  The l i g h t  regions i n  t h i s  braze 
l a y e r  are an Au-rich matrix containing second-phase par t ic les.  The darker 
regions i n  t h i s  braze layer  are comprised o f  grains o f  an N i - r i ch  phase and 
some grains w i th  a composition o f  (Pd,Ni) Si. The T i  i n  t h i s  j o i n t  re -  
mained local ized a t  the S i  N, surfaces. fne microstructure o f  the Pd-Ni 
j o i n t  i s  shown i n  Fig. l(b3. I n  t h i s  case, the braze layer  appears t o  be 
pr imar i l y  a (Pd,Ni),Si phase containing small N i - r i ch  par t ic les.  Several 
cracks such as the one shown i n  Fig. 1(b) were also found i n  t h i s  braze 
layer, and these are an ind icat ion tha t  the (Pd,Ni) S i  phase i s  b r i t t l e .  
Based on composition, i t  i s  also l i k e l y  tha t  the M$i-phases found i n  both 
braze layers have r e l a t i v e l y  low melt ing tem ratures since f o r  N i  S i ,  

58Au-25Ni-25Pd w t  X braze fhler metal i s  pa r t i cu la r l y  well  suited f o r  
brazing Ti-vapor-coated Si,N,, and suggests tha t  consideration o f  high- 
Au-containing f i l l e r  metals might permit brazing temperatures t o  be used. 

Based on the above results, a commercially avai lable Au-25Pd w t  % 
a l l o y  was also used t o  make several j o i n t s  wi th  S i  N,, which was vapor 
coated wi th  a 2-pm layer  o f  e i ther  T i  o r  #o. The brazing t r i a l s  were done 
a t  1425 and 1375"C, which are, respectively, 15°C over and 35°C under the 
nominal melt ing temperature (1410°C) o f  t h i s  f i l l e r  metal. Melt ing o f  the 
f i l l e r  metal was achieved a t  both temperatures. Jo in ts  were formed fo r  
each experimental condition, and those made a t  1375°C had good external 

The object ive o f  t h i s  task : js  t a  develop strong, r e l i a b l e  j o i n t s  

(1) .k i jgh- tqers tu re  b r a z i n g d  s i l i c o n  n i t r i d e  and 
t ructurss with stre.ngth data t o  i den t i f y  

T = 1170°C and f o r  Pd,Si, T = 960°C. This T e periment also shows i h a t  the 
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1921 

1919 

Fig.  1. Cross-sectional views o f  Ti-vapor- 
coated Si,N, brazed a t  1250°C w i t h  ( a )  Au-25Ni-25Pd 
w t  % f i l l e r  metal and ( b )  Pd-4ONi w t  % f i l l e r  metal.  
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appearance, but sectioning revealed t h a t  a l l  o f  the j o i n t s  contained large 
vo id areas. The microstructure (as viewed i n  the SEM) o f  a j o i n t  made a t  
1375°C using Ti-vapor-coated Si,N, i s  shown i n  Fig. 2. 
microchemical analysis indicated tha t  the major phase i n  the braze layer  
had a composition o f  13.6 w t  % (36.6 at. W )  S i ,  which suggests t h a t  i t  may 
be a two-phase mixture o f  Pd S i  and PdSi. The high S i  l eve l  indicates tha t  
extensive react ion between P2 and the Si,N, occurred. The minor phase i n  
the braze layer  appeared t o  be Au r i ch .  Figure 2 also shows a la rge  number 
o f  p a r t i c l e s  near the Si,N, surfaces. These p a r t i c l e s  could not  be i d e n t i -  
f ied,  but  some o f  them were T i  r i c h  and could have been TiN o r  T i  s i l i -  
cides. It i s  also c lear  t h a t  the T i  layer  d i d  not remain i n t a c t  and 
continuous on the Si,N, surfaces and d i d  not i n h i b i t  react ion o f  the braze 
f i l l e r  metal w i t h  the S i  N,. The react ion w i th  Pd i s  undoubtedly respon- 
s i b l e  f o r  depression o f  t he  f i l l e r  metal mel t ing temperature and appears t o  
be a s i g n i f i c a n t  problem i n  i den t i f y i ng  f i l l e r  metal compositions, which 
may permit brazing a t  temperatures above 1130°C. 

dur ing the brazing o f  S i  N, w i th  N i -  and Pd containing f i l l e r  metals are 
favorable f o r  the formation o f  s i l i c i d e  phases. They a lso ind ica te  t h a t  
the formation o f  large quant i t ies  o f  s i l i c i d e  phases i n  these j o i n t s  i s  
undesirable because s i1  i c ides  have re1 a t i v e l y  poor mechanical propert ies 

I n  t h i s  case, 

Both sets o f  experiments discussed above ind ica te  t h a t  the condi t ions 

2527 

Fig. 2. Microstructure o f  T i  -vapor-coated 
S i  N brazed a t  1375°C with a Au-25Pd ut X f i l l e r  
metaj. 

P 
1 
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and possibly low melting points. Also, the formation of silicides in the 
braze layers involves decomposition of the Si,N, and evolution of nitrogen 
gas, which then leads to expulsion of filler metal from the joint gaps and 
the formation of large void regions. 

FractoqraDhv of Si N .joint test bars: Specimens of Ti-vapor-coated 
Si !4 brazed with Au-25e25Pd wt % filler metal and flexure tested at 
808 C were examined in the SEM, and a representative fracture surface is 
shown in Fig. 3. The "knobby" appearance suggests that some liquid phase 
was present at the test temperature. Microchemical analysis from area 
scans on this surface indicated that the Si concentration was in the range 
of 11 wt % (23 at. %). Significant levels of Ni, Ti, and Pd were also 
present. These observations are consistent with those made on polished 
cross sections of similar joints, which indicated that high levels of Si 
and (Ni,Pd,Ti),Si phases were produced in the braze layers. The high Si 
levels probably account for liquation of phases in the braze layers and 
loss of joint strength near 800°C. Analysis of this problem is continuing. 

In an effort to learn more about 
the reactions occurring during brazing of Si,N, and to provide some guid- 
ance in selecting brazing alloys with higher temperature capabilities, a 
group of Si,N4 specimens was prepared and submitted for thermal analysis. 
The specimens were 3-mm-diam by 1-mm-thick discs, some of which are vapor 
coated with Ti. The test plan includes heating the specimens to elevated 

Thermal analvsis of Si& brazinq: 

2535 

Fig. 3. SEM micrograph o f  fracture surface 
from a Si N, joint specimen brazed with 
Au-25Ni-2SPd wt % filler metal and flexure tested 
at 800°C. 
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temperature alone and in the presence of brazing filler metals. The re- 
melting behavior o f  the filler metals will also be studied. 

Fauioment rwchasq: An electron beam vapor-coating system was pur- 
chased and instal led. Several problems were encountered with the vacuum 
system, electron beam power supply, and instrumentation, but the system is 
now completely operational. 

Status o f  milestones 

On schedule 

Pub1 5 cations 

None 
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and FxDeumental Fv&@ion of Joinina SI Icon N itride to Meta I and Si 'licon Carbide tQ 
. .  

Metal for Adva-ne A.- - S. Kang (GTE Laboratories Incorporated) . .  

rect ive/ScQpe 

The goal of Phase I is to demonstrate analytical tools for use in designing ceramic-to-metal 
joints, including the strain response of joints as a function of the mechanical and physical 
properties of the ceramic and metal, the materials used in producing the joint, the geometry of the 
joint, externally imposed stresses both of a mechanical and thermal nature, temperature, and the 
effects of joints exposed for long times at high temperatures in an oxidizing (heat engine) 
atmosphere. The maximum temperature of interest for application of silicon catbide to metal and 
silicon nitride to metal-containing joints is 950°C. The initial joint-fabrication work shall include 
"experimental" joints whose interfacial area is not less than 2 cm2. The work shall also include 
demonstration of the potential for scale-up of the joint size to interfacial areas of commercial 
significance, applicability of the analytical joint modeling tools, and the ability to use these tools to 
design and predict the mechanical and thermal behavior of larger joints. These joints, referred to 
as "scale-up" joints, shall have an interfacial area of at least 20 cm2. 

The goal of Phase II is to optimize materials systems and joint designs, building on the 
results of Phase I. The work shall also include demonstration of the potential for scale-up of the 
joint size to interfacial areas of commercial significance, applicability of the analytical joint modeling 
tools, and the ability to use these tools to design and predict the mechanical and thermal stability 
of the larger joints. These joints, referred to as "scale-up" joints, shall have the ceramic shaft at 
least 0.8 inches in diameter. The goal is to develop a system which can perform in an engine such 
as the ATTAP engine. The anticipated environment will be oxidizing and will have joint 
temperatures of 650°C or higher. Improved joint materials systems shall be developed to optimize 
the combination of competing properties, which include ductility, yield strength, and creep 
resistance. The effect of each of these properties on joint performance shall be examined using 
the FEM model. Finally, a program of mechanical testing shall be carried out to confirm the 
effectiveness of the modeling program. This shall include torsion tests, thermal and mechanical 
fatigue, and creep testing. In addition, an analytical and experimental program in service life 
prediction will be undertaken. 

Materials System Design 

Allov neve lopme nt 

Development of brazing alloys for ceramic-to-metal joints has been continued. During this 
period, 4 different alloy systems were investigated: Au-Ni-Cr-Mo-Fe-Nb, Au-Ni-Cr-Fe, Au-Ni-Cu- 
Cr-Mo-Fe-Nb, and Au-Ni-Cu-Cr-Fe. 140 alloy compositions were produced using an induction 
melting technique in argon atmosphere and characterized in terms of wetting and ductility. 
Brazed coupons made of PY6 and lnconel 600 were also produced to see the compatibility of the 
braze system during and after the brazing process. An effort was made to increase the high 
temperature strength with a minimum loss of other properties necessary for brazing. 

Of those alloys, Au-Ni-Cr-Mo-Fe-Nb alloys, which melt at 1050-1 1 OOOC, seemed to meet 
the processing requirements for high-temperature ceramic-metal joints. Preliminary results from 
mechanical testing indicated that these alloys had good ductilities and strengths. They wetted 
well on silicon nitride with various coating materials in the vicinity of 1150°C. However, a major 
drawback was the limited wetting property of these alloys on lnconel 600 or Ni substrates due to 
the combined effects of liquation and alloying. 

Therefore, the relative effects of Cr and Fe on ductility and the flow property of this 
system were evaluated by adding Cr, Fe, and Mo systematically to Au-Ni system, and it was 
determined that (1) addition of Fe to an Au-Ni system did not interfere with the excellent flow 
property of an Au-Ni system, but it reduced the ductility with an increase of Fe content, (2) high 
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content of Cr in an Au-Ni system embrittled the braze alloy and reduced the flow characteristics of 
liquid braze on Inconel 600, (3) excessive addition of Mo to Au-Ni system lowered the flow 
property significantly, and (4) the presence of Mo and the ratio of Au to Ni appeared to play 
important roles in enhancing the alloy ductilii. 

The Fe embrittlement in this system was presumed to be due to the phase segregation or 
precipitation at low temperature. The reduction of flow property by the addition of Cr can be 
explained with an Au-Cr phase diagram as well; the melting point increases with the increase of Cr 
content. The role of Mo on the flow property was closely felated to the limited solubility of Mo in 
Au. Further, the Mo addition caused substrate erosion resuRing from liquation, which is attributed 
to a large gap between solidus a M  tiquidus. The solubiky limits of Cr, Fe, and Nb in Au were 
reported as 20.8,46.0, and 38.5 (wt.) %, respectively. 

Brazing experiments were periormed to check the brazability and system compatibility of 
Au-Ni-Cr-Mo-Fe-Nb and Au-Ni-Cr-Fe alloys. Limited flow property of Au-Ni-Cr-Mo-Fe-Nb braze 
alloys resutted in spotty bonding between Ti-wated PY6 and Ineonel 800, even Muugh these 
alloys wetted Ti-coated PY6 completely. On the other hand, Au-Ni-Cr-Fe system generally 
providedsxcellent wetting and bonding between PY8 and Inconel 600. 

In addition, 22 Au-Ni-Cr-Cu-Mo-Fe-Nb and Au-Ni-Cu-Cr-Fe albys were studied by adding 
Cu to Au-Ni-Cr-Mo-Fe-Nb and Au-Ni-Cr-Fe systems to improve the flow property. Copper was 
chosen due to its complete solid solubility with Au. However, addition of Cu did not enhance the 
wettability of these alloys and raised the melting points of the alloys unexpectedly (>llOO°C). 
These alloys were not able to be processed under 1200°C. 

Based on the phase diagram study and the results obtained during this period, two alloy 
compositions, Au-Ni-Cr-Mo-Fe and Au-Ni-Cr-Fe, were selected for final foil production. These 
alloys have shown superior wetting and bonding characteristics as well as excellent ductility 
compared to other compositions studied. These alloys melted in the vicinity of 1 OOO°C and could 
be brazed at 1050OC, which people in auto industlses feel is an upper limit for ceramic-metal joining 
process. The alloys, even though they have relatively low melting temperatures, are expected to 
improve high-temperature creep strength by diffusion of Nil Cr, Fe, and Mo from the adjacent 
interlayer (tnconel600). 

Braze foil production of two alloy compositions, Au-Wi-Cr-Mo-Few and Au-Ni-Cr-Fe, was 
completed at GTE Wesgo. For the production,l20 grams of each aHoy were melted at 1300- 
140OOC in a boron nitride crucible by induction heating and cast into a copper mold to produce a 
2.OwxO.75"x0.25" bar. The alloy was homogenized at 800°C for 24 hours in an argon atmosphere. 
The cast bar was rolled into 0.002"-thick foil with intermittent vacuum annealing at 800°C for 2-4 
hours. The successful rolling of this alloy was obtsined due to its excellent toughness and 
ductility. It was shown from a microstructural study that these alloys corvsisted of two or three 
discrete phases; one is an Au-based solid solution and the other is a Ni-based high-temperature 
phase, facilitating rolling process. The multiphase microstructures with high-temperature phases 
have been effective in improving high-temperature creep behavior in general. 

Bond strengths of the joints made of PY6 silicon nitride and Inconel 600 was evaluated by 
shear tests at room temperature. Pnlimitwy resoits showed that the shear strength of the joints 
with an Au-Mi-Cr-Mo-Fe a h y  was in the range of 2-6.5 ksi, white an AU-Ni-Cr-Fe alloy provided a 
strength level in the range of 3-17 ksi. The intended bond area was 1 cm2. Two new atloys 
exhibited excellent wetting (or bonding) between PY6 and Inconel 600 (50-1 OW0 bonding). The 
joint strength vaiues were found to be a strong funcZion of processing variables. Processing 
optimization with new albys was needed in order to Wntrol the residual stress resulting from a 
high percentage of bonding. 

Thus, prooessing parameters were studied for new braze alloys. Performance of the 
joints was consistently improved in terms of room-temperature shear strength for PY6/lnconel6-00 
system as the braze thickness increased (3-6 and 6-17 ksi for 0.002" and O.OO$"-thick foils, 
respectively). Aiso, it was noted that the pressure or weight applied to the samples ckrthg the 
brazing process affected the bond strength significantly. This observation seems to be closely 
related to the nature of bonding attained from these new alloys and alloy ductility; adhesion of the 
joint was primarily due to the melting of the Au-based phase. Therefore, the applied pressure and 
fail thickness have to be determined with discretion, depending on the properties of the braze 
alloys: i.e., melting phase, the gap between solidus and liquidus, and the viscosity of liquid metal. 
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Shear strengths of various joints were measured at RT, 500, and 650°C. Joints were 
made between PY6 and one of the substrate materials such as lnconel600, lncoloy 909, W, Mo, 
Tal and Ni with new braze alloys 0.002" thick. Similar joints were made with Au-Pd-Ni and Nioro 
(Au-Ni) as shown in Table 1. In general, new alloys outperformed the conventional brazing alloys 
at high temperature. When they coupled with Ni or refractory metal substrate such as Mo, W, and 
Tal the improvement in bond strength was significant. However, the performance with new alloys 
at RT was found to be low and inconsistent compared to those of conventional alloys, even 
though it varies depending on the metal substrate used. This implies that at low temperature the 
joint strength is greatly controlled by the capability of the braze alloy and metal substrate to 
accommodate the residual stress. At high temperature the multiphase microstructure of new 
braze alloys and reduced residual stress synergistically enhance the joint strength. The braze 
alloys of single-phase microstructures like Au-Pd-Ni and Nioro showed somewhat better 
performance at low temperature and minimal strength at high temperature due to low creep 
resistance. It was found from this testing that PY6-Ni with these alloys can perform properly 
without oxidation problems at low and high temperatures. Further evaluation of these systems will 
be done at 650°C. 

Desig n/Faliure Analysis 

Prediction of braze joint strength was made, using the approach described in the 
February bimonthly, with improved material data, additional experimental data, and 2 different 
failure theories. The experimental data for the torsion tests of SigNq/Ni/lncoloy 909 brazed joints 
and torsion tests of SigNq/Mo/lnconel718 brazed joints are listed in Table 2 and 3. 

Two failure theories were used to predict the behavior of the ceramic-to-metal joints for 
comparison. These were: 1) Shetty criterion with = 0.82, a pennyshaped crack, and a shear- 
insensitive Batdorf crack density coefficient, and 2) Coplanar strain energy release rate with a 
Griffith crack and a shear-sensitive Batdori crack density coefficient. For these failure theories, the 
Weibull modulus (mv), the normalized Weibull scale parameter (aov), and the Batdorf crack 
density coefficient (kBV) were calculated from 4-point bend tests of the Si3N4 material used in the 
ceramic-to-metal brazed joints. Specimens measuring 2.54 mm x 1.27 mm x 25.4 mm were used 
with an inner and outer test span of 10.16 mm and 22.86 mm; the tensile surfaces of the test bars 
were polished to 0.1 pm. Twenty-four samples were tested, and 1 outlier was detected in the 
data. The data is shown in Fgure 1. 

A Weibull modulus (m/) of 21.2 and a normalized Weibull scale parameter ( 0 0 ~ )  of 369.8 
MPa(m)3/21 m 2  were used for both failure theories. A shear-insensitive Batdorf crack density 
coefficient of 43.4 and a shear-sensitive Batdorf crack density coefficient of 22.2 were used for 
the Shetty and coplanar strain energy release rate theories, respectively. The maximum likelihood 
method was used to fit the experimental data. The constants described above were required as 
input variables by CARES and are further described by Nemeth et a1.l 

Figures 2 and 3 show predicted and experimental results of torsion testing of the brazed 
joints. The predicted strength distributions surrounded the experimental values and intermediate 
values of Pf, where Pf = 1 - Ps. However, at the low and high regions of the probability 
distributions, the predictions deviated from the experimentally measured strengths. Also, the 
predicted probability distributions were much steeper than the experimental probability 
distribution. The difference in the "slopes" of the probability distributions was probably due to 
defects in the joint introduced during the brazing process. 
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C Alloy 

Table 1: Results of Shear Tests at Various Temperatures 

5.4 
4.1 
5.1 
1.9 

(2-6.5) 

5.4 
5.1 

6.2 

3-17 

System 

PY6* -1ncoloy 600 
-Mo 
-Ni 

PY6 -Inconel 600 
(Zr)SNW -Ni 

-Mo 
~ 

PY6 -Ni 
-Mo 
-W 
-Ta 
-PY6 
-1ncoloy 909 
-Inconel 600 

PY6 -Ni 
-Mo 
-W 
-Ta 
-PY6 
-1ncoloy 909 
-Inconel 600 

Au-Pd-Ni (Ref) 

Nioro (Ref) 

1 1 ! 7  

B Alloy 

Avg* Strength (ksi) 
500°C 650°C 

3.9 
21 .o 

8.5 6.8 

- tts 
5.9 

14.2 
31.2 

0 

14.5 
25.6 
10.5 
18.0 
7.5 

4.0 

15.2 
32.2 
34.2 - 
30.1 

0.4 
4.0 

11.3 
19.9 
33.9 
24.6 
6.9 

6.4 

'Strength values are avg. of min. 2 tests. 
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Bending 
Moment 

(N-m) 

Table 2. Results of the Torsion Tests of Si3N4/Ni/lncoloy 909 Brazed Joints 

Rotation Test 
Temperature 

("C) 

Shear 
l Strength 

( M W  
I 

I 
30 

98 
56 

127 
101 

I 

Shear 
Strength 

( M W  

Bending Rotation Fracture 
Moment Mode 

(N-m) 

25 0.38" Broke in 
ceramic 

13 1.19" 
17 0.70" 
16 0.80" 
16 0.64" 

,I 

61 

97 
53 
30 
60 
49 
64 
90 
45 

151 

242 
132 
75 

148 
121 
158 
222 
111 

Fracture 
Mode 

14 
12 

2.22" 

3.52" 
1.98" 
1.15" 
1.05" 
2.55" 
3.05" 
4.3" 
2.05" 

Broke in 
ceramic 

1 

,, 

11 

, 
I 

Table 3. Results of the Torsion Tests of Si3N4/Mo/lnconel 718 Brazed Joints 

Test 
Temperature 

("C) 

25 12 

40 
23 
51 
41 
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C 
I 
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0. 

Ln(MOR, MPa) 

r 
0 

Figure 1. Weibull plot of 4-point bend test data of Si3N4 material used in this study. The data 
point represented by the open circle was considered by CARES as an outlier and 
was not used to determine the material parameters. 
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0.9 - Shetty (CpO.82) 0 -  - penny-shaped crack 
0.8 - IKBAT=O 0 - 
0.7 - 
0.6 - 
0.5 - 
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0.3 - 
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- 
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- 

Griffith crack - 
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Figure 2. 

Torque (N-m) 

Predicted and experimental values of the brazed joint strength measured in torsion 
(SigNq/Ni/lncoloy 909). Two failure theories were used: 1) Shetty criterion with = 
0.82, penny-shaped crack, and a shear-insensitive Batdorf crack density (IKBAT = 
0) and 2) Coplanar strain energy release rate, Griffith crack, and a shear-sensitive 
Batdorf crack density (IKBAT = 1). 
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0.9 - Shetty (G0.82) 

0.7 - - 
0.6 - 
0.5 - - 
0.4 - - 
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0 10 20 30 40 50 60 

Torque (N-m) 

Figure 3. Predicted and experimental values of the brazed joint strength measured in torsion 
(Si3Nq/Mo/lnconel718). Two failure theories were used: 1) Shetty criterion with = 
0.82, penny-shaped crack, and a shear-insensitive Batdorf crack density (IKBAT = 
0) and 2) Coptanar strain energy release rate, Griffith crack, and a shear-sensitive 
Batdorf crack density (IKBAT = 1). 
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a: T-stre= 

Work was carried out to evaluate the so-called 'T-stress' at the tip of a crack at or near a 
bimaterial interface with one of the interface layers modeled as an elastic-strain hardening material. 
For a tensile specimen with a crack parallel to the tensile direction, the stress at the crack tip can be 
written as 

The first term, - K '  fap(e), usually described as the singular term in linear elastic fraction 
6 

mechanics, and the first nonsingular term are known as the T-stress or aox among experimentals, 
so 

0 

Q (e) = T-stress or aox. 
aS 

Otteral and Rice have shown that the instability of the crack path depends on the T-stress 
term. In addition, it has been speculated that the nonsingular term may play a significant role in 
crack branching. For design of the ceramic-to-metal braze joint, the description of the instability of 
the crack path due to the T-stress term will permit numerical study of the fracture surface by 
following crack propagation and allow joint design that takes into account the effect of this 
nonsingular term coupled to the elasto-plastic interface (the ceramic-braze interface). 

The method used to find the nonsingular stress term (the T-stress) at the crack tip uses 
application of an energetic force on a point load in the development of an interaction (or mutual) 
integral to extract this term. 

A description of the general method for study of an interaction integral of a point load 
follows. The conservation force on an object such as an inclusion, a crack tip, a dislocation or a 
point force is referred to as an energetic force or an energy release rate. The energetic force, GI is 
defined as the negative gradient of the potential energy of a body with respect to a virtual 
displacement of the object. Denoting the virtual displacement of the object by pel for which e is a 
unit vector, the definition of the energetic force is expressed as 

- lim Il(r+pe) - Il(r)e 
P+O P 

G =  I 

where II represents the potential energy of the body. The energetic force often can be calculated 
by the J integral. Provided the mechanical response function, i.e., the elastic property, is invariant 
in the direction of G, the energetic force, GI can be evaluated by a surface integral (or a contour 
integral for two-dimensional cases) in terms of the field quantities. The elastic equilibrium field 
surrounding the object is represented by the field quantities of the stress, a, the strain, E, and the 
displacement, u. Denoting the equilibrium field (Q,E;u) by SI the surface integral is depicted by 
Jr(S), where r indicates the integrating surface (or contour). A Cartesian component of the J 
integral is expressed as 
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where the summation convention is assumed on the repeated indices, the strain energy density 
function is represented by W, and the out normal of the surface, r, is indicated by n. 

The energetic forces of various singular objects have many interesting properties. Those 
of dislocations, point defects and cracks have been applied to many engineering problems in 
plasticity, diffusion, and fracture mechanics. However, not much attention has been paid to those 
of point forces. 

The stress state around a point load in a linear elastic medium can be separated into two 
parts. One is the singular stress fiekl corresponding to the point load in an infinite medium, 
denoted by superscript p, e.g., SP. The remaining stress field corresponds to the image effect of 
the limited geometry and other sources of stresses. This remaining field is denoted without 
superscripts, e.g., S. In order to get a useful expression of the energetic force of a point load in 
such a superposed field, an alternative expression of the J integral of a general superposed field 
is derived first, and then some properties of the J integral related to the energetic force of a point 
load will be discussed next. 

Consider the superposition of two general equilibrium fields, SA and SB. Substituting the 
field quantities of the total field, SA + SB, into Eq.(2), the J integral of the total field over a r is 
expressed as 

Jr(SA + SB) Jr(SA) + Jr(SB) + JPt(SAISB), 

where the superscript 'int' indicates the interaction integral. A Cartesian component of the 
interaction integral is given by 

where the interaction strain energy, Wint, has the relationship of 

The last two equalities hold, due to the symmetry of the elastic moduli tensor. Therefore, 
the interaction integral can be expressed in a convenient form, 

In subsequent reports, the evaluation of Jint to the solution of the nonsingular T-stress 
component will be described. 

for F- F m  T-Strw 

In order to extract the complex stress intensity factor, K, and T stress, the interaction 
integral based on the path-independent J-integral (June 91 bimonthly) was used by man 

and SB. The J-integral of the superposed field, SA + SB, over a contour r can be expressed as 
 investigator^.**^ To define the interaction integral, consider two general equilibrium fields, S x 
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J(SA + SB) = J(SA) + J(SB) + Jint(SA,SB) 

where the superscript "int" indicates the interaction integral. Then, the interaction integral 
Jint(SA,SB) is defined by 

where the interaction strain energy, Wint, has the relationship of 

w'"'=-(a.&.. 1 A B  +G.&.. B A  )=?.e.. A B  B A  
2 IJ ij IJ IJ J IJ =?jeij (3) 

due to the symmetry of the elastic moduli tensor. 
First, to extract the complex stress intensity factor K near an interface crack, consider an 

interaction integral between the actual field S and the auxiliary field SR which is the (1/dr) singular 
field and whose strength is = Rleb. Then by calculating each j-integral in Eq. (l), the interaction 
integral Jint(S,SR) can be expressed in terms of two stress intensity factors, K and k, as 

Jint(S,SR) = (Klcos$ + K2sin$) (4) 

for an anisotropic bi-material interface crack where h22 is defined by Eq. (A.10) in Choi et aL4 
Therefore, the complex stress intensity factor can be completely obtained (i.e., K1 and K2 
separately) by applying Eq. (4) twice with the different mode, $, of the auxiliary field SRI and then 
by solving for K1 and K2. In each case, the interaction integral, Jint(S,SR) , is calculated by Eq. (2). 

Now, to extract the T stress at an interface crack, consider an interaction integral between 
the actual field S and the auxiliary field STI which is the (l/r) singular field of the point force, f ,  
located at a crack tip and directed to the x-axis. Noting that, for the in-plane problem, only the 
nonsingular stress at the crack tip is oix, Kim et a1.2 have shown that the interaction integral 

between the S and Sp field is reduced to 

Jint(S,ST) = 'TeXx. 0 

0 0 Once %xx is obtained through the above equation, the nonsingular stress term oxx can be easily 

calculated using Hookes's law. Note that for the interface cracks the T stress can have a jump 
across the interface. The jump quantities are determined from the compatibility condition that the 
corresponding strain, e i x  should be continuous across the interface. 
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Both fundamental fields of SR and ST in the above were presented in Choi et al.4 for an 
interface crack between an anisotropic bi-material, but they can also be used for the isotropic 
cases. 

These results have been implemented into a two-dimensional finite element program and 
results obtained for the material system specific to the ceramic-to-metal joint. The geometry of the 
metal-brazeceramic region is shown in Figure 4. Material properties of each of the materials were 

(1) Structural Alloy: lncoloy 909 
Es = 158.6 GPa, v, = 0.34 

(2) Braze Material: 30Au-34Pd-36Ni 

Yield stress oo = 626.0 MPa 
Eb = 32.4 GPa, V b  = 0.3 

(3) Ceramic: PY6 (Si3N4) 
= 296.5 GPa, vc = 0.2 

Typical results for a crack parallel to the ceramic-braze interface are shown in Figure 5. 
Figure 5a shows the increasing energy release rate when the crack gets ctoser to the interface. 
Note also the energy release rate increases as fracture tends to mode II loading. The change in 
the T-stress factor for the same cases of mode mixity and crack position are illustrated in Figure 5b. 

In summary, we have seen that not only is the interface tougher in mode II bading (as it is 
near an elastic-elastic interface), but also the plastic deformation of braze material acts as a 
toughening agent, particularly in mode II loading. The result is a failure model for ceramics which is 
significantly different from existing models. 

The correction factor for stress can be estimated using energy release data 
obtained from finite element calculations. Data was obtained for cracks at different distances h 
from the interface (with a constant brazing thickness i )  under various far-field loading conditions. 
The ratio of the total energy release rate due to far-field loading Gm to the actual energy release 
rate calculated at the crack tip G is a measure of the amount of energy consumed by plastic 
yielding in the brazing layer. The behavior of this ratio was plotted as a function of for various 
angles of far-field loading incidence Y . These plots were made for different loading magnitudes 
IK 1, where the magnitude has been normalized as follows (Figures 1-3). 

Grn This data shows the dependence of G on IKOOI and t/h for each angle of incidence. Thus, the 
effective stresses which we seek should assume this form: 

eff - (  

OVV - 
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Figure 4: Geometry of the model used to find the effect of a plastic region on bi-material fracture 
in the ceramic-to-metal braze joint. Note material system studied and definition of h and r. 

In the figures, = $cT~~/IK"~,  and 1K-I = lKml/(~o$). 
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where 

and 

eff 
Gxx = a x x  

h = 0.3 

Notice that in the xx, xz, and zz directions no toughening effects are considered, 
since metal plasticity model affects shear coupons only. 

To find fc, numerous function forms were assumed and tested using a least 
squares approximation. The following exponential form was eventually settled on because it 
provided the best fit to the data with the least amount of independent parameters (three): 

t fc = exp(A(i) + B(IKmI)+C) (4) 

t Using data for w = 0 deg., 0.4 I lKml I 1 .O and 1.44 I I 10, the least squares approximation 
yields: 

A = 0.0049, B = 0.4434, C = -0.2287 

With these values, equation (4) predicts the toughness correction factor with a standard error of 
approximately 0.032723. 

Equations (1-3) can now be used to modify the stress readings, given the 
magnitude of far-field loading and the ratio of the brazing layer thickness to the distance from the 
interface to a crack imperfection. 

PublicationS 

Minfa Yang, "Analysis of Interface and Sub-Interface Cracks, with Crackface Contact and 
Interface Shear Yield Zones," Ph.D. thesis, University of Illinois, Theoretical and Applied 
Mechanics Dept., Urbana, IL (May 1991) funded in part through subcontract to the University of 
IUiReiS, 
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2.0 MATERIALS DESIGN METHODOLOGY 

INTRODUCTION 

This portion of the project is identified as project element 2 within 
the work breakdown structure (WBS). 
(1) Modeling, (2) Contact Interfaces, and (3) New Concepts. 
elements include macromodeling and micromodeling of ceramic micro- 
structures, properties of static and dynamic interfaces between ceramics 
and between ceramics and alloys, and advanced statistical and design ap- 
proaches for descri bi ng mechanical behavior and for employing ceramics in 
structural design. 

The major objectives of research in Materials Design Methodology ele- 
ments include determining analytical techniques for predicting structural 
ceramic mechanical behavior from mechanical properties and microstructure, 
tribological behavior at high temperatures, and improved methods for 
describing the fracture statistics of structural ceramics. Success in 
meeting these objectives will provide U.S. companies with methods for 
optimizing mechanical properties through microstructural control, for 
predicting and controlling interfacial bonding and minimizing interfacial 
friction, and for developing a properly descriptive statistical data base 
for their structural ceramics. 

It contains three subelements: 
The sub- 
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2.1 MODELING 

2.1.1 Modeling 

I\nicrostrm ral Mode lina of Cracks - J.A.M. Boulet (University of Tennessee, Knoxville) 

The goal of the study is to develop mathematical procedures by which existing 
design methodology for brittle fracture could accurately account for the influence of 
protrusion interference on fracture of cracks with realistic geometry under arbitrary 
stress states. To predict likelihood of fracture in the presence of protrusion interfer- 
ence, a simulation will be developed. The simulation will be based on a three-dimen- 
sional model of cracks with realistic geometry under arbitrary stresses. 

T e c h m  oroarm 

During the past six months, equations necessary for merging the computer codes 
BINTEQ' and DDID2, have been put in final form. 

BINTEQ performs elastic stress analysis for an uncracked, finite domain using a 
boundary element method (BEM) based on Somigliana's identity4* 5. For a cracked, finite 
domain, Somigliana's identity is 

where S is the domain's external boundary, Uj is the displacement vector, tj is the trac- 
tion vector, Tij and Uij are well-known fundamental solution tensors of linear elasticity, 
and r is the domain's internal boundary (the crack). Through the use of discrete 
boundary elements, one can transform (1) into 

where [A], [a, and [B] are computed from material properties and the given geometry, 
{US} and {ts} are the displacement and traction components, respectively, at element 
nodes on S, and {dud is the set of displacement discontinuity components at element 
nodes on r. The row dimension of (2) equals the dimension of {US} and {ts}, so that [A] 
and [B] are square. But the dimension of {dud is, in general, different from that of {us} 
and {ts}. Thus, [€I is not square. For prescribed boundary tractions, the number of 
unknowns in (2) is the sum of the dimensions of {US} and {Auy) .  Hence, (2) has more 
unknowns than equations. When there is no crack (as in BINTEQ), the second term of (2) 
is absent. Then (2) is a square system and readily solved by standard methods. 

DDlD performs elastic stress analysis for a cracked, infinite domain using a 
traction boundary integral equation (BIE)4, rather than Somigliana's identity. For a 
cracked, finite domain, the traction BIE is 
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where ai3 is the traction vector on r, uQki3 and p k i 3  are well-known fundamental solu- 
tion tensors of linear elasticity, and all else is as before. Through the use of discrete 
boundary elements, one can transform (3) into 

where [GI, [C], 19, and [D] are computed from material properties and the given ge- 
ometry, {tr) is the set of traction components at element nodes on the crack, and all else 
is as before. The row dimension of [C] and [D] equals that of {dud and {tr), so that [C] 
and [D] are square. But since, as noted above, the dimension of {us} and {ts} is not the 
same as that of {Aur) and { t d ,  [GI and [fl are not square. For prescribed boundary 
tractions, (4) has more unknowns than equations. When there is no external boundary 
(as in DDID), the terms involving {us} and {ts} are absent. Then (4) is a square system 
and readily solved by standard methods. 

For a cracked, finite domain, (2) and (4) together become 

Equation (5) is a square system and should be solvable by standard methods. Since 
BINTEQ computes [A] and [Bl, and DDID computes [C] and [D], it remains to compute [a, 
[fl, and [GI. A computer code that does that is under development. 

1.  J. A. M. Boulet, " Microstructural Modeling of Cracks," pp. 254-255 in CTAHE 
Project Semiannual Progress Report for October 7990 through March 7997, 
ORNUTM-11859, Oak Ridge National Laboratory, Oak Ridge, Tennessee, 1991. 

2. T. 4. Cruse and G. Novati, "Traction-BIE Solutions for non-planar and surface 
cracks," presented at 22nd National Symposium on Fracture Mechanics, June 26-28, 
Atlanta, Georgia, 1990. 

3. J. A. M. Boulet, " Microstructural Modeling of Cracks," pp. 189-192 in CTAH€ 
Project Bimonthly Technical Progress Report to DO€ Office of Transportation Systems, 
April-May, 7997, ORNUCF-91/281, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee, 1991. 

4. T. A. Cruse, Bounc(ary Element Analysis in Computational Fracture Mechanics, 
Kluwer Academic Publishers, The Netherlands, 1988. 
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5.  C. A. Brebbia, et al., Boundary Nement Techniques, SpringertVerlag, 1984. 

Work is behind schedule. 

._ i '  
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2.2 CONTACT INTERFACES 

2.2.1 Static tnterfaces 

Elastic Properties and Adherence of Thin Films and Coatinus 
Debra Joslin (Department of Materials Science and Engineering, 
The University of Tennessee) 

The objective of this research is the examination of the effects of ion bombardment on the 
structure of thin ceramic films on ceramic substrates. The material combinations will include 
oxide films that have (a) no solid solubility, (b) limited solid solubility, and (c) complete solid 
solubility with the substrate material (also an oxide). Techniques for determination of elastic and 
plastic properties of thin films or coatings on ceramic substrates and for the determination of the 
strength of the bond between the film and substrate, which are currently being developed, will 
be used to determine the hardness, elastic modulus, and adherence of each material 
combination. The main testing techniques will be the ultra-low load microindentation tester 
(Nanoindenter), and thermal cycling tests. 

Tech- . .  

Several.samples.of oxide films (Cr2O3 or Zr02) were grown on sapphire (Al2O3) by rf sputter 
deposition. The films were all between 80 and1 00 nm thick. Implantations of 4.7 x 1 O1 Cr+ 
were made at three different temperatures: room temperature, 8OO0C, and 900°C. The samples 
were implanted in pairs, one Zr02/A1203 and one Cr20dA1203 at each temperature. 
Rutherford backscattering spectroscopy (RBS) was done on each of the samples to look for 
mixing of the oxide film and the AI203 

No mixing of the ZrO2 was observed at any temperature. For the room temperature 
implantation, no mixing of the Cr2O3 was observed. However, mixing of the Cr203 was 
definitely observed at 900°C. Additional RBS spectra on the 8OOOC implantation were taken at 
glancing angle to take advantage of the improved depth resolution made possible by tilting the 
sample. By this technique, it was found that the Cr2O3 mixed with the A1203 at this temperature 
as well. Samples for transmission electron microscopy are being prepared from these 
specimens. 

Several samples of metal films (Cr or Zr) were grown on sapphire (Al2O3) to thicknesses of 
approximately 50 nm by electron beam evaporation. These samples were implanted at room 
temperature with 45 keV oxygen ions to a fluence of 5 x 10l6 ions-cmQ. The energy was 
chosen so that the oxygen would be located mostly at the filmkubstrate interface, maximizing 
the possibility of chemical mixing of the film and substrate. To retain a portion of unimplanted 
film, an area of each sample was masked during the implantation. The RBS was performed on 
each of the samples to look for mixing of the metal film and the Al2O3. 

No mixing of either film was observed in the initial RBS analysis. The films were then etched off 
the AI203 to determine whether ballistic mixing took place. Ballistic mixing can be a very small 
effect occurring within 10 nm of the interface; this is beyond the resolution of RBS of the film on 
the substrate. However, etching the film away and analyzing both the implanted area and the 
unimplanted area for the presence of the metal from the film provides a way to determine 
whether ballistic mixing took place. If no metal is present on the unimplanted portion, but metal 
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is present on the implanted portion, ballistic mixing has occurred. Analysis via this technique 
shows that ballistic mixing did not occur. 

In the next report period, Kr will be implanted into similar samples to determine if larger energy 
deposition at the interface will induce mixing in these systems. 

N/A 

None 
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2 . 2 . 2  Dvnamic Interfaces 

Studies o f  Dynamic Contact o f  Ceramics and A770vs 
lvanced Heat Ensines 

Gaydos and K. F. Dufrane (Ba t te l l e )  

- f o r  

0b.iecti ve/Scope 

The object ive o f  the program i s  t o  develop an understanding o f  the 
f r i c t i o n  and wear processes o f  ceramic in ter faces based on experimental 
data. The supporting experiments are t o  be conducted a t  temperatures 
t o  650 C under rec iprocat ing s l i d i n g  condi t ions reproducing the loads, 
speeds, and environment o f  the r i n g / c y l  inder i n te r face  o f  advanced 
engines. The t e s t  specimens are t o  be c a r e f u l l y  characterized before 
and a f t e r  t e s t i n g  t o  provide de ta i l ed  input  t o  the model. The r e s u l t s  
are intended t o  provide the basis f o r  i d e n t i f y i n g  so lut ions t o  the 
t r i b o l o g y  problems 1 i m i t i n g  the development o f  these engines. 

Technical Hiahl i s h t s  

Apparatus 

o f  a f l  at-on-f l  a t  geometry, which f a c i l  i t a t e s  specimen procurement, 
f i n i sh ing ,  and test ing.  
operating condi t ions o f  the p i s ton / r i ng  i n te r face  o f  advanced engines. 
The specimen conf igurat ion and loading i s  shown i n  Figure 1. A crown 
w i t h  a 32 mm radius i s  ground on the r i n g  specimen t o  ensure uniform 
contact. The r i n g  specimen holders are pivoted a t  t h e i r  centers t o  
provide sel f -a1 ignment. A chamber surrounding the specimens i s  used t o  
contro l  the atmosphere and contains heating elements t o  contro l  the 
temperature. The exhaust f r o m  a 4500 watt  d iesel  engine i s  heated t o  
the specimen temperature and passed through the chamber t o  provide an 
atmosphere s i m i l a r  t o  t h a t  o f  actual d iesel  engine service. A summary 
o f  the t e s t i n g  condi t ions i s  presented i n  Table 1. 

The apparatus developed f o r  t h i s  program p r i m a r i l y  uses specimens 

The apparatus reproduces the important 

M.S.U. Ion Implantat ion 

Michigan S$ate Univers i ty  (M.S.U.) has demonstrated the f e a s i b i l i t y  
o f  implanting Be and 22Na ions i n  ceramic mater ia ls f o r  the purpose o f  
wear studies. The i n t e n s i t y  o f  low-level y r a d i a t i o n  emitted from the 
wear surface o f  the ion-implanted mater ia l  can be corre la ted t o  the 
depth o f  wear. This method i s  said t o  be capable o f  resolv ing wear as 
low as 50 nm. 

would inf luence the wear r a t e  o f  the mater ia l .  M.S.U. supplied a 
number o f  cont ro l  Si,N, r i n g  sqscimens as wel l  as some t h a t  were 
implanted w i t h  s i x  doses o f  10 
rad ioact ive i on  i s  s i m i l a r  i n  s ize t o  22Na and should produce s i m i l a r  

Wear t e s t s  were conducted t o  determine i f  the implantat ion i t s e l f  

p a r t i c l e s  o f  “Ne. This non- 
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FIGURE 1. TEST SPECIMEN CONFIGURATION AND LOADING 

TABLE 1. SUMMARY OF TESTING CONDITIONS 
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radiation damage. 
than required for using ion-implantation as a wear diagnostic tool so 
that any damage would be intensified. 
implanted to different depths, which ranged from less than 5 to 
about 10 pm. 
would be located in the region between these depths. 

Results from the last reporting period showed that the implanting 
“Ne ions in monolithic silicon nitride specimens had no measurable 
effect on their wear rates. One additional test was run to gather more 
wear data on this material. This test was run with a control Si,N4 
ring specimen and an implanted Si N4 ring specimen run simultaneously 
against plasma sprayed chromia cylinder 1 iner specimens. The test 
conditions remained unchanged from the previous set of tests. Table 2 
shows the results of this last test as well as the compiled results 
from the first set of tests. Again the difference in wear factors 
between the implanted and control ring specimens was insignificant. 

The dosage was 2 to 3 orders of magnitude higher 

Each of the six doses was 

Any damage, characterized by an increase in wear rate, 

Caterpill ar Wear Specimens 

P1 asma sprayed chromi a-si 1 i ca and high carbon i ron-molybdenum 
coatings supplied by Caterpillar were tested earlier in this program. 
These coatings were developed with the criteria that they not only be 
wear resistant but also be viable from a manufacturing standpoint. 
Before presenting the most recent results, a summary of these previous 
tests will be given. 

In past tests with the Caterpillar coatings, ring specimens made 
from the chromia-si1 ica were run against high carbon iron-molybdenum 
cylinder liner specimens and were shown to have excpellyt wear 
resistance. Ring wear rates were as low as 4 x 10’ mm /N-m for some 
test portions. Other material pairs tested in this program came close 
to this wear performance, but many were not materials one would 
consider using in production engines. 

The target baseline wear rate is that of conventional hard chrome 
and cast iron sliding pairs tested at current engine operating 
temperatures (i .e. increase the top ring reversal temperature without 
sacrificing wear life). When hard chrome ring specimens and cast iron 
cylinder liner specimens rert tested in the Battelle wear apparatus, a 
ring wear rate of 3 x 10’ mm /N-m was obtained. Considering the 
normal variability in the wear data can be a half an order of magnitude 
or more, the Caterpillar specimens had met the baseline goal. 
importantly, the specimens had met the wear goal at a top ring reversal 
temperature of 260 C, which is higher than the baseline temperature in 
today’s engines. 

More 
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TABLE 2. WEAR RATE4 OF SILICON NITRIDE RING SPECIMENS 
AGAINST PLASMA SPRAYED CHROMIA CYLINDER SPECIMENS 
( d m - m )  

(SDL-1 lubricant, Mom tempesature, 12.3 N/mm ring load, 500 cpm) 

Recent Tests - Caterpi 1 1  ar coatings showed unusual ly good performance 
even though they are based on a plasma sprayed ehromia-silica ring 
coating very similar to a plasma sprayed chromia coating that had been 
used in this program for several years. The difference seemed to be in 
the use of a more conventional mating cylinder liner material. The 
high carbon iron-molybdenum 4s not quite as hard .as other ceramic 
coatings tested in the past and would not be expected to wear the ring 
coatings as quickly. To evaluate this possibility, two ring materials 
that performed yery well in the past,against plasma sprayed chromia 
cy1 inder liner coatings were tested against the high carbon iron- 
molybdenum 1 iper spacimens. The ring materials tested were plasma 
sprayed chromia (Cr 
reinforced alumina t Sic). 

) and a monolithic silicon carbide whisker 
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Table 3 shows the r e s u l t s  o f  the wear tests .  Test Numbers 84-86 were 
the e a r l i e r  t e s t s  w i t h  the C a t e r p i l l a r  coatings, t e s t  Number 93 was 
w i t h  A1,0, t S i c  r ing  specimens, and t e s t  Number 94 was w i t h  plasma 
sprayed Cr, 
against the i g h  carbon iron-molybdenum cy l i nde r  l i n e r s  are about the 
same. On t h i s  basis, the wear performance o f  the C a t e r p i l l a r  chromia- 
s i l i c a  coatings was s i m i l a r  t o  t h a t  measured w i t h  the prev ious ly  tested 
coatings. 

The wear ra tes  o f  a l l  o f  the r i n g  mater ia ls  4 

11 TABLE 3. WEAR RATES OF VARIOUS RING MATERIALS AGAINST HIGH CARBON IRON 
AND MOLY CYLINDER LINER SPECIMENS (mm3/Nm) 
(SDL-1 LUBRICANT, 12.3 N/mm RING LOAD, 500 cpm) 

Average 

Rate During 
Test 

Ring wear 

2 x 10-8 
4 x 10-9 
2 x 10-8 - 
1 x 10-8 
4 x 10-9 
2 x 10-8 

4 x 10-9 
7 io9 
l x 1 @  
2 x 10-8 

5x10'9 

2 x 10-8 

5 x io9 

- 
6 x lo9 

6 x 1 @  

7x10'9 
6x10'9 - 

Test 86 WBB run with Lubrizol OS-80001H lubricant m order to reach the higher operating temperaturea. 
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Lastly, the f r i c t i o n  o f  the Caterp i l la r  chromia-si1 i ca  r ings tended t o  
brr! s l i g h t l y  higher, w i th  coef f ic ients  t y p i c a l l y  above 0.1. The 
f t i c t i o n  coef f ic ients  o f  the other two materials under the same 
conditions were t y p i c a l l y  less than 0.1. 

Curved Caterp i l la r  Wear Specimens - I n  order t o  bet ter  dupl icate the 
r i n g  and cyl inder interface i n  actual engines, Caterp i l la r  also 
supplied wear specimens tha t  were cut from engine components. 
sections coated wi th  aluminum t i tanate  (KP123) and cermet (KP107E) were 
supplied, as well  as cyl inder l i n e r  sections coated w i th  Kaman Science 
SCA. These curved specimens were intended t o  be wear tested i n  
Bat te l le ’s  engine simulation r i g  without much modif icat ion. 

When the specimens were undergoing i n i t i a l  t e s t  preparation, it was 
discovered tha t  the curvatures o f  the r i n g  and cyl inder l i n e r  sections 
d i d  not match. The r i n g  sections had a radius o f  curvature equal t o  
t ha t  o f  the component r i n g  i n  the relaxed state. Because t h i s  radius 
o f  curvature was larger  than tha t  o f  the cyl inder l i n e r  specimens, the 
only points o f  contact between the wear specimens were a t  the ends o f  
the r i n g  sections. 

P las t i ca l l y  bending the r i n g  sections t o  a smaller curvature was not 
possible due t o  the b r i t t l e  nature o f  the r i n g  material.  Heating the 
sections and then p l a s t i c a l l y  bending them was not considered feasible 
because of the p o s s i b i l i t y  i t  would a f fec t  the microstructure o f  the 
base material and/or the coating. Rel ie f  s lo ts  cut  i n t o  the back side 
of the r i n g  t o  reduce the stresses during bending were found t o  close 
the r i n g  curvature enough (presumably from in ternal  stresses) so tha t  
i t  matched the l i n e r  section. However, subsequent welding o f  the 
s lo t ted  r i n g  section t o  a backing (which could then be clamped i n  the 
engine r i g )  returned the r i n g  section t o  i t s  o r ig ina l  mismatched 
curvature. 

To hold the s lo t ted  r i n g  specimens without welding, a properly 
sized piston w i l l  be obtained from Caterp i l lar .  A holder w i l l  then be 
cu t  from a por t ion o f  the p is ton tha t  contains the r i n g  groove, as 
shown i n  Figure 3.  The piston section and end plates and w i l l  simply 
capture the r i n g  section, and the normal load applied t o  the r i n g  
specimens w i l l  hold them i n  place during the tests  as shown i n  
Figure 2. Wear tests  w i l l  be conducted during the next report ing 
period . 

Ring 

Several approaches were considered t o  correct the mismatch. 

Status o f  M i  1 estones 

The study i s  progressing i n  accordance wi th  the overal l  milestone 
schedule. 

Pub1 icat ions 

None. 
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Piston section containing 

ri4-veh b / 

Slotted ring section’ 

F I G U R E  2 .  PROPOSED R I N G  SPECIMEN HOLDER 
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Load 

FIGURE 3. PROPOSED CONFIGURATION FOR CURVED RING AND CYLINDER 
SPECIMENS 
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DeveloRment of Standard Test Methods for Evaluatinq 
the Wear Performance of Ceramics 
P. J. Blau (Oak Ridge National Laboratory) 

0 biective/scoPe 

The goal of this effort is to improve consistency in reporting ceramic wear data by 
helping to develop one or more American Society for Testing and Materials (ASTM) 
standard test methods for quantitatively determining the wear resistance of ceramics' in 
reciprocating sliding, a type of motion that is experienced by several types of engine wear 
parts, including the piston/ring assembly. We are working directly with the ASTM G-2 
Committee, 'Wear and Erosion," in Task Group G02.40.07, "Reciprocating Sliding Wear 
Testing." When approved, this standard should improve technical communication 
between the transportation and ceramics industries on selecting ceramics for wear 
applications. 

Technical hiahliahts 

Effective comparison of the wear and frictional behavior of new materials for engine 
applications can be greatly expedited and simplified if standard testing methods are 
employed. It is the goal of Task 2.2.2.2 to help develop such standards for ceramics. To 
accomplish this goal, interaction with the ASTM G-2 Committee on 'Wear and Erosion" 
resulted in the establishment of a special Task Group G02.40.07 on "Reciprocating Wear 
Testing" with P. J. Blau as Chairman. 

The testing standards development process, as conducted by ASTM, is rigorous 
and iterative. A prescribed sequence of steps involves several Iwels of voting, resolution 
of negative votes, and finally, adoption. Along the way, evaluation of the test method in 
several independent laboratories is needed to establish its validity, precision, and 
accuracy. But before any of this could occur in the present case, a number of technical 
decisions were necessary: 

1. 
2. 
3. 
4. 

5. 
6. 
7. 
8. 
9. 
10. 

determination of the contact geometry, 
determination of the type of motion, 
determination of whether lubricated or unlubricated tests would be developed, 
selection of testing parameters for the first round-robin, interlaboratory test 
program, 
securing and characterizing materials for the first test program, 
obtaining testing commitments, 
preparing testing instructions (protocols), 
conducting the round-robin tests, 
collecting and analyzing data according to valid statistical methods, and 
obtaining subcommittee approval on major decisions. 

In the last six months, the ball-on-flat test geometry and reciprocating motion was 
selected. The test will be a reciprocating type because many engine components 
experience this type of motion. We have chosen to use our commercial testing machine 
(Cameron-Plint TE-77) as the basis for the procedure because there are more than 60 
machines of that type in use all over the world. More importantly, several of the major 
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engine companies like Cummins Engine Company and Caterpillar, Inc., own such 
machines. 

A diagram of the Cameron-Plint machine is shown in Fig. 1. The basic geometry is 
ball-on-flat. The ball is clamped on the moving holder. Oscillating speeds typically range 
from 5 to 50 Hz, and stroke lengths can be varied from about 1 to 10 mm. A survey of 
Task Group participants was conducted to determine the range of capabilities of their own 
machines. Some potential participants own Cameron-PUnt machines, but others have 
homemade reciprocating testers than might fall within the range of our testing conditions. 
Initial testing protocols will be for unlubricated testing, but the manufacturer of the 
machine is planning a concurrent lubricated testing program, and we will coordinate with 
that effort to some degree. 

ORNL-DWG 91 -9694 
NORMAL FORCE ( ro TO s o  N) 

RECIPROCATING MOTION 
AT 5T030Hz 

(CONNECTED TO 
TRANSDUCER TO 
MEASURE FRICTION) 

Fig. 1. Schematic drawing of the Cameron-Plint TE-77 fixture showing 
typical operating c o n d i i .  Initial tests at Oak Ridge National Laboratory will 
help determine the Conditions for the first round-robin test program with steel 
and silicon nitride ball and flat specimens. Preliminary studies suggest that 5 Hz 
with a 10-mm stroke is in the range of most Task Group members’ equipment. 
A 25N load will be used as the first for unlubdcated tests. Lubricated tests 
may require higher loads. 

The acquisition of well-characterized wear test specimens for beginning a round- 
robin testing program is continuing. Efforts to locate a commercial source of M-50 tool 
steel, flat-specimen materials were unsuccessful. Therefore, it was decided to purchase a 
more readily available material for the flat specimen. D-2 tool steel was felt to be a good 
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candidate material, and a supply was ordered. M-50 steel balls are readily available, and 
several hundred are already on hand. 

(MOR) bars. These will be used as ceramic test specimens. The number of specimens 
per set and the number of tests per material per laboratory are yet to be determined. 
These numbers will in part be affected by the number of organizations involved and the 
amount of material available. 

Several companies, including Caterpillar, Inc., and Cameron-Plint, have expressed 
an interest in participating in the round-robin testing program. Once specimens have 
been procured and prepared as packages, with protocols included, final commitments to 
participate will be obtained. 

The development of a simple set of test protocol instructions (e.g., specimen 
cleaning, handling, recording of data, etc.) to be included with the specimen sets will be 
available for ASTM Task Group review at the G-2 meeting in Philadelphia, Pennsylvania, in 
December 1991, 

Silicon nitride spheres will be obtained, as will silicon nitride modulus of rupture 

Status of milestones 

All milestones are on schedule. 

Publications 

None. 
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2.3 NEW CONCEPTS 

Advanced Stahtical Coneem of Fracture in, Brittle Materials 
C. A. Johnson and W. T. Tucker (General Electric 
Corporate Research and Development, Schenectady, 
NY 12301 

Objective(Sc0pe 

The design and application of reliable load-bearing structural components from 
ceramic materials requires a detailed understanding of the statistical nature of frac- 
ture in brittle materials. The overall objective of this program is to advance the 
current understanding of fracture statistics, especially in the following four areas: 

0 Optimum testing plans and data analysis techniques. 

Consequences of time-dependent crack growth on the evolution of initial 
flaw distributions. 

0 Confidence and tolerance bounds on predictions that use the Weibull dis- 
tribution function. 

Strength distributions in multiaxial stress fields. 

The studies are being carried out largely by analytical and computer simulation tech- 
niques. Actual fracture data are then used as appropriate to confirm and demon- 
strate the resulting data analysis techniques. 

Technical Highlights 

During this reporting period, work has continued on assessing the effects of the 
equivalence, as shown in recent semiannual contract reports, of the Batdorf-Heinisch 
(B-H) (Ref. 1) and Lamon-Evans (LE) (Ref. 2) approaches to multiaxial stress 
states. In these reports, it has been further shown that by employing this equivalence, 
a "size" factor, denoted by I, can be determined for general loading geometry, speci- 
men geometry, and choice of multiaxial failure criterion. This size factor, I, can be 
shown to be the multiaxial counterpart of the size factor, k, that is conventionally used 
in the exponent of the uniaxial size-scaled Weibull distribution function. The product 
of k times volume (or surface area, if appropriate) is often referred to as the effective 
volume under uniform tensile stress. The product of I times volume (or area) can 
now be interpreted in an analogous fashion as the volume that is effectively in a "stan- 
dard" stress state. The standard stress state in the uniaxial case is almost universally 
defined as the maximum principal tensile stress anywhere in the structure. The stan- 
dard stress state in the multiaxial case could be any of several possible choices that 
are being considered. 

When finite element stress analysis is used for components with complex 
geometries, non-uniformly stressed elements result in more accurate results than a 
comparable number of constant stress elements. The benefit from non-uniformly 



234 

stressed elements is even greater in the case of multiaxial probabilistic effects. The 
equivalence of B-H to L E  shows that effects due to geometry, loading, and multiaxial 
stress can all be accounted for by a generalized size factor. This size factor can be 
applied on an elemental basis or to the component structure as a whole. 

The remainder of this semiannual report will discuss the definition, interpretation 
and importance of the multiaxial size factor, I. This will include the relationship to k 
and potential uses of I .  

A General Size Factor 

As shown in earlier reports, another way to determine the probability of failure 
for a component under multiaxial loading is from 

where 

In (1) and (2) Vis the component size, m is the Weibull modulus (shape factor), a0 is 
the inherent strength (scale factor), is a stress function defined by the selected 
failure criterion, and OM is the maximum value of in the component. Also a, is a 
function of the local principal stresses (and hence location) and the orientation of the 
principal plane of a potential failure producing flaw; this accounts for the limits of 
integration in (2). The importance of (1) lies in the fact that all methods developed 
to date for combining data and obtaining confidence bounds (via bootstrapping and 
likelihood methods) have a direct application in (1). This follows since for a given 
loading, geometry, and failure criterion, the I factor given by (2) is only a function of 
m. Thus, at worst, for a particular problem (2) need be determined only once. 
Evaluation of (2) may be laborious and the best way to proceed in the case of nom 
uniformly stressed elements is open at this point. 

I ( m )  as defined by (2) has some interesting properties. Since OM is defined here 
as the maximum of for any orientation and position in the component, then the 
ratio Qe/aM must be less than or equal to one. Therefore the maximum possible 
value of I ( m )  is unity in this setup. It is clear that the lower bound of (2) is zero, so 
that O<I(m)< 1. While any other value of the effective stress that is in a one-to-one 
relationship to UM could be employed in (2), the maximum is an obvious choice and is 
consistent with the physical mechanism of failure. Furthermore, suppose that the 
component is in a state of equal triaxial loading. Then with all presently proposed 
forms for the ratio ae/aM is unity, since there is no shear component in any orien- 
tation. In this case I ( m )  achieves its upper bound of unity with OM as defined. How- 
ever, note that with this definition, I ( m )  may not reduce directly to k, as will be 
shown below. 
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Orientation Independent Models 

By assuming appropriate forms for a,, it catl be shown that (2) is consistent with 
the usual failure models developed by Weibull (Ref. 3). The first model studied by 
Weibull was for a uniform stress state. In extending this model to non-uniform stress 
states Weibull tacitly assumed that the failure criterion was independent of the angles 
4 and $ in (2). (See Ref. 3, Eq.'s 49-57.) With this assumption, (2) reduces to 

Possibly, the simplest form for 0, for use in (3) is 0, = a1 for ~110, and zero other- 
wise, which was studied in some detail by Weibull. By further approximating a1 with 
the longitudinal tensile stress it can be shown that (3) gives the standard evaluations 
of k for 3-point and 4-point bending, etc. For example, in the case of uniform axial 
tension it is straightforward to show that the value of (3) is unity. In the case of three 
point bending with a volume failure mode, (3) becomes 

I ( m )  = 1/(2(m +I)') (4) 

where the integration is carried out only over that portion of the specimen that is in a 
state of tension. 

Moreover, any of the classical failure models, that are orientation independent, 
(e.g., it is assumed that the critical flaw is in the worst orientation) can be used in the 
context of (3). Indeed as noted by Nadai (Ref. 4), the model given by 

(where Q is the stress component normal to the crack surface, T is the shear com- 
ponent parallel to the crack surface, and Q is a "material" constant), can be reformu- 
lated as a functional relationship ody involving the principal stresses a1 and 03. In 
the notation of (5) where 0, is set equal to a,, (the critical stress that just produces 
failure), Equation (5) can be solved by finding the conditions at which the largest 
principal Mohr's circle just touches the parabola resulting from the failure criterion of 
(5) when plotted as Q versus 7. The result is 

when ~ 1 - 0 3  2(4/Q2)ac. Otherwise, a set of solutions exists with a, = a1 which are 
given by all a3 such that 

A 
-a, > 0,-a3. 
Q2 

(7) 

When (6) and (7) are used in (3), a failure criterion is produced that is shear sensitive 
but, at the same time, is independent of orientation. The model given by (5) is based 
on the assumptions that fracture does not occur in a state of equal triaxial 
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compression and that fracture does occur for some states of compressive loading 
driven by non-zero shear stresses. All of this is discussed in great detail by Nadai, 
(Ref. 4, Chapter 15). pilso an in ’depth study of failure criteria is given by Nadai in 
Chapter 15.13 in which various theories are discussed and compared. 

Orientation DeDendent Models 

The second model studied by Weibull is given by = CY for a>O, and zero other- 
wise. This is the so called normal stress model or criterion. For the normal stress 
model and a loading of uniform axial tension, a, = qcos2(#). Then., since the volume 
terms integrate out, (2) becomes 

= 1 / ( h  + 1). 

This is in effect Eq. 36 of Ref. 3. In the situation of biaxial loading a3 is zero so that 
the failure criterion is = CY= cos2(#)(a~cos2($)+ u2sin2(+). Again the size terms 
integrate out, but the remaining integral cannot be obtained in closed form. The final 
result is 

which is essentially Eq. 39 of Ref. 3. Equations (8) and (9) (and Eq.’s 36 and 39 of 
Ref. 3) show that this failure model is not independent of orientation. Indeed I is 
1 / ( h  + 1) for uniform axial tension and not unity as is the case for the maximum 
principal stress model. Thus, if one were to employ the normal stress criterion and 
wished that I were unity under uniaxial loading, then a rescaling of (2) is required. As 
previously indicated, determination of the standard stress state for situations of mul- 
tiaxial loading is under study. 

Concluding Remarks 

Careful study of these two models (or model forms) indicates that the essential 
difference is in the way orientation effects are considered. For example, models such 
as maximum principal stress that are orientation independent have the property that 
failure always occurs when the a, just reaches a cutoff value. This is shown clearly by 
(6) and (7). On the other hand, orientation dependent models, such as the normal 
stress criterion or (5) applied directly in (2), can have values of CY, at which failure 
occurs for some orientations and not for others. This latter situation is much more 
satisfying from a physical viewpoint, since a failure model that is orientation indepen- 
dent requires that the critical flaw is always in the worst orientation, (Le. there are an 
infinite number of flaws of non-zero size, or that the flaws are spherical in nature). 
While these conditions might be appropriate for certain special situations, it is doubt- 
ful that any can hold in general. 
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Status of Milestones 

AU milestones are on schedule. 

Publications 

None. 
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3 . 0  DATA BASE AND LIFE PREDICTION 

INTRODUCTION 

This p o r t i o n  o f  the p r o j e c t  i s  i d e n t i f i e d  as p r o j e c t  element 3 w i t h i n  
the work breakdown s t ruc tu re  (WBS). It contains f i v e  subelements, i n -  
c lud ing (1) Structura l  Q u a l i f i c a t i o n ,  (2) Time-Dependent Behavior, 
(3) Environmental Ef fects,  (4) Fracture Mechanics, and (5) Nondestructive 
Evaluation (NDE) Development. 
element includes proof test ing,  co r re la t i ons  w i t h  NDE r e s u l t s  and 
microstructure,  and app l i ca t i on  t o  components. Work i n  the Time-Dependent 
Behavior subelement includes studies o f  f a t i gue  and creep i n  s t ruc tu ra l  
ceramics a t  h igh temperatures. Research i n  the Environmental E f fec ts  sub- 
element includes study o f  the long-term e f f e c t s  o f  oxidat ion,  corrosion, 
and erosion on the mechanical proper t ies and microstructures o f  s t ruc tu ra l  
ceramics. Work i n  the Fracture Mechanics subelement includes development 
o f  techniques f o r  measuring the t e n s i l e  strength and creep resistance o f  
ceramic mater ia ls  a t  h igh temperatures, and t e s t i n g  ceramic mater ia ls  a t  
h igh temperatures under un iax ia l  tension. Work i n  the NDE Development 
subelement i s  d i rec ted  a t  i d e n t i f y i n g  approaches f o r  q u a n t i t a t i v e  
determination o f  condi t ions i n  ceramics t h a t  a f f e c t  t h e i r  s t r u c t u r a l  
performance. 

Major ob ject ives o f  research i n  the Data Base and L i f e  Predic t ion 
p r o j e c t  element are understanding and app l i ca t i on  o f  p r e d i c t i v e  models f o r  
s t r u c t u r a l  ceramic mechanical r e l i a b i l i t y ,  measurement techniques f o r  long- 
term mechanical property behavior i n  s t r u c t u r a l  ceramics, and physical 
understanding o f  time-dependent mechanical f a i l u r e .  Success i n  meeting 
these object ives w i l l  provide U.S. companies w i t h  the t o o l s  needed f o r  
accurately p red ic t i ng  the mechanical re1 i a b i l  i t y  o f  ceramic heat engine 
components, inc lud ing the e f f e c t s  o f  appl ied stress, time, temperature, and 
atmosphere on the c r i  ti ca l  cerami c propert  i es . 

Work i n  the Structura l  Q u a l i f i c a t i o n  sub- 
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3.1 STRUCTURAL QUALIFICATION 

nicrost=ctural 1QaLp.sis of S t ~ c w a l  C~ramics 
B. J. Hockey and S. M. Wiederhorn 
(National Institute of Standards and Technology) 

Obiective/ScoDe 

The objective of this part of the program is to identify 
mechanisms of failure in structural ceramics subjected to mechanical 
loads at elevated test temperatures. 
damage that accumulates in structural ceramics as a consequence of 
high temperature exposure to stresses normally present in heat 
engines. 

Design criteria for the use of ceramics at low temperature differ 
from those at high temperature. 
elastic and brittle; failure is controlled by a distribution of flaws 
arising from processing or machining operations, and the largest flaw 
determines the strength or lifetime of a component. 
high temperature where ceramics are viscoelastic, failure occurs as a 
consequence of accumulated, or distributed damage in the form of small 
cavities or cracks that are generated by the creep process. This 
damage effectively reduces the cross-section of the component and 
increases the stress that must be supported. Such increases in stress 
are autocatalytic, since they increase the rate of damage and 
eventually lead to failure as a consequence of loss in cross section, 
When this happens, the individual flaw loses its importance as a 
determinant of component lifetime. Lifetime now depends on the total 
amount of damage that has occurred as a consequence of the creep 
process. 
lifetime. 

ceramics intended for use for heat engines indicates that for long 
term usage, damage accumulation will be the primary cause of specimen 
failure. Mechanical defects, if present in these materials, are 
healed or removed by high temperature exposure so that they have 
little influence on long term lifetime at elevated temperature. 
this situation, lifetime can be determined by characterizing the 
damage and the rate of damage accumulation in the material at elevated 
temperatures. In ceramic materials such as silicon nitride and 
SiAlON, such characterization required high resolution analyses 
because of the fine grain size of these materials: 
transmission electron microscopy as an adjunct to the mechanical 
testing of ceramics for high temperature applications is apparent. 

In this project, the creep and creep-rupture behavior of several 
ceramic materials will be correlated with microstructural damage that 
occurs as a function of creep strain and rupture time. Materials to 
be studied include: SiAlON; hot-pressed silicon nitride; sintered 
silicon carbide. This project will be coordinated with WBS 3.4.1.3, 
Tensile Creep Testing, with the ultimate goal of developing a test 
methodology for assuring the reliability of structural ceramics for 
high temperature applications. 

Of particular interest is the 

At low temperature ceramics are 

By contrast, at 

The total damage is now the important factor controlling 

Recent studies of high temperature failure of the non-oxide 

In 

hence the need for 
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Technical HiFrhliehts 

During the past six months microstructural analyses studies were 
initiated on Garrett GN-10 silicon nitride to determine the effect of 
microstructure on tensile creep behavior. 
results in cavitation, an emphasis is being placed on characterizing 
cavitation damage and on describing the cavity nucleation and growth 
processes. 
initial stages, results have been obtained on three different creep 
samples tested to failure at 1250°C (100 and 150 mPa) and at 1375°C 
(75 mPa) under Task 2. These results, Summarized in this report, 
allow a generalized description of the microstructure and the 
cavitation process. 

As tensile creep invariably 

Although the study of this material is still in its 

ental T e c m  

The bulk of the results described in this report were obtained by 
analytical transmission electron microscopy. So far, observations 
have been limited to three tensile creep rupture samples, whose test 
temperatures, supplied stresses, and failure times, respectively were: 
1250'C, 100 mPa, -lOOOh; 1250', 150 mPa, 220h; 1375", 75 mPa, 1.5h. 

In each case, multiple slices were made parallel to the tensile 
stress axis to obtain sections from the interior and from the near- 
(exposed) surface. Prior to final TEM specimen preparation, these 
polished sections were examined optically for evidence of creep 
cracks. 

' 

Results and Discussion 

Examination of GN-10 revealed a silicon nitride matrix of 
variable grain size and morphology, Fig. 1. Grain shapes could be 
broadly classified as either equi-axed or acicular (typically with 
aspect ratios exceeding 3); grain dimensions generally ranged from 
-0.2 to 3 microns, although acicular grains of 5 microns or more in 
length were not uncommon. The microstructure of crept samples also 
contained a relatively high volume fraction of a crystalline second 
phase grains, generally of irregular morphology and sub-micron size, 
Fig. 2. The presence of this second phase is clearly a result of 
devitrification of intergranular glass, originally present within 
multi-grain junctions, due to high temperature exposure either during 
creep testing or post processing annealing. 
second phase has not been completed, however, EDS results indicate a 
yttrium-strontium-calcium silicate(s). In most cases, these results 
suggest a mole ratio of 1:l for Y203:Si0,, the primary constuients. 
While no estimate can yet be made on the strontia content, the calcia 
concentration is estimated to be 2 wtX. 

silicon nitride grains and adjacent silicon nitride and second phase 
grains suggest the presence of a narrow, glassy interfacial layer. 
For adjacent silicon nitride interfaces, EDS spectra invariably show 
detectable intensity peaks for oxygen, strontium, and yttrium. 

Identification of the 

Preliminary analyses of interfaces separating both adjacent 
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Figure 1. Representative view of microstructure of GN-10 silicon 
nitride illustrating varied J3-Si3N, grain morphology and 
size. 
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Figure 2. Region of GN-10 containing high concentration of 
similarily-oriented second phase crystallites (dark 
contrast), produced by devitrification of glass originally 
present during sintering. 
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Significantly, the strontium to yttrium ka peak ratios from these 
interfaces are roughly three times larger than that for the 
crystalline second phase, suggesting a relative enhancement of 
strontia (or alternatively, depletion of yttria) occurs within the 
glass phase upon devitrification. 
microstructural features, examination also revealed the presence of 
carbon/graphite inclusions. 
dimensions (-250 nm) and widely dispersed, one region was found to 
contain clusters of these inclusions and covered an area several 
microns in diameter. At the surface, such clusters conceivably can 
act as sites of premature failure at high temperatures. 

More generally, however, creep rupture occurs as a result of 
interfacial cavitation. While all samples examined so far contained a 
distribution of isolated cavities-most often at small triple junctions 
and less frequently at two Si3N, grain interfaces - cradk-like 
cavities were also found. In IctOst cases, these precursor creep cracks 
appeared to result from cavity nucleation within small triple 
junctions and rapid cavity growth along the intersecting two-grain 
interfaces, Fig. 3a. Full-facet cavity growth was particular evident 
along acicular grains (oriented normal to the tensile stress axis) to 
effectively from a segmented creep crack, Fig. 3b. Continued cavity 
growth along the surface of such large grains clearly leads to the 
development of macroscopic size creep cracks which can propagate to 
cause rupture. 

Future efforts call for examination of samples tested under a 
broader range of creep conditions to clarify both the deformation and 
rupture processes. 
the details of the nicrostrpcture (the nature of interfaces and the 
second phases) and the cavity nucleation and growth processes. 

In addition to these general 

While these were generally of sub-micron 

Particular emphasis will be placed on describing 

All milestones are on schedule. 

Publications 
1. D. C. Cranmer, B. J. Hockey, S. M. Wiederhorn and R. Yeckley, 

"Creep and Creep-Rupture of HIP-ed SiSNS", Ceram. and Eng. Sci. 
Proc. u[9-10] 1862-1872 (1991). 

2. S. M. Wiederhorn, B. J. Hockey and T.-J. Chuang, "Creep and Creep 
Rupture of Structural Ceramics", pp. 555-576 in Toughening 
Mechanisms in Quasi-Brittle Haterials, S.P. Shah, ed., Kluwer 
Academic Publishers, 1991. 

None 
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r 

Figure 3. Intergranular cavitation produced in GN-10 during tensile 
creep. a) initial stage: cavities appear to initiate 
within small triple grain junctions and grow along two 
grain interfaces. b) Crack development: continued 
interfacial cavity growth in direction normal to tensile 
stress eventually results in joining of individual grain 
segments to form creep cracks. 
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Mechanical Pmtmties and Micro~ctural Characterization 
of Si#, Ceramics 
Karren L. More (Oak Ridge National Laboratory) 

Obiective/scow 

The objective of the research is to use analytical and high-resolution electron 
microscopy to characterize the microstructure of a Norton NT-154 Si,N, ceramic material 
following mechanical strength (tensile) testing at elevated temperatures in air. This work 
represents a collaboration with The University of Dayton. Work has also been stated on 
the microstructural characterization of a similar material, as well as Garrett's GN-10 Si,N,, 
following high-temperature tensile creep in air and is a collaborative effort with K. Liu of 
ORNL. 

Technical hiahliahts 

The material under investigation in collaboration with the University of Dayton is a 
hot-pressed Si,N, supplied by Norton (Nl-154 designation) containing 4.0 wt % Y,O, 
intentionally added as a sintering aid. The material was annealed to crystallize the grain- 
boundary phase as part of the Norton processing procedure. Tensile rods were fabricated 
from the bulk NT-154 and subjected to tensionfiension (1096 of maximum load/maximum 
load) cyclic fatigue (TCF) testing or tensile stress rupture (TSR) in air at a temperature of 
1300°C. The mechanical test matrix for the samples received for microstructural charac- 
terization are given in Table 1. Longitudinal TEM and "new" transverse fracture SEM speci- 
mens have been prepared from the hot zone of both the TCF and TSR specimens close to 
the fracture surface from each tensile rod to evaluate microstructural changes and/or 
failure mechanisms occurring during high-temperature cyclic testing. 

Table 1. Tensile cydic fatigue and stress rupture specimens 
supplied for microstructural characterization (NT-154, 

University of Dayton) 

Cycles Sample Temperature Load Time 
No. (" C) (MW (h) 

18 (TCF) 
67 (TSR) 
74 (TSR) 
33 ( T W  
36 (TCF) 

8 (TCF) 
30 (TCF) 

113 (TSR) 

21 (TCF) 

1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 

20 to 200 
200 
200 

30 to 300 
30 to 300 
300 

35 to 350 
35 to 350 
40 to 400 

100.0 
71.2 

100.0 

100.0 
1.2 

-- 

-- 
e 

450,000 

-- 
30,239 

450,000 
I 

4,617 
246,381 

190 
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The results given in Table 1 show that the TSR experiments were designed such that 
if the specimen did not fail after 100 h, it was fast fractured in tension. Likewise, the TCF 
experiments were designed such that if the specimen did not fail after 450,000 cycles 
(- 100 h), the specimen was fast fractured in tension. 

An SEM image of sample 18 (1 300°C, 20 to 200 MPa) is shown in Fig. 1 (a). 
Extremely small, shallow voids were found at many Si,NJSi,N, two-grain junctions, as 
arrowed in Fig. 1 (a). These voids were difficult to image using the SEM, even at low 
voltages. The TEM image shown in Fig. 1 (b) clearly shows these small voids present at 
Si,NJSi,N, grain boundaries aligned perpendicular to the tensile axis. Similar voids have 
also been observed in NT-154 subjected to tensile stress rupture at 1300°C and 200 MPa 
(sample 67) as shown in the SEM and TEM images of Figs. 2(a) and (b), respectively. The 
voids following TCF (20 to 200 MPa) and TSR (200 MPa) at 1300°C clearly did not reach 
a critical size or number to ultimately cause failure as a result of damage accumulation 
since each was ultimately fast fractured in tension after 100 h. The voids form within the 
residual glass film present at most Si,NJSi,N, grain boundaries, as shown in the high- 
resolution TEM image of Fig. 3. The voids grow via diffusion at the elevated temperatures 
until failure. This phenomenon is currently being investigated. 

Larger voids were found at Si3NJSi,N, boundaries in sample 36 (1 300" C, 30 to 300 
MPa), as shown in the SEM and TEM images of Figs. 4(a) and (b), respectively. This 
specimen also lasted 450,OOO cycles, Thus, a critical size and/or number of voids was not 
reached during TCF under these conditions to result in sufficient damage accumulation for 
failure. Results for specimen 1 13 (TSR at 1300°C and 300 MPa) are shown for compari- 
son in Figs. 5(a) and (b). Relatively large voids were also observed in this sample. 
Specimen 33 (1 300" C, 30 to 300 MPa) was also examined in the SEM, but no voids were 
fouqd. This specimen failed after only - 30,000 cycles under TCF conditions similar to 
those used for specimen 36. It is clear from these results that the voids do not form in the 
early stages of testing, and, thus, premature failure of these specimens does not occur as 
a result of damage accumulation. No voids were found in specimen 21 (1 300" C, 40 to 
400 MPa). Specimen 30 (1300°C, 35 to 350 MPa) has not yet been examined. 

Samples for TEM and SEM examination have also been prepared from tensile 
creep specimens of both NT-154 and Garrett's GN-10 Si,N, (in collaboration with K. Liu, 
ORNL). The samples received thus far are summarized in Table 2. Both longitudinal and 
transverse TEM specimens were prepared from each tensile rod close to the fracture 
surface. New transverse fracture surfaces were created close to the original oxidized 
fracture surface in order to view Si,NJSi,N, grain boundaries lying perpendicular to the 
direction of applied stress. 

The creep behavior of the "precycled" NT-154 specimen was superior to that of 
as-received and the annealed (1 00 h at 1370" C) NT-154 material at 1 370" C (see Fig. 6). 
Both the precycled and annealed NT-154 had much better creep resistance than the 
as-received NT-154; thus, a direct comparison between these two specimens was 
undertaken. Two SEM images of new fracture surfaces comparing the annealed and the 
precycled specimens are shown in Figs. 7(a) and (b), respectively. Clearly, voids are 
present at grain boundaries perpendicular to the tensile axis in both specimens and are 
qualitatively just as numerous and in the same size range in both. The reason for the 
superior behavior of the precycled specimen is as yet unclear. 
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YP12891 

Fig. 3. High-resolution TEM image of a S&NJSi,N, grain boundary in 
NT-154. 

Status of milestones 

Program on schedule. 

Publicktions 

1. K. L. More, D. A. Koester, and R. F. Davis, "Microstructural Characterization of a 
Creep-Deformed Sic Whisker-Reinforced Si,N, Composite," presented at the Frontiers of 
Electron Microscopy in Materials Science Meeting, Oak Brook, Ill., May 20-24, 1990; also 
in Ultramicroscopy 37,263 (1991). 

2. K. L. More, D. A. Koester, and R. F. Davis, "The Role of Interfaces in the 
Creep-Deformation of a Sic Whisker-RelnfOrced S&N, Composite," p. 382 in €/ectmn 
Microscopy 7990, Vol. 4, ed. L. D. Peachey and D. B. Williams, San Frandsco Press, San 
Francisco, 1990. 
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Table 2. Tensile creep specimens supplied for microstructural characterization 

Manufacturer Sample 
designation 

Creep 
conditions 

20-07a 
20-09 
20-24 
89360F-1 
89333-4 
8936OF-5 
8936OA-1 
8936OA-4 
89340-1 -2 
89340-1 -3 
89340-1 -1 

Norton 
Norton 
Norton 
Garrett 
Garrett 
Garrett 
Garrett 
Garrett 
Garrett 
Garrett 
Garrett 

unannealed 
precycled, 1370°C, 100 MPa 
137OoC, 100 MPa 
1 1 50"C, 250 MPa 
12Oo"C, 150 MPa 
1200°C, 225 MPa 
1250" C, 175 MPa 
1300OC, 125 MPa 
aged 1370°C-150 h, 1250°C, 175 MPa 
aged 1370°C-150 h, 1250°C, 225 MPa 
aged 137OoC-l50 h, 1300" C, 125 MPa 

'Note that all GN-10 and NT-154 materials are annealed as part of 
processing with the exception of sample 20-07. 

ORNL-DWG 91 Z-12843 

Tensile Creep Of NT-154 Si,N, 
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Fig. 6. Strain versus time curve comparing the tensile creep behavior of as-received, 
annealed, and precycled NT-154. 
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3. 
in SIC Whisker-Reinforced Si3N4 Composites," J. Mater. Res. 6[12], 2735 (1 991). 

D. A. Koester, K. L. More, and R. F. Davis, "Deformation and Microstructural Changes 

4. K. L. More, "Defect Charaterization in a CVD =-Si3N4," p. 936 in Proceedings of the 
49th Annual Meeting of the Electron Microscopy Sociely of America, ed. G. W. Bailey, San 
Francisco Press, San Francisco, 1991. 

5. D. A. Koester, K. L. More, and R. F. Davis, "The High Temperature Creep of a Sic 
Whisker-Reinforced Si,N, in an Air Ambient," submitted to J Mater. Res. 
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Pro.iect Data Base 
B. L. Keyes (Oak Ridge National Laboratory) 

0b.iect i ve/scope 

The ob jec t i ve  o f  t h i s  task i s  t o  develop a comprehensive computer data 
base containing the experimental data on proper t ies o f  ceramic mater ia ls  
generated i n  the t o t a l  e f for t .  This computer system should provide a 
convenient and e f f i c i e n t  mechanism f o r  the compilat ion and d i s t r i b u t i o n  o f  
the l a rge  amounts o f  data involved. The data base w i l l  be avai lab le i n  
e lec t ron i c  form t o  a l l  p ro jec t  par t ic ipants .  
copy summaries o f  the data, inc lud ing graphical representat ion and tabula- 
t i o n  o f  raw data, w i l l  be issued t o  provide convenient informat ion sources 
f o r  p ro jec t  pa r t i c i pan ts .  

I n  addi t ion,  pe r iod i c  hard 

Technical h iqh l  i qh ts  

The Ceramic Technology f o r  Advanced Heat Engines data base present ly 
contains 6309 t e s t  r e s u l t s  on 27 d i f f e r e n t  types o f  tests ,  338 mater ia l  
character izat ions,  13 l u b r i c a n t  character izat ions,  101 coat ing character i  - 
zations, and 1953 other associated records. 
shown i n  Table 1. 

Recent e f f o r t s  have centered around c o l l e c t i n g  and s t o r i n g  t r i b o l o g y  
data generated by the p ro jec t  and analyzing each work breakdown st ructure 
by f a c i l i t y  from program beginning t o  present. Analyses and storage o f  
wear data from B a t t e l l  e Col  umbus, Caterpi 11 a r  , and Cummi ns Engine Company 
have been completed. 

i nvo l v ing  several mater ia ls.  The simplest t e s t  involved two specimens o f  
the same monol i th ic  mater ia l ;  the most complicated, so fa r ,  involved m u l t i -  
coated substrate disks abraded by p ins o f  other mater ia ls.  Accurately de- 
f i n i n g  the mu1 t i coa ted  surfaces and the various substrates required adding 
new f i l e s  t o  handle t h i s  special s i t ua t i on .  

reworked t o  provide more informat ion t o  the user. Bet ter  t e s t  d e f i n i t i o n ,  
more mater ia l  f i e l d s ,  d i s t i ngu ish ing  between a coated and a monol i th ic 
sample, and adding new f i l e s  t o  accommodate the coat ing cha rac te r i s t i cs  
were j u s t  a few o f  the improvements accomplished dur ing t h i s  repo r t i ng  
period. Although these addi t ions were included f o r  the wear data, data 
base personnel p lan t o  expand them t o  other t e s t  data as t ime permits. 

Wear t e s t  data records now o f f e r  f ou r  mater ia l  f i e l d s  ra the r  than only 
one: two coat ing f i e l d s  and two substrate f i e l d s .  When monol i th ic,  
a l loys,  o r  uncoated mater ia ls  are tested, the coat ing f i e l d s  w i l l  be blank, 
leav ing the substrate f i e l d s  t o  i d e n t i f y  the monol i th ics used. A l l  
e n t r i e s  i n  the substrate f i e l d s  w i l l  be f u r t h e r  characterized i n  the main 
mater ia l  character izat ion f i l e ,  MATLCHAR, and the coatings w i l l  be defined 
i n  a new f i l e  appropr iately named COATINGS. Mul t i layered coatings w i l l  be 
named according t o  t h e i r  component mater ia ls  and w i l l  be def ined as unique 
coatings i n  the COATINGS f i l e .  For example, a coat ing named 
"M461/ZIRCOA-2L" i s  a c t u a l l y  a two-1 ayer coat ing ( the "2L" composed o f  a 
METCO 461 base coat and a ZIRCOA Zr0,top coat). 
METCO 461 base coat, fol lowed by a 50:50 coat o f  METCO 461 and ZIRCOA, 

A more de ta i l ed  descr ip t ion i s  

Tr ibology t e s t  character izat ion proved t o  be q u i t e  i n t r i c a t e ,  o f ten  

The e n t i r e  s t ructure o f  the e x i s t i n g  t r i b o l o g y  informat ion f i l e  was 

"M461/ZIRCOA-3L1' i s  a 



Table 1. CTAHE Data Base Summary as o f  September 30, 1991 

Material 
class 

Cycl i c Brazed specimens 
Creep fatigue Density !$$,: Elas t ic i t y  

MOR 4 Shear str .  Toughness Torsion Tor fatigue 

A1 uni na 15 9 28 
Alumina + reinforcing fibers 7 

Alumina + zirconia 
Mu1 1 i t e  2 
Mu l l i t e  + reinforcing fibers 11 
S i l i con  carbide 12 15 
S i l i con  n i t r i d e  69 48 15 24 
S i l i con  n i t r i d e  + reinforcing f ibers  16 
Zirconia 160 58 2 119 
Zirconia + reinforcing fibers 
Other 6 

3? 19 
15 
51 

10 13 
28 16 

2 
158 

4 

Totals 229 118 2 21 7 100 209 38 215 

Material 
class 

N Fracture Hardness Interrupted MOR MOR Oxidation Poisson's Shear Tensile Thermal VI 
toughness fat igue 3-Pt. bend 4-Pt. bend ra te  r a t i o  nodulus conductivity 03 

A1 urni na 39 4 411 28 3 
Alumina + reinforcing fibers 39 144 11 34 
Alumina + zirconia 7 
Mu1 11 t e  1 1 4 
Mul l i te  + reinforcing fibers 12 9 22 
Si l icon carbide 29 27 236 
S i l i con  n i t r i d e  94 112 10 647 1 2 1 75 9 
Si l icon n i t r i d e  + reinforcing f ibers  53 144 I 17 16 86 9 
Zirconia 347 24 239 1554 50 
Zirconia + reinforcing fibers 2 36 
Other 3 39 59 

Totals 617 206 239 20 3230 4 19 17 286 55 



Table 1 (continue) 

Wateri a1 
class Nateria’ Chemistry Thermal Thermal Thermal Thermal X-Ray 

contraction d i f f u s i v i t y  expansion shock Torsion d i f f rac t i on  char. 

A1 umi na 
Alumina + reinforcing f ibers 
Alllltina + zirconia 23 
Mu1 1 i t e  
Mu l l i t e  + reinforcing f ibers 
S i 1  icon carbide 
Si l icon n i t r i d e  
Si l icon n i t r i d e  + reinforcing f ibers 
Zirconia 
Zirconia + reinforcing f ibers 
Other 

1 2 
18 4 6 

21 

10 
17 

23 
44 
14 

35 

17 
3 49 

72 

4 

13 14 
94 
8 
2 

24 
9 57 

56 7 
53 
38 44 

5 
36 17 

Totals 23 45 142 8 7 138 338 139 

Coatings lubricants Material k a r  
class resistance 

A1 umina based 
Alumina + reinforcing f ibers 
S i 1  icon carbide 
S i l i con  n i t r i d e  
Chromf a based 
Zirconia based 
Enamels 
Other 

9 3 
1 
3 

22 
98 20 
13 15 

5 10 
126 53 13 

Totals 277 101 13 

Grand to ta l  ( test  data only) 6309 
Grand t o t a l  (characterization data) 452 
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followed by a top coat of ZIRCOA. 
COATINGS file: "METCO 461," "ZIRCOA Zr02," "M461/ZIRCOA-2L," and 
I1M461/ZIRCOA-3L. I' (Note: 
limitations.) 

Another problem with tribology data has been determining which one o t  
the numerous types of test rigs was used. 
revealed that everything from complex engine emulation systems to rela- 
tively simple roller-to-disk rigs are being used to determine a material's 
coefficient of friction and/or wear resistance. Each test data record now 
contains a TEST - RIG field that points to a description of the particular 
test rig used. 

materials, such as the Unified Numbering System (UNS) for metals. A given 
ceramic may be known by several different names (2-191 is also ca led PSZ, 
Zr02, and zirconia), each one correct but all different as far as a com- 
puter query is concerned. The MATNAMES file was created to facil tate 
choosing a material name for use in a data base query. This file contains 
a list of material names used in the data base cross-indexed to composi- 
tion, manufacturer's, and generic designations all indicating the same 
material. This file will be useful for locating the aliases for each 
materi a1 . 

As the data base grows, accessing specific data becomes more compl i - 
cated because of the shear number of records involved and the possible 
combinations of search criteria needed. Data base personnel usual ly col- 
lect and store the data by tracing a facility's research on a particular 
work breakdown structure (WBS) from its origin to present. Accessing all 
the data for that WBS has been difficult for everyone except the person who 
input the data initially. With the new WBS STUDY field, each facility's 
work on a WBS is coded for easier retrieval: The data may still be 
searched using material, test type, and a variety of other parameters. 
Eventually, a computerized interface to facilitate this task even more will 
be available, possibly for both Apple Macintosh and IBM-compatible 
computers. 

Four coatings would be defined in the 

"METCO" was shortened to I'M" because of space 

A brief literature survey 

Ceramics lack a standard identification system available for other 

Status o f  milestones 

The seventh data base summary has been completed through the first 
draft and will go into review soon. 

Pub1 ications 

The Ceramic Technology f o r  Advanced Heat Engines P r o j e c t  Data  Base: 
September 1990 Summary Report is in revision. 

The Ceramic Technology f o r  Advanced Heat Engines P r o j e c t  Data  Base: 
March 1990 Summary Report is in revision. 

The Ceramic Technology f o r  Advanced Heat Engines P r o j e c t  Data  Base: 
September 1991 Summary Report is completed through first draft and will 
soon go into review. 
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3.2 TIME-DEPENDENT BEHAVIOR 

Characterization of Touahened Ceramics 
Jeffrey J. Swab and Michelina O'Day 
(U.S. Army Materials Technology Laboratory) 

Obiective/scoDe 

To evaluate and characterize toughened ceramic matrix 
composite (CMC) materials for potential high temperature 
structural applicatieqs. .This .includes all classes ob CMC 
materials. 
of this project. At the present time fouppoint flexure 
testing is being used to determine the high temperature 
performance of these QdCs. 

There will be no CMC materials produced as part 

Technical hiahliuhts. 

bars of Sic-fiber reinforced silicon nitride for elevated 
temperature evaluation. Some of the bars which were 
received were coated with a CVD coating of Sic in an 
attempt to improve the oxidation resistance crf the 
material. Uncoated bars were subjscted to flexural stress 
rupture testing at 1000 C and 1100 Coin air while the 
coated bars were tested only at 1000 C in air. 

The stress rupture resulks forothe uncoated bars are 
shown in Figures 1 and 2. At 1000 C this material w a s  able 
to survive 1000 hours under a 400 MPa applied stress 
without failure and minimum plastic deformation. Above 4 0 0  
MPa, as the applied stress approached or exceeded the 
matrix cracking stress of 460 MPa, the time-to-failure was 
significantly reduced and brittle fragture dominated. 
Similar results were observed at 1100 C where the material 
was able to survive 1000 hours under a 300 MPa applied 
stress without failure and a minimum amount of plastic 
deformation. Above 300 MPa, as the applied stress 
increased brittle failure dominated and the time-to-failure 
was reduced. 

The stress rupture results at 1000°C for the CVD bars 
were very different from the uncoated bars. These bars 
failed in a brittle manner with minimal fiber pull-out, at 
very short times-to-failure over the same stress range as 
the uncoated bars. The reason for this reduction in time- 
to-failure is unknown at this time. 

A sintered A4Y13-Si N monolithic ceramic manufactured 
using a new continuous 8eft furnace process was obtained 
from Dale Wittlaer at Southern Illinois University. 
Materials processed in this manner have demonstrated a 
higher average strength than identical materials processed 
using conventional batch furnace methods. Dale is 
obtaining funding from DOE for the processing of this 
material while MTL was providing the evaluation, also 
through DOE funding. 

Ceramatec, Inc. of Salt Lake City, UT provided flexure 

Room and high temperature fast 
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fracture tests were done and the results are shown in 
Table 1. 

a self-reinforced silicon nitride, processed in the same 
manner) was scheduled, but DOE has terminated this project. 
This will be the last report. 

Further testing of this material (as well as testing ot 

Silicon Nitride 
Fast ]Fracture Results 

Room Temperature 702k 148 MPa 

1000 "c 698 f 50 

1 100°C 579 f 68 

1200 "c 586 f 79 

Table 1 

Status of milestones 

Milestones are difficult to set and keep on schedule 
when CMC materials are so difficult to obtain. 

Publications 

None 
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f racture  Behavior o f  Jousrhened Ceramics 
H. T. Lin, P. F. Becher, and W. H. Warwick (Oak Ridge 
National Laboratory) 

0b.iect i ve/scoDe 

Ceramic composites, such as fiber- and whisker-reinforced ceramics, 
particulate phase composites, and ceramics with similar grain structures, 
offer important advantages for heat engine applications. 
is the improved fracture toughness that can be achieved by appropriate de- 
sign of microstructural and material parameters. Previous studies show 
that these materials often exhibit substantial improvements in damage, 
thermal shock, and slow crack growth resistances. However, design of such 
systems must a1 so consider those factors influencing their performance at 
elevated temperatures. 

mechanical properties (e.g., creep, delayed failure, strength, and tough- 
ness) at elevated temperatures for these toughened ceramics. Particular 
emphasis is placed on understanding how microstructure and composition 
influence the mechanical performance at elevated temperatures and the sta- 
bility of these properties for extended periods at these temperatures. The 
knowledge gained from these studies provides input on how to modify mate- 
rials to optimize their mechanical properties for the temperature ranges of 
interest. 

Chief among these 

In response to these needs, studies are conducted to determine the 

Technical hishl ishts 

Over the past six months, the research efforts were primarily directed 
on (1) the compressive creep behavior of polycrystal1 ine fine-grained alu- 
mina and 20 vol X Sic whisker-reinforced alumina composites and (2) the 
strength and toughness behavior of i n - s i t u  reinforced si1 icon nitride 
ceramics that contain elongated grain structures. The objective of the 
compressive creep study is to develop a data base for the comparison of 
creep behavior in flexure and compression. 
into the effect o f  the stress state on the creep response and on creep life 
of monolithic ceramics and ceramic composites. 
vide some insight as to the tensile creep response. 

This will provide an insight 

Finally, it can also pro- 

Compressive Creep o f  Al,O, and A7,0,-SiCw Mater ia ls  

The compressive creep tests at temperatures from 1200 to 1400°C were 
conducted on polycrystalline fine-grained alumina (1.5 pm) and alumina 
composites reinforced with 20 vol % SIC, (2 vm) in air. 
creep data in both flexure and compression for polycrystalline alumina at 
1200 and 1300°C. The applied stress for flexure creep ranges from 37 to 
150 MPa, and that for compressive creep ranges from 25 to 75 MPa. 
indicate that the creep rates in compression are slightly higher than those 
in flexure for polycrystalline alumina. However, the creep stress expo- 
nent, n, is independent upon the applied stress state. The creep stress 
exponent is approximately 2 in both flexure and compression under the ap- 
plied stress ranges in this study. The stress exponent of 2 was attributed 

Figure 1 shows the 

Results 
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Fig. 1. S t r a i n  r a t e  versus stress curves f o r  p o l y c r y s t a l l i n e  f i n e -  
grained aluminas under f l e x u r a l  and compressive loading, respect ively.  

t o  the grain-boundary s l i d i n g  mechanism.' It i s  emphasized t h a t  the be- 
havior o f  alumina grains s l i d i n g  out o f  the specimen surface due t o  gra in-  
.boundary s l i d i n g  i s  observed i n  the compressive creep specimens i n  t h i s  
study. 

Figure 2 compares the creep data o f  alumina composites re in forced w i th  
$ 2 0  vol  % S i c  whiskers a t  temperatures o f  1300 and 1400°C. 
stress range f o r  compression i s  from 37 t o  110 MPa, and t h a t  f o r  f lexure i s  
from $0 t o  275 MPa. The r e s u l t s  ind'icate t h a t  the stress s ta te  has only a 
minor inf luence on the creep rates o f  t h i s  whisker-reinforced alumina under 
the appl ied stress ranges a t  both 1300 and 1400°C. However, the creep 
stress exponent, n, i s  a l t e red  by changing the stress s ta te  a t  1300OC. 
Regression analysis o f  compressive creep data a t  130OOC reveals n o f  
approximately 1, whi le  t h a t  a t  1400°C i s  approximately 2, which i s  the same 
as t h a t  f o r  f l exu re  creep. Previous studies have shown t h a t  poly-  
c rys ta l1  ine f ine-grained aluminas exhib i ted essen t ia l l y  t he  same cI3ep 
ra tes  and exponents (n = 2) i n  both tension and compression tests .  
d i f f e rence  i n  creep rates between f l exu re  and compression t e s t s  o f  f i n e -  
grained alumina i n  the present study r e s u l t s  from the d i f f i c u l t y  o f  a t -  
t a f n i n g  a1 ignment w i t h  small compression specimens, which introduces an 

The appl ied 

The 
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Fig. 2. Strain rate versus.stress curves for 20 vol % Sic whisker- 
reinforced a1 uminas under flexural and compressive loading, respectively. 

additional bending moment on the compressive specimens, leading to higher 
deformation rates in compression. On the other hand, the change in stress 
exponent for alumina composites at 1300°C may be due to the alteration of 
creep-control1 ing mechanisms and/or suppression of the creep cavitation in 
compression. 

Strength and Toughness Behavior o f  Sigh Ceramics 

tures on strength and toughness behavior of i n - s i t u  reinforced silicon 
nitride ceramics that contain eloogated grain structures was one of the 
primary efforts in this reporting period. The i n - s i t u  reinforced Si,N, 
ceramics were fabricated under work breakdown structure (WBS) 
Element 1.2.3.1 by hot pressing at 180OOC f o r  90 and 180 min to > 99.5% 
theoretical density. 
sintering additive systems (in wt X) used in the present study are 2.0% 
Sr0-6.0% Y O3 (2Sr6Y), 1.95% A1 0 -8.43% La 03 (2A18La), 1.97% A1 0,-2.96% 
I O  -4.27%1a O3 (2A13Y4La), 3.k32 Y 

Evaluation of the effects of the sintering additives and microstruc- 

The starting silicon nitride powder is UBE E10. The 

5.67% La203 (4Y6La), 11.1& La O3 
(!lla), 4% Y$, (4Y), 1.5% A1203-6% P2 %- (2A16Y), and 2%Ba0-6% Y,03 (2ba6Y). 



268 

I I I I I I I 

Open: 1800'C/90 min. . 
Solid: 1800'C/180 min. 

I! I 

I -- --- 
-42  

--\ 
I 

I 0 SC138 (2A13Y4La) - 
0 SC154 (2A13Y4La) 

0 SC216 (2A18La) I .I 

\ 
\ 

SC217 (2A18La) 1 

A SC136 (2Sr6Y) 0 
\ 

I I - 
.I 

A SC152 (2Sr6Y) 

SC218 (4Y6La) 
I .I 

I I I I I I I 

All of the as-fabricated Si,N, materials contained 100% b-Si,N, with minor 
amounts of intergranul ar phases. The scanning electron microscope (SEM) 
examinations indicate that grain size (length and diameter) is slightly 
sensitive to sintering additives typically used in this study and to the 
hot-pressing time (90 vs 180 min) at 1800°C. The flexural strength was 
characterized via a four-point bending test (20-mm inner span vs 40-mm 
outer span) at temperatures from 25 to 1400°C in ambient air under a 
loading rate of approximately 100 MPa/s. For 2A16Y materials, the effects 
o f  heating rate end initial B-Si,N, content on the strength behavior were 
a1 so eval uated. 

The flexural strength data of Si,N, materials as a function of 
sintering additives, hot-pressing co-nditions, and test temperature are 
summarized in Figs. 3 and 4. Generally, the flexural strength of Si3N,, 
materials decreases with increasing test temperature, except for mater1 a1 s 
sintered with 11% La 0, (SC163), which exhibits a constant value of 
strength up to 1200"E followed by a slight increase in strength above that. 
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Fig. 3. Flexural strength as a function of test temperature for Si,N, 
ceramics with sintering systems of 2A13Y4La, 2A18La, 2Sr6Y, and 4Y6La. 
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Fig. 4. Flexural strength as a function of test temperature for Si,N, 
ceramics with sintering systems of 2A16Y, llLa, 2Ba6Y, and 4Y. 

In addition, the strength of Si,N materials is insensitive to hot-pressing 
time (90 vs 180 min) at 1800"C, wfiich may be attributed to their similarity 
in grain size. 
temperature strength among the material s investigated in the present study, 
while the llLa materials (SC163) exhibit the lowest strength. 
the materials sintered with 4Y, 2Sr6Y, 2A18La, 2A13Y4La9 and 2Ba6Y exhibit 
similar strength at room temperature. 

Both the 4Y6La (SC218) and 2Sr6Y (SC136 and SC152) materials exhibit a 
slight reduction (8 to 15%) in strength between room temperature and 1200°C 
in air followed by a marked decrease in strength above that. 
rial also reveals a better retention o f  high-temperature strength up to 
12OO0C, which is similar to materials with 4Y6La and 2Sr6Y additives. On 
the other hand, both the 2A18La (SC216 and SC217) and 2A13Y4La (SC138 and 
SC154) materials reveal more o f  a reduction (28 to 36%) in strength between 
room temperature and 120OOC as compared with 4Y6La and 2Sr6Y materials. In 
addition, there is no apparent difference in flexure strength between 
2A18La and 2A13Y4La materials at temperatures i 1200°C; however, the 
strength curve reveals a significant division at temperatures > 1200°C 

The 2A16Y materials (SC235) exhibit the highest room- 

Note that 

The 4Y mate- 
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(i.e., 2A13Y4La materials exhibit a more rapid decrease in strength as com- 
pared with 2A18La materials). The 2Ba6Y materials only show a good high- 
temperature strength at i lOOO"C, then followed by a severe degradation 
above that. The materials containing 2A16Y (SC235 and SC236) also show a 
substantial reduction in strength (32 to 34%) between 20 and 1200°C, fol- 
lowed by a more severe reduction (55 to 60%) up to 1400°C. 
behavior of materials with 2A16Y is essentially insensitive to initial 

phase content. Moreover, the strength degradation tendency versus test 
temperature for SC235 and SC236 is similar to materials with 2A13Y4La 
additives (SC138 and SC154). 
at elevated temperatures for 2A16Y systems is reduced by the increase in 
heating rate (SC204) due to the more homogeneous nucleation of elongated 
P-Si,N grains. 

Tke degradation in flexure strength of Si,N, materials arises from the 
softening of intergranular glassy phases and from the oxidation process at 
elevated temperatures in air. The occurrence of significant degradation in 
strength of 2A16Y, 2Al8La, and 2A13Y4La materials at elevated temperatures 
with respect to 2Sr6Y and 4Y6La materials is due to the addition of A12039 
which leads to a significant decrease in the softening temperature of 
intergranular glassy phases and/or in oxidation resistance. The strength 
results suggest that the materials with rare-earth oxides contain more 
refractory glassy phases leading to better high-temperature mechanical 
properties. 

The strength 

Finally, the degree of reduction in strength 

Status of milestones 

Milestone 321310: Evaluation of flexural versus compressive creep for 

Milestone 321311: 

Al,O, and A120,-20 vol % Sic whiskers was completed. 

Si,N, ceramics containing elongated grain structures was completed. 
Evaluation of strength and toughness behavior for 
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Cvc7ic Fat  i w e  o f Touahened Ceramics 
K. C. Liu, J. L. Ding, H.. Pih, C. 0. Stevens, and C. R. Brinkman 
(Oak Ridge National Laboratory) 

Object i ve/ScoD e 

The objective of this task is to develop, design, fabricate, and 
demonstrate the capabil ity to perform tension-tension dynamic fatigue 
testing on a uniaxially loaded ceramic specimen at elevated temperatures. 
Three areas of research have been identified as the main thrust of this 
tas.k: (1) design, fabrication, and dwnstration of a load train column 
that truly aligns with the line of specimen loading; (2) development of a 
simple specimen grip that can effectively link the load train and test 
specimen without compl icat-ing the specimen geometry and, hence, minimize 
the cost o f  the test specimen; and (3) design and analysis o f  a specimen 
for tensile cyclic fatigue testing. 

1-2 

El UDRl (Precycled) 
UDRl (Fatigued) 

SIC (Hexoloy-SA), 1300°C 
.. . ...... 

Technical Drwress 

Cyclic fatigue behavior of Sic (Hexoloy-SA) 

It was reported previously and shown in Fig. 1 (ref. 1) that the 
130OOC fatigue data obtained from ORNL specimens (excluding specimens 7-1 
and 7-2, which were tested during this reporting period) were generally 

ORNL-DWG 91-9358R 
400 

CYCLES TO FAILURE 
Fig. 1. Comparison of UDRI and ORNL cyclic fatigue data 

o f  Sic (Hexoloy-SA) tested at 1300OC. 
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lower than those obtained from Univers i ty  o f  Dayton Research I n s t i t u t e  
(UDRI) specimens. Closed symbols i n  Fig. 1 ind i ca te  the specimens were 
f ractured a t  the t e s t  condi t ion;  open symbols i nd i ca te  the t e s t  condi t ion 
was changed a t  the number o f  cycles ind icated t o  the next higher c y c l i c  
stress amp1 i t u d e  u n t i l  f a i l u r e  occurred. A carefu l  review indicated t h a t  
a l l  o f  the ORNL specimens except specimen 4-4 were tested i n  the as- 
machined condi t ion.  
be a detr iment t o  the fa t i gue  l i f e  o f  unannealed specimens because button- 
head f a i l u r e s  occurred i n  several tests .  However, no s i g n i f i c a n t  enhance- 
ment i n  fa t i gue  resistance was observed when the fa t i gue  performance o f  
unannealed specimen 1-2 was compared w i t h  t h a t  o f  specimen 4-4, which was 
annealed a t  1500°C f o r  100 h i n  a i r .  

I n  l i g h t  o f  a l l  successful u t i l i z a t i o n  o f  copper c o l l e t s  i n  subsequent 
t e s t s  a t  1400°C w i t h  no buttonhead fa i l u res ,  two addi t ional  t e s t s  were per- 
formed on specimens 7-1 and 7-2 a t  1300°C. Both specimens were annealed, 
s ide by side, w i t h  specimen 4-4 i n  the same batch, except t h a t  the speci- 
mens were made from two d i f f e r e n t  plates, which are i d e n t i f i e d  by the 
p r e f i x  o f  specimen numbers. 

Specimen 7 - 1  was i n i t i a l l y  cycled t o  250 MPa f o r  the purpose o f  
comparison w i t h  UDRI 250-MPa tests ,  i n  which two t e s t s  f e l l  f a r  short  from 
the ta rge t  number o f  0.45 megacycles, as shown i n  Fig. 1. I n  contrast, 
specimen 7-1 survived f a r  beyond the UDRI t a r g e t  l i f e  i n  excess o f  one 
megacycle. Subsequently, the appl i e d  stress was increased successively i n  
steps o f  about 14 MPa a f t e r  each i n t e r m i t t e n t  step completing a block o f  
about 150,000 cycles u n t i l  f a i l u r e  occurred a t  313 MPa with a t o t a l  number 
o f  cycles t o  f a i l u r e  a t  1.56 megacycles. Specimen 7-2 was tested w i t h  a 
s t a r t i n g  c y c l i c  stress o f  281 MPa, which was about two 14-MPa steps higher 
than t h a t  o f  specimen 7-1. A f t e r  successful ly completing the ta rge t  number 
o f  cycles w i t h  no i nd i ca t i on  o f  imminent f a i l u r e ,  the peak stress was 
increased by a step o f  14 MPa a t  0.503 megacycles. The specimen subse- 
quent ly f a i l e d  a t  515,507 cycles i n  t o t a l .  The reason f o r  i n a b i l i t y  o f  
specimen 7-2 t o  a t t a i n  the same l e v e l  o f  f a t i gue  strength as specimen 7 - 1  
i s  not  known, but i t  may be re la ted  t o  the amplitude o f  s t a r t i n g  peak 
stress used. Test r e s u l t s  and parameters are summarized i n  Table 1, and 
data are p l o t t e d  i n  Fig. 1. 

Addi t ional  r e s u l t s  obtained from the above t e s t s  i nd i ca te  t h a t  f law 
heal ing by annealing and adoption o f  copper c o l l e t  i n  the gr ipp ing f i x t u r e  
were useful  techniques t o  avoid buttonhead fa i l u res .  However, i t  i s  not  
c lea r  whether o r  not these measures have made any s i g n i f i c a n t  cont r ibut ions 
t o  the high fa t i gue  strength o f  both specimens. A general observation o f  
the data suggests t h a t  the high fa t i gue  strengths exhib i ted by these two 
specimens may be a t t r i b u t e d  t o  some di f ferences i n  microstructure o f  p l a t e  
samples investigated. 

It was thought t h a t  the residual  machining f laws might 

Cyc l i c  f a t i gue  t e s t i n g  o f  GN-10 Si,N, 

Tensi le and c y c l i c  f a t i gue  strengths were invest igated f o r  GN-10 Si,N, 

Due t o  the l i m i t e d  number o f  t e s t  
a t  elevated temperatures. Test parameters and r e s u l t s  are summarized i n  
Table 2, and data are p l o t t e d  i n  Fig. 2. 
resu l t s ,  the fa t i gue  behavior (portrayed by broken l i n e s  and shaded band) 
o f  Gr-10 Si,N, was approximately determined based on the 1200°C fa t i gue  
data obtained previously f o r  NT-154 Si,N,, a lso p l o t t e d  i n  Fig. 2 t o  



Table 1. Summary of tensile and cyclic fatigue tests of Hexoloy-SA S i c  
tested at elevated temperatures 

Number o f  

intermediate 

cycles Nunber of Locations 

f ractures 

Cycl i c Intermediate 
stress 

( H W  ( H W  c y c l i c  loading f a i  1 ure 
c y c l i c  a t  cycles o f  

Tens i 1 e 
Specimen strength to failure 

( M W  t o  stress 

1 - 9  220 
1 - 3  
1 - 1  
1 - 4  
1 - 2  

4 - 4  

7-1 

7-2 

199 
204 

235 

228 

~~ ~~ 

TeiRperuture = 1300' 

189 
187 
200 
208 
222 

189 
202 
215 

250 
265 
278 
289 
302 

239,361 
231,000 
193,800 
394,000 
352,513 

551,960 
596,901 
567,000 
75,647 

1,004,570 
133,930 
167,270 
123,470 

5,206 
313 5,206 

281 503,382 
295 12,125 

1 
2 

165 
(239,361)a BH & SHNKb 
(231,000) 
(424,800) 

(1,171,313) 
1,171,415 
( 551 ,960) 

(1,715,861) 
1,791,508 

(1,004,570) 
( 1,138,500) 
(1,305,770) 
(1,429,240) 
(1,558,110) 

1,563,316 
( 503,382) 

515,507 

(818,800) 

(1,148,861) 

aNumber o f  cycles accumulated a t  the end o f  intermediate loading. 
i 

,: . 2 bBH - Buttonhead fa i l u re ;  SHNK = shank f a i l u r e .  <.I 
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Table 2. Results o f  t e n s i l e  and cyc l ic  fat igue tests o f  GN-10 Si,N, 
a t  elevated temperatures 

Tens i 1 e/CY C l  C 

[MPa, ( k s i l l  

I n  temedi a t  e 

[MPa, W)l 
Number o f  cycles 

loading 
Temp. stress t o  Cyclic Stress Nulnber Of cyc1es a t  I n t e m d i a t e  

t o  f a i l u r e  

357-2 1150 585.6, (84.9) 1 

Specimen ("C) fracture 

350-1-2 1200 514.2, (74.6) 1 
340-2-5 1200 350, (50.8) 41,845 
350-2-4 1200 300, (43.5) (1,139,464) 

313, (45.4) (1,198,796) 
326, (47.3) (1,286,018) 

337, (48.9) 1,329,464 

1,139,464 
59,332 
87,222 
43,446 

338-1-2 1250 472.5, (68.5) 1 
331 -1  - 1 1250 285, (41.3) 59,308 
350-2-5 1250 250, (36.3) 221,774 

ORNL-DWG 91-116012 

Cycles To Failure 
Fig. 2.  Tensile f racture  and cyc l ic  fa t igue behavior o f  GN-10 Si,N, 

tested a t  1150, 1200, and 1250°C. 
tested a t  1 2 0 O O C  are also included f o r  comparisons. 

Cyclic fa t igue data o f  NT-154 Si,N, 
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facilitate comparison. Test results at 1200°C show that both the tensile 
and cyclic fatigue strengths of GN-10 were lower than those of NT-154 by 
about 20%. The tensile strength of GN-10 tested at 1150°C hints that the 
cyclic fatigue strength of GN-10 at 1150°C would be comparable to or 
slightly lower than those of NT-154. Although not compared in Fig. 2, the 
tensile and cyclic fatigue strengths of GN-10 at 1200°C and those of NT-154 
at 1300°C were about the same, indicating NT-154 was one notch better than 
GN-10 in terms of temperature. 

Acoustic emission studies of ceramic fatigue 

Progressive damage in three different ceramic materials subjected to 
tension-tension cyclic fatigue was monitored using acoustic emission (AE) 
technique. Silicon nitride, alumina, and SiCw/Al 0, matrix composite were 
chosen to vary in microstructure, composition, an% flaw sizes in order to 
investigate the effects of these variables on the ability of the AE tech- 
nique to detect failure before it occurs and locate the potential failure 
sites. 

Figure 3 shows the energy versus time plot for a silicon nitride 
specimen that was cycled initially to a peak stress of 442 MPa for 14,200 
cycles and subsequently raised to 480 MPa, upon which failure occurred 
after 11,100 cycles. The spike at the end of the test indicates high 
intensity of AE.energy at failure time, as expected. However, this graph 
did not show an increase in energy rate (warning that failure is imminent) 

ORNL-DWG 91-16658 

1 Crrph I 

sacinen 111 Wattqua 0 R.T.) 7/19/91 be :27 :4 

................................................. 

................................................. 

................................................. 
I C  

Fig. 3. Plot of energy versus test time for silicon nitride 
(SNW-1000) tested in tension-tension with a peak stress o f  480 MPa 
and the thresholds set at 50 dB. 
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p r i o r  t o  f racture.  
maintain only the r e l a t i v e l y  high-amplitude h i t s  (50 dB and greater), i t  
was found t h a t  no events were reg is tered w i t h i n  the reduced gage sect ion o f  
the specimen except the f i n a l  AE event t h a t  occurred a t  f a i l u r e  (see 
Fig. 4). This observation l e d  t o  the conclusion t h a t  by the t ime the 

Upon f u r t h e r  study and by f i l t e r i n g  the AE data t o  

ORNL-DWG 91-16659 

Fig. 4. P l o t  shows few events occurr ing w i t h i n  the gage section, when 
the thresholds were set a t  50 dB. 

events occurr ing w i t h i n  the reduced sect ion a r r i v e  a t  the sensors ( located 
50 mm apart a t  each end o f  the gage length), the signal amplitude would 
have been attenuated below the present threshold values and thus not 
registered. This observation underscored the necessity t o  reset  the 
thresholds a t  a l o w e r  value f o r  the detectors t o  capture h i t s  occurr ing 
w i t h i n  the gage section. 

To v e r i f y  t h i s  hypothesis, another s i l i c o n  n i t r i d e  specimen was tested 
i n  the same fa t i gue  loading condi t ion mode, whereas t h i s  t ime the 
thresholds were set. a t  the lowest possible value without being s e l f -  
t r iggered by noise. 
i n  energy r a t e  p r i o r  t o  f a i l u r e  was detected by the AE system, as should be 
the case. This f i n d i n g  boosts our confidence i n  AE technique as a poten- 
t i a l  method o f  p red ic t i ng  f a i l u r e  before i t  a c t u a l l y  occurs. 

The re f i ned  AE technique also managed t o  accurately i nd i ca te  the posi-  
t i o n  o f  the f a i l u r e  s i t e s  i n  both specimens. 
versus p o s i t i o n  f o r  one o f  the s i l i c o n  n i t r i d e  specimens tested. The spike 
a t  x = 15mm seen i n  t h i s  graph coincides w i t h  the l o c a t i o n  o f  f a i l u r e  i n  
t h i s  specimen. 

S im i la r  analyses are cu r ren t l y  underway f o r  specimens made o f  the 
alumina and S i C w / A l  0,. Prel iminary studies i nd i ca te  t h a t  the AE system 
also accurately p r e i i c t e d  the locat ions o f  f a i l u r e  i n  these two specimens. 

Figure 5 shows the r e s u l t s  o f  t h i s  tes t .  An increase 

Figure 6 shows the counts 
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ORNL-DWG 91-16660 

DI 

Fig.  5. P lo t  o f  energy vs t e s t  time f o r  the second specimen tested i n  
the same condit ion as the f i r s t  specimen, except the thresholds were set a t  
42 dB. 

ORNL-DWG 91 -16661 

I 

Fig.  6.  The highest peak indicates high frequency o f  events and the 
1 ocation o f  specimen f a i  1 ure.  
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Furthermore, for the compos te material, the AE system predicted the immi- 
nence of failure by showing an increase in energy/count rate prior to 
failure. 
because in earlier studies, the thresholds were not lowered to detect most 
of the AE hits occurring within the gage sections. 

Alumina specimens did not show an increase in energy/count rate 

Creep testing of NT-154 Si,N, 

Experimental efforts were continued on creep testing of NT-154 Si,N,. 
Activities that occurred during this reporting period are as follows. 

Creep behavior a t  1200°C ( F i g .  7) 

Specimen 20-42 (annealed at 1370°C for 150 hl: Tested initially under 
200 MPa. 
behavior, the applied stress was increased from 200 to 250 MPa after 1600 h 
o f  testing. The second leg of this creep test was terminated abruptly with 
a premature specimen failure that occurred outside the gage section due to 
a general power outage. 
curve indicates the test would have continued if the premature failure had 
not occurred. 

Specimen 20-48 (annealed): Tested under a constant stress of 250 MPa. 
This specimen also failed prematurely due to the power outage after 1440 h 
o f  testing (Fig. 7). 

To investigate the effect of strain history on subsequent creep 

The open arrowhead shown at the end of the creep 

The creep behavior of specimen 20-48 and that of 

2 
z 

3000 

ORNL-DWG 91-9360R 

I ( 3 5 0  MPa 
325 YPa (20-49) 

350 MPa (20 

300 MPa (20-38) 

0 250 MPa (20-48) 

50 #Pa (20-42) 

\200 MPa (20-42) NT-154,I 2 O O O C  

- v  

#Pa (20-42) 

I I I 

0 1000 2000 3000 4000 

TIME (h) 

Fig. 7. 
applied stresses. 

Creep curves of NT-154 Si,N, tested at 1200°C under indicated 
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specimen 20-42 subjected t o  the second l e g  o f  loading are compared i n  
f i g .  8. They have been r ep lo t t ed  such t h a t  both start a t  zero time t o  fa- 
c i l i t a t e  comparison. 
specimen 20-48 crept more than specimen 20-42 by about 200 microstrain 
during the first 5 h .  
weak memory o f  previous s t r a i n  h i s t o r y  a t  the temperature o r  the applied 
stress might be too  low t o  have s t imulated the mater ia l  memory. 

Both creep curves are about the same, except t h a t  

This observation suggests  t h a t  the material may have 

ORNL-DWG 91 - 11602 

i Specimen 20-48 
\ 

lo00 

500 

NT454, 1200 C, 250 MPa 
0 I I 

0 500 1000 1500 

TIME (h) 
Fig. 8. Comparison of creep behavior of specimen 20-48 under 250 MPa 

and t h a t  o f  specimen 20-42 under the same stress during the second l eg  o f  
loading. 

SDecimen 20-38, .(annealed): Tested under a cons tan t  s t r e s ?  o f  300 MPa 
for 2257 h w i t h  a tot,al s t r a i n  of 0.4%; teqt completed. 

SDecimen 20-49 (annealed):  Tested under a c o n s t a n t  stress of 325 MPa 
f o r  979 h w i t h  a t o t a l  s t r a i n  of  0.42%; test  completed. 

SDecimen 20-41 [annealedl:  Tested under a constant  stress o f  350 MPa 
for 150 h w i t h  a t o t a l  strain o f  0.39%; tes t  completed. 

SDecimen 13-10 (annealedk: Test (Fig. 9) was i n i t i a t e d  a t  1200°C 
under an i n i t i a l  stress of  250 MPa, which was increased from 250 t o  275 MPa 
a t  t - 1000 h and increased again from 275 t o  300 MPa" a t  t - 2000 h; t e s t  
is  continuing. 

General observat ions ind ica t e  t h a t  the creep behavior of  anneal ed 
NT-154 a t  1200°C was reasonably cons i s t en t  and p red ic t ab le  when t e s t e d  
under cons tan t  loading condi t ions.  
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Fig. 9. 
under an i n i t i a l  s t ress  o f  250 MPa, which was increased t o  275 MPa a t  
t = 1000 h and again t o  300 MPa a t  t = 2000 h. The t e s t  i s  cont inu ing.  

Creep curve o f  NT-154 Si,N4 (specimen 13-10) t es ted  a t  1200°C 

Creep behavior a t  1250°C ( F i g .  10) 

SDecimen 20-62 (annealed): Tested under a constant s t ress  o f  275 MPa 
f o r  100 h w i t h  a t o t a l  s t r a i n  o f  0.33%; t e s t  completed. 

SDecimen 20-57 (annealed): Tested under a constant s t ress  o f  250 MPa 
f o r  340 h w i t h  a t o t a l  s t r a i n  o f  0.49%; t e s t  completed. 

SDecimen 20-59 (annealed): Tested under a constant s t ress  o f  225 MPa 
f o r  2153 h w i t h  a t o t a l  s t r a i n  o f  0.46%; t e s t  completed. 

SDecimen 20-56 (annealed): Test i s  con t inu ing  under a constant s t ress  
o f  175 MPa w i t h  a t o t a l  s t ra in ,  o f  0.3% accumulated t o  t h i s  date. 

SDecimen 13-04 (annealed).: Test began i n i t i a l l y  under 150 MPa, which 
was increased t o  175 MPa a t  t - 1000 h. A comparison o f  t h e  creep behavior 
o f  t he  f i r s t  1000 h shows t h a t  t h i s  specimen i s  l e s s  creep r e s i s t a n t  than 
specimen 20-56. The creep s t r a i n  r a t e  o f  specimen 13-04, a f t e r  increased 
t o  175 MPa, was a lso  h igher  than t h a t  o f  specimen 20-56. A p l a u s i b l e  
explanat ion i s  t he  l o t  v a r i a t i o n  as the  p r e f i x  o f  t he  specimen numbers 
ind ica tes .  Unt i l  m ic ros t ruc tu ra l  analyses are completed, no conclus ive 
remarks can be made a t  t h i s  time. 

SDecimen 13-14 (annealed): Test (Fig. 11) was i n i t i a t e d  under an 
app l ied  s t ress  o f  175 MPa a t  12OO0C, which was increased t o  1250°C a t  
t = 1000 h. Although the, furnace power was shut down a t  t = 777 h due t o  a 
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Fig. 10. Creep curves o f  NT-154 Si,N, tested at 1250°C under 
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Fig. 11. Creep curve o f  NT-154 Si,N, (specimen 13-14) tested 

under an applied stress o f  175 MPa at 12OO"C, which was increased 
to 1250°C at t = 1000 h. The test is continuing. 
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c o n t r o l l e r  f a i l u r e  f o r  about 2 days, subsequent creep behavior was not 
changed by the power outage. A comparison shows t h a t  the creep s t r a i n  r a t e  
a t  t - 2000 h f o r  t h i s  specimen was about the same as t h a t  o f  specimen 
20-56 (Fig. 10). The t e s t  i s  continuing. 

1250°C was a lso consistent and predic tab le provided t h a t  the mater ia l  i s  
annealed and obtained from the same l o t .  

Observations f u r t h e r  i nd i ca te  t h a t  the creep behavior o f  NT-154 a t  

Creep t e s t i n g  o f  GN-10 Si,N, 

behavior and rupture time. Test condi t ions and creep rupture times are 
summarized i n  Table 3 .  All experimental work was performed using a s ing le 
l o t  of GN-10 Si,N,. 

A ser ies o f  creep t e s t s  on GN-10 was completed f o r  modeling o f  creep 

Table 3 .  Summary o f  creep t e s t s  on GN-10 Si,N, 

1150°C 1200" c 1250°C 1300" C 

75 MPa 
100 MPa 
125 MPa 
150 MPa 
175 MPa 
200 MPa 
225 MPa 
250 MPa X (733.8 h) 
275 MP 
300 MPa X (365.4 h) 

Xd (> 936.9 h) 
X (1721.33 h) Xc (> 1029.5 h) 

X a  (> 1030.9 h) X (2996.35 h) X (15.2 h) 
X (1203.6 h) X (135.9 h) X (0.2 h) 
Xb (> 3405.2 h) X (25.5 h) 
X (203.13 h) 
X (96.3 h) 
X (7.5 h) 

%tress increased t o  225 Mpa a f te r  1030.9 h o f  testing. 
kpecirnen fractured at  the buttonhead due t o  the power outage. 
%pecimen fractured a t  the shank part. 
dSpecimen was cooled down and unloaded and then reheated and reloaded a t  

the end o f  936.9 h. 

For  the purpose o f  comparing the creep behavior o f  specimens w i t h  d i f -  
f e ren t  heat treatments, an addi t ional  t e s t  was performed using a specimen 
t h a t  was i n - s i t u  annealed i n  the load column a t  1370°C f o r  about 150 h. 
The specimen was, i n  turn, tested a t  1250°C w i t h  an applied stress o f  
175 MPa without cool ing the specimen t o  room temperature. I n  contrast, a 
specimen annealed i n  a laboratory furnace under s t ress- f ree condi t ions must 
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be reheated from room temperature t o  the t e s t  temperature. To maintain a 
good a1 ignment i n  the load. column dur ing i n - s i t u  annealing, t he  specimen 
was l i g h t l y  loaded with a s t ress o f  16.6 HPa. 
s i g n i f i c a n t  amount o f  creep deformation was measured, as shown i n  Fig. 12. 
The subsequent creep t e s t  was very short, i n d i c a t i n g  t h a t  the specimen 
might have f a i l e d  prematurely. This creep curve and those obtained p r e v i -  
ously f o r  two specimens tested i n  the  as-received and furnace-annealed con- 
d i t i o n s  are compared i n  Fig. 13. The hardening c h a r a c t e r i s t i c  o f  the 
mater ia l  i n  the  as-received condi t ion was c l e a r l y  d i f f e r e n t  from t h a t  o f  
annealed mater ia l .  However, the hardening e f f e c t s  introduced by d i f f e r e n t  
annealing methods remained unclear due t o  the  incomplete informat ion ob- 
ta ined from the short  t e s t .  

Despite the l i g h t  loading, a 
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Fig. 12. Creep curve o f  GN-10 annealed a t  137OOC w i t h  a t a r e  
s t ress o f  16.6 MPa fol lowed by a change i n  t e s t  cond i t l on  t o  1250°C 
w i t h  an appl ied s t ress o f  175 MPa. 
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Comparisons of three creep curves obtained from speci- 
fferent heat treatment but tested under the same 

racterization if creep behavior and rupture time under constant stresses 

Norton‘s power-law creep equation in the following form has been shown 
to be appropriate for describing the creep behavior of GN-10: 

-1631.7 

RT I 
- e61.73 <311.31e 

tmin - 

where 
absolute temperature in K, and R the gas constant. 
activation energy are estimated to be 11.31 and 1631.7 kJ/mole, 
respectively. 
Fig. 14. 

is the minimum creep rate in h-I, (I the stress in MPa, T the 
The stress exponent and 

Experimental data and predictions by Eq. (1) are compared in 
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Fig. 14. Comparisons o f  measured minimum creep Pates and predicted. 
Symbols are experimental data, and the solid lines are generated from 
Eq. ( 2 ) .  

In order to predict the rupture time as a function of T and a, two 
empirical equations were developed ba.sed on the minimum-commitment (MC) 
model and the Larson-Miller 4(LM) model. The MC mode is deseri bed by 

log t, + [R, (T-T,) + % ( 1 / T  - l / T m )  ] = B + C logo + D / o  +Ea2 , ( 2 )  

where t, is the rupture time in hours and Tm the middle temperature, which 
is 1498 K, of the test temperature range used. 
determined to be: 
D = 0.11559, and E - -0.97325~10-~? The LM model is described by 

The constants were 
R, = 0.17312, R = 303,720, B = 87.238, C = -45.689, 

log t, = Bo +B, /T  + Ba l o g o / T ,  (3) 
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where Bo =-58.278, B, = 136,610, and B, = -20,513. 
mental data and predictions are shown in Fig. 15. 

Development of a deformation and 1 ife prediction model 

Comparisons of experi- 

107  

A deformation and 1 ife prediction model for general thermal mechanical 
loading conditions was developed. The model is described by the following 
equations: 

and 

and 
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Fig. 15. Comparisons o f  experimental data and model 
predictions for the creep-rupture time o f  GN-10 Si,N,. 
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where e is the creep strain, b is a devitrification variable that takes an 
initial value equal to 1 but increases as devitrification prevails in the 
grain-boundary phase, o is a creep damage variable that takes a value 
ranging from 0 to 1 with 0 corresponding to the initial state and 1 to the 
ruptured state, and a,,, is the threshold stress in #Pa: 

e, = e62*25g for T < 1200°C and = e36-455 for T L 1200'C , 

( I ~  = 2 . 8 3 4 2  x x 1011069/T Mpa , 

Qe L 7 1 1 . 3 4  kJ/mole for T s 1200 'Cand  = 3 9 5 . 5 1  kJ1mole for T 2 1200°C , 

m -  0 . 4 3  , 

6, = for  T ?; 1200°C and = for T L 12OO0C , 

Qd = 9 9 7 . 1 2  kJ/mole for T s 1200'Cand = 6 4 . 6 5  kJlmole for T L 12OO0C, 

and 
0, = e110*74 V= 1 0 . 8 6  and Q, = 1 5 1 0  kJ/mole . 

Comparisons between model predictions and the creep behavior under 
constant temperature and constant stress are shown in Figs. 16 to 19; the 
annealing effects are compared in Figs. 20 to 23, the creep behavior under 
variable loadings are compared in Figs. 24 and 25, and the rupture behavior 
is compared in Fig. 26. 

Status of milestone 

Completed a matrix o f  tensile and fatigue tests on advanced silicon 
carbide and cyclic/static fatigue tests on NT-154 silicon nitride at high 
temperatures (Milestone 321412). 

Completed tensile creep rupture tests for GN-10 Si,N, tested at ele- 
vated temperatures by July 31, 1991 (Milestone 321506). 
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Fig. 16. Comparisons of creep curves of GN-10 tested at 1150°C. 
Symbols are experimental data, and solid lines are predicted from the 
model. 
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Fig. 17(a). Comparisons of creep curves of 
GN-10 tested at 1200OC. Symbols are experimental 
data, and solid lines are predicted from the model. 
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Fig. 17(b). A close-up of initial transient 
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Fig. 18(a).  Comparisons of creep curves o f  
GN-10 tested at 1250OC. Symbols are experimental 
data, and solid lines are predicted from the model. 
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Fig. 18(b). A close-up of initial transient 
creep curves shown i n  Fig.  7(a) .  
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Fig. 19(a). Comparisons o f  creep curves o f  
GN-10 tested a t  1300°C. Symbols are experimental 
data, and sol id  1 ines are predicted from the model. 
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F i g .  20. Comparison of the creep be- 
havior of GN-10 tested in the annealed and 
as-received conditions at 1150°C and 300 MPa. 
Symbols are experimental data, and lines are 
predictions from the model. 
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Fig. 21. Comparison of the creep be- 
havior of GN-10 tested in the annealed and 
as-received conditions at 1200°C and 225 MPa. 
Symbols are experimental data, and lines are 
predictions from the model. 
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Fig. 22. Comparison o f  the creep be- 
havior o f  GN-10 tested in the annealed and 
as-received conditions at 125OOC and 175 MPa. 
Symbols are experimental data, and lines are 
predictions from the model. 
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as-received conditions at 1300°C and 125 MPa. 
Symbols are experimental data, and lines are 
predictions from the model. 6 
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Fig. 25. Compari son between measured 
creep curve o f  a specimen tested under 
incremental step loading at 130OOC and a 
theoretical prediction shown by a solid line. 
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Rotor Data Base Generation 
M. K. Ferber and M.G. Jenkins (Oak Ridge National Laboratory) 

The goal of the proposed research program is to systematically study the tensile 
strength of a silicon nitride ceramic as a function of temperature and time in an air 
environment. Initial tests will be aimed at, measuring the statistical parameters charac- 
terizing the strength distribution of three samples types (two tensile specimens and one 
flexure specimen). The resulting data will be used to examine the applicability of current 
statistical models as well as sample geometries for determining the strength distribution. 

Inathe second phase of testing, stress rupture data will be generated by measuring 
fatigue life at a constant stress. The timedependent deformation will also be monitored 
during testing so that the extent of high-temperature creep may be ascertained. Tested 
samples will be thoroughly characterized using established ceramographic, scanning elec- 
tron microscopy (SEM) , and transmission electron microscopy (TEM) techniques. A major 
goal of this effort will be to better understand the microstructural aspects of high- 
temperature failure including: 

1. extent of slow crack growth, 
2. evolution of cavitation-induced damage and fracture, 
3. transition between brittle crack extension and cavitation-induced growth, and 
4. crack blunting. 

The resulting stress rupture data will be used to examine the applicability of a 
generalized fatigue-life (slow crack growth) model. If necessary, model refinements will be 
implemented to account for both crack blunting and creep damage effects. Insights ob- 
tained from the characterization studies will be crucial for this modification process. Once 
a satisfactory model is developed, separate'stress-rupture (confirmatory) experiments will 
be performed to examine the model's predictive capability. Consequently, the data gener- 
ated in this program will not only provide a critically needed base for component utilization 
in automotive gas turbines but also facilitate the development of a design methodology for 
high-temperature structural ceramics. 

Technical Droaress 

Studies of the high-temperature mechanical properties of a high-performance silicon 
nitride (PY6) were continued this reporting period.* The PY6 material is fabricated by hot 
isostatic pressing (HIP) using 6 wt % yttria as the densification aid. The microstructure 
typically consists of 1 - to 6-pm-long acicular grains surrounded by equiaxed grains 0.1 to 
1 .O pm in diameter. This morphology leads to a relatively dense microstructure. The sili- 
con nitride grains, which are generally in the form of pSi,N,, are separated by relatively 
thin layers of an amorphous yttrium silicate. The intergranular phase is also present in the 
triple points as a crystalline yttrium silicate. The exaat phase composition of these 
intergranular compounds depends upon the HIP conditions. 

*PY6 silicon nitride, GTE Laboratories, Inc., Waitham, Massachusetts. 
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Testing of this material involved the measurement of (1) the fast fracture strength as 
a function of temperature and (2) the creep/fatigue behavior at temperatures in the range 
of 1 150 to 1400" C. Data were generated using both four-point flexure (3 x 4 x 50 mm) 
and button-head tensile specimens (6.35mm gage diameter and 35-mm gage length). 
The majority of the flexure specimens were machined from injection-molded and HlPed 
bars having approximate fired dimensions of 4 x 6 x 50 mm. The tensile specimens were 
machined from isopressed and HlPed rods 160 mm long and 22 mm in diameter. In order 
to examine the effect of green state processing (i.e., injection molding versus isopressing) 
upon mechanical behavior, a limited number of flexure specimens were also machined 
from the as-received tensile rods. 

During this reporting period, the microstructural analysis of the the PY6 creepbatigue 
tensile specimens was completed. These specimens were tested at 1150, 1260, and 
1370°C. Additional details are given in Ref. 1. Low-power optical microscopy of the 
tensile fracture surfaces revealed a transition in the fracture markings as the test tempera- 
ture increased from 1 150 to 1370" C. At 1 150°C the fracture surfaces contained well- 
defined mirror, mist, and hackle regions (Fig. 1). A region of apparent slow crack growth 
was also identified within the mirror region. SEM of this area showed the presence of 
microcracks, which were presumably involved in the slow crack growth process. At 
1260" C, the fracture surface was characterized by a relatively small creep damage zone 
(region of high surface roughness) originating from the gage-section surface. This zone 
contained numerous microcracks extending over many grain facets and lenticular-shaped 
cavities located predominantly at two-grain junctions. Additional details of these cavities, 
which were sllso observed throughout the gage section, are given below. Finally, as indi- 
cated in Fig. 1, the mirror size at 1260" C was significantly larger than that at 1 150" C, 
while the hackle region was smaller. 

ORNL-DWG 92-5027 
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Fig. 1. Schematic representation of key fracture markings observed along the 
fracture surfaces of button-head tensile specimens. 
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At 1370" C, the creep damage zone, which also appeared to originate from the 
surface, covered as much as 50% of the fracture surface with the mirror region comprising 
the remainder (Fig. -1). The fact that no hackle markings were present suggests that the 
true mirror size exceeded the specimen dimensions. The creep damage zone was similar 
to that observed at 1 260" C in that both cavitation and microcracking were predominant 
features. In addition, the size of creep damage zone increased slightly with decreasing 
stress thus indicating a slight stress dependenoy of the damage accumulation process. 
These results are in agreement with those reported in other studies23 of the creep 
deformation behavior of silicon nitride. 

An important difference in the failwe behavior at 1260 and 1370°C concerned the 
presence of multiple cracks in the gage sections of the 1370°C specimens. Therefore, as 
the temperature increased, the damage coalescence process became active throughout 
the gage section. This behavior may have resvtted from the increased oxidation at 
1370" C. As indicated in Fig. 1, a 0.5- to 1 -mm-thick oxide scale was present along the 
outer surface of the 1370" C specimens. As discussed in the next section, surface oxi- 
dation may provide preferred sites for damage coalescence. This would also explain why 
the creep damage zone at 1260 and 1370" C appeared to originate from the gage-section 
surface. 

Detailed SEM examination of the cavities observed along the fracture surface of 
specimens tested at 1260 and 1370" C was prohibited by the oxide scale. However, these 
cavities could be readily observed by generating a Secondary fracture at room 
temperature. As shown in Fig. 2, extensive cavitation was found along two-grain 
junctions. These cavities, which were lenticuiar in shape, were present throughout the 
gage-section volume. Furthermore, the extmsbn of the avities into the silicon nitride 
grains suggests that the growth mechanism involved solution/precipitation rather than 
viscous flow [Fig. 3(a)]. The fact that no cracklike cavities were found indicates that the 
rate of surface diffusion was relatively high,' Finally, there was a tendency for the number 
of cavities in the 1370" C specimens to decrease dramatically as the the applied stress 
was lowered to 50 MPa. This result is consistent with a critical threshold for cavity 
n~cleation.~ 

fracture surfaces was the skeletal pattern of the intergranular phase outlining the inter- 
faces between small grain clusters and a single, large grain (Fig. 2). As shown in 
Fig. 3(b), the formation of this pattern may have been a consequence of grain separation 
by viscous flow of the boundary phase. Such deformation would lower the local fracture 
resistance of the intergranular phase, thereby providing a preferred failure path during 
secondary fracture. This viscous flow process, which is discussed in detail in 
Refs. 3 and 4, would ultimately lead to the formation of facet-sized microcracks. As shown 
in Fig. 2, the size of these microcracks was significantly greater than the average cavity 
diameter. However, the total damage generated by this viscous flow process may have 
been limited, due to the fact that potential damage sites were restricted to interfaces 
between large and small grains. Finally, the absence of extensive creep damage at 
1 150" C was a consequence of the increased viscosity of the intergranular phase. 

nitride ceramics containing a bimodal grain stze? Based upon these observations, one 
may conclude that the deformation rate of the large grain regions was lower than the 
surrounding finegrain matrix. This behavior is expected for diffusionantrolled creep 
since the diffusion distances are shorter for small grains. Similar arguments have been 

A second, fairly common feature observed along the 1260 and 1370°C secondary 

The damage mechanism illustrated in Fig. 3(b) has been observed for other silicon 
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Fig. 2. SEM micrograph of cavities generated in specimens tested at 1260" C. 
Similar cavities were observed at 1370°C. 

used to describe the creep and fatigue responses of ceramics containing large 
inhomogeneities. 

Finally, samples taken from the gage sections of specimens tested at all three tem- 
peratures were ground and polished for metallographic examination. Observations of the 
1370°C specimens made at low magnification (< lox) under polarized light revealed a 
spotted microstructure. These spots, which were 0.5 to 1 .O mm in diameter, were attri- 
buted to preferred recrystallization of the intergranular phase over large regions of the 
microstructure. In particular, the X-ray diffraction peaks associated with yttrium disilicate 
compound (a major component of the intergranular phase) became sharper and larger 
following the creep exposure at 1370°C. Similar changes were absent in the 11 50 and 
1260" C specimens. In order to better quantify possible time-dependent variations in 
grain-boundary crystallography, TEM will be performed upon selected specimens. Results 
will be reported at a later date. 

deformation mechanisms. For example, the accommodated creep deformation in the PY6 
As reported previously,' the creep studies of the PY6 revealed a number of active 



301 

ORNL-DWG 92-5028 

STRESS .T 
CAVITY PENETRATES 

INTO GRAIN 

CAVITY MAY FORM PRIOR 
TO VISCOUS FLOW 

(b) 

C P A l N  V INTERGRANULAR 
PHASE (ARROWS 

INDICATE 
VISCOUS FLOW) 

-" * 0.5TO 1 . 5 ~  UI - l a .  

EQUIAXED GRAINS 
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at 1260 and 1370" C was apparently controlled by grain-boundary diffusion. This mecha- 
nism would entail transport of species from the boundaries under compression to those 
under tension with no net change in volume. The microstructural observations also re- 
vealed the presence of unaccommodated creep strain (Le., creep damage), which resulted 
from both cavitation [Fig. 3(a)] and viscous flow between small and large grain interfaces 
[Fig. 3(b)]. Although grain-boundary sliding is often cited as a deformation mechanism in 
the creep of silicon nitride, it was not expected to be the dominant or rate-controlling step 
during the creep of the PY6 material. This conclusion is based on a study by Lange7 
showing that sliding in the presence of a viscous intergranular phase is faster than the 
rate of grain deformation required to accommodate the sliding. During the first stage of 
creep, this accommodation is by elastic deformation while for long-term creep, grain 
deformation will be controlled by either diffusion or viscous flow. Grain-boundary sliding 
may, however, play a secondary role by generating large, transient stresses during abrupt 
sliding events, which increases the cavity nucleation rate.5 

One key indicator of the dominant creep mechanism is the creep stress exponent, n. 
In the present study, n was equal to 5.0, which is greater than values (1 to 3) reported for 
similar silicon nitrides in previous flexural creep This discrepancy is due to 
stress relaxation and redistribution in the flexure specimens. The fact that n is greater 
than that expected for pure diffusional creep (n = 1) is due to the stress dependency of 
the creep damage mechanisms. This damage gives rise to an additional (unaccom- 
modated) strain rate component, d c, equal to the product of the steady-state 
creep rate measured in the absence of the cavities, d so, and a parameter, p,  which is 
proportional to the number of cavities (microcracks) per unit volume, Nmc, and 8, where 
d is the cavity (microcrack) diameter." Therefore, the total creep strain rate, d st, is given 
as 

where D is a constant ( -  0.5). For the case of diffusional creep, & st is directly 
proportional to the applied stress. The stress and time dependencies of p will dictate the 
deviation of the measured strain rate from that expected for diffusional creep alone. One 
may assume that at a given stress, p will increase from 0 (at time, t = 0) to some critical 
value, pc, at failure. During this time, if p becomes significantly larger than 1, the E' st 
will exceed d st prior to failure. Such behavior is consistent with tertiary creep defor- 
mation observed at 1370" C. 

The application of Eq. (1) to the experimental total strain versus time curves is 
limited by the absence of data describing the stress, time, and temperature dependencies 
of the parameter p. Based upon the studies of Suresh and Brockenbrough," the elastic 
modulus, E, should be sensitive to the level of creep damage and, thus, p. Consequently, 
additional creep measurements of the PY6 at 1370" C were initiated in which E was deter- 
mined as a function of time by periodically unloading the specimen to 20% of the maxi- 
mum applied stress. Figure 4 shows the total strain and E as a function of time for an 
applied stress of 62 MPa. For times less than 250 h, E decreased slightly, which is con- 
sistent with the expected evolution of creep damage. However, E increased as the test 
time exceeded 250 h. It is possible that changes in the degree of crystallinity of the 
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Fig. 4. Time dependence of total strain and elastic modulus for specimen tested 
under a 62-MPa applied stress at 1370" C. 

intergranular phase were responsible for this behavior. The crystallinity of the inter- 
granular phase is currently being examined using X-ray diffraction. A second interesting 
finding is that the strain versus time curve in Fig. 2 exhibited no evidence of tertiary creep. 
Previous data' revealed a strong tertiary strain component preceding failure. Reasons for 
this discrepancy are under investigation. 

Status of milestones 

None. 

Publications 

M. K. Ferber and M.G. Jenkins, "Evaluation of the High-Temperature Mechanical 
Reliability of a HlPed Silicon Nitride," submitted to J. Arner. Cerarn. SOC. for publication. 
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M. K. Ferber and M.G. Jenkins, "Evaluation of the High-Temperature Mechanical 
Reliability of a HlPed Silicon Nitride," to be published in Proceedings of the Annual 
Automotive Technology Development Contractors' Coordination Meeting, Dearborn, 
Michigan, October 28-31, 1991, Society of Automotive Engineers, Warrendale, 
Pennsylvania. 
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TOUGHENED CE RAMICS LIFE PREDICTION 
Jonathan A, Salem and Sung R. Choi (NASA-Lewis Research Center) 

The purpose of this research is to understand the room temperature 
and high temperature [>137OoC (2500°F)] behavior of toughened ceramics as 
the basis for developing a life prediction methodology. A major objective 
is to understand the re1 ationship between microstructure and mechanical 
behavior within the bounds of a limited number of materials. A second 
major objective is to determine the behavior as a function of time and 
temperature. Speci f ical ly, the room temperature and elevated temperature 
strength, re1 iabil ity, fracture toughness, slow crack growth and the creep 
behavior will be determined for the as-manufactured material. The same 
properties will also be evaluated after long-time exposure to various high 
temperature isothermal and cyclic environments. These results will 
provide input for para1 le1 materials development and design methodology 
programs. Resultant design codes will be verified. 

Technical Hishl ishts 

The slow crack growth and creep behavior of a hot-pressed Si,N, was 
determined in flexure in air at 1200 and 130OOC. The slow crack growth 
data determined from dynamic fatigue was compared with that evaluated from 
static fatigue. Steady-state creep data were obtained as a function of 
applied stress, and the validity of bend data was evaluated from neutral 
axis shift determinations. 

ExDerimental Procedures 
. .  

The material used in this study was a hot-pressed Si,N with 1% MgO 
(Ceralloy 147A Si,N,, fabricated by Ceradyne, Inc.). Typicaj mechanical 
properties of the test material are presented in Table 1. This material 
was chosen because it exhibits moderate fatigue and creep susceptibilities 
at high temperatures, enabling the comparison of 1 ife prediction results 
from various testing methods. The nominal dimensions of the test bar 
specimens were 3.2~4.2~50 mm. 

Dynamic and static fatigue testing for the as-received specimens was 
conducted in ambient air at 1200 and 130OoC using a Sic four-point bend 
fixture in an Instron testing machine (Model 8562). The inner and outer 
spans of the test fixture were 20 and 40 mn, respectively. The loading 
rates for the dynamic fatigue testing varied from 2 to 2000 N/min at each 
test temperature. Stress levels in the static fatigue tests were 120 to 
320 MPa, and 80-260 MPa, respectively, at 1200 and 130OOC. During the 
static fatigue testing, the deflection at the midspan of each specimen was 
monitored using a LVDT to obtain creep strain data. Each test specimen 
was preloaded with 20 N to maintain good alignment relative to the test 
fixture, and held at test temperature for 20 min prior to testing. 
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In addition, creep strain measurements across the specimen height 
were made for short specimens (3.2~4.2~25 mm) at various applied stresses. 
These tests were carried out to examine the location of the neutral axis 
during creeping. This was done by putting three scratch lines (s2 mm 
between adjacent lines) within the inner span on a polished side surface 
of the specimen (see Fig. 1). The scratch marks were made with a Vickers 
microhardness indenter. A similar method was used by Chen and Chuang [l] 
to measure neutral axis shift by placing the rows of Vickers impression 
marks NN 2 mm apart. But, it should be noted that the post-creep 
visibility was better for 1 ine scratches than for impression marks. 
Applied moments resulted in calculated stresses of 100 and 130 MPa at 
1200°C, and 60 and 85 MPa at 13OO0C. After some time interval under 
steady-state creep condition, the testing was interrupted, the furnace 
cooled and the specimen removed. The specimen was then immersed into 
POXHF-20%HzS0,-6O%H 0 solution for 4 5  minutes to the remove oxide layer 
and enhance visibifity of the scratch lines. The distances, L,' and L ', 
between two adjacent lines were measured along the specimen height at 6.2 
mm spacing using a machinist microscope. The corresponding strains, el and 
eZ,. were calculated and the average stain at each point along the specimen 
height was obtained by averaging el and e:* (e: = (e1te2) /2 ) .  

Results and Discussion 

For most ceramics and glasses, slow crack growth can be expressed by 
the empirical relation V = AKIn, where A and n are the fatigue constants 
associated with material and environment, and K, is the Mode I SIF. For 
dynamic fatigue testing which employs constant loading (b) or constant 
stress rate (6), the corresponding fatigue strength, of,  is expressed [2] 

where o! is a value associated with A, n, toughness, inert strength, and 
crack geometry. The slow crack growth parameters, n and a,  can be 
obtained from the intercept and slope, respectively, of the linear fit of 
Log of versus Log 6. In the same way, for static fatigue testing where 
constant stress is applied, the time to failure (tfs) can be derived easily 
in terms of applied stress (oa) as follows [3]: 

-n t,, = B rJa 

where B is a value related to A, n, toughness, inert strength and crack 
geometry. Likewise, the fatigue parameters n and B in static fatigue can 
also be evaluated by a linear regression analysis from the slope and 
intercept of the static fatigue curve when time to failure (Log t s) is 
plotted against applied stress (Log oa). However, it should be noted that 
there are several statistical approaches to estimate the fatigue 
parameters based on static and dynamic fatigue data. Currently, 
statistical approaches such as median value, bivariant and trivariant are 
being reviewed using room-temperature fatigue data obtained from soda-1 ime 
glass. 
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The relationship in fatigue life between dynamic and static fatigue 
is [A] 

where t, is the time-to-failure in dynamic fatigue, which corresponds to 
t, = uf9&. By substituting tfs in Eq. (3) into Eq. (2) with uapQf, the 
dynamic fatigue curve can be converted a into static fatigue curve as 
follows: 

where y is the value associated with n and 6. 

A sumnary o f  the dynamic fatigue results is presented in Fig. 2, 
where fatigue strength (Log u,) was plotted as a function of applied stress 
rate (Log u)  at temperatures of 1200 and 130OOC. The solid lines in the 
figure represent the best-fit lines based on Eq. (1). The decrease in 
fatigue strength with decreasing stress rate, which represents fatigue 
susceptibility, was evident at both temperatures, as shown in Fig 2. The 
fatigue parameters n and a, which were determined by a linear regression 
of Log uf versus Log 6, are included in Table 2. Also, included in Table 
2 are the fatigue parameters obtained from static fatigue which will be 
described in the next section. Both the fatigue parameters n and a 
decreased with temperature: n = 16.1 at 120OoC and n = 13.7 at 13OO0C, and 
log a = 2.3025 at 120OoC and log Q = 2.1552 at 130OOC. Hence, fatigue 
susceptibility is greater at 130OoC than at 120OOC. The low value of n is 
indicative of higher susceptibility to slow crack growth. This value of 
n is considerably lower than that (n = 40-46) previously obtained for GN- 
10 silicon nitride [5]. It should be noted that an appreciable creep 
deformation was observed for the specimens subjected to the very low 
stressing rates (b I 5 MPa/min) at 130OOC. Typical fracture surfaces of 
the specimens tested at different stress rates are shown in Fig. 3. As 
shown in the figure, the presence of slow crack growth zones is dominant 
as the stress rate decreases, consistent to the results shown in Fig 2. 
One complication evident from the fractography is the shape of the crack 
developed in the test specimens, especially at long time-to-failure. The 
cracks, though i ni t i a1 1 y ha1 f -penni es in configuration, develop into 
corner and straight-through cracks as the crack size approaches the 
specimen size. This may effect the values of the measured fatigue 
parameters. 

The results of the static fatigue tests are shown in Fig. 4, where 
constant applied stress (Log a,) was plotted in terms of time-to-failure 
(Log tf) at 1200 and 130OOC. The arrow marks in the figure represent the 
specimens that did not break before 187 and 141 hours, respectively, at 
1200 and 1300'C. Also, the solid lines in the figure represent the best- 
fit lines based on Eq. (2). The fatigue constants n and 6, evaluated from 
the fatigue data in Fig. 4 using a linear regression analysis, are 
presented in Table 2. The fatigue constants n decreased from n - 14.5 at 
120OoC to n = 12.3 at 130OoC with corresponding log 6 = 36.379 and 29.818 
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values, respect ively,  a t  1200 and 130OOC. It was observed t h a t  creep 
deformation became s i g n i f i c a n t  a t  low appl ied stresses (I 120 MPa) w i t h  e 
> 0.5 % a t  1300 O C .  I n  t h a t  case, the specimen f a i l u r e  was mainly 
associated w i t h  creep deformation. To the contrary, a t  the moderate 
appl ied stress l e v e l s  a combination o f  slow crack growth and simultaneous 
creep resul ted i n  specimen f a i l u r e .  The higher the appl ied stress the 
greater the tendency f o r  slow crack growth f a i l u r e .  S im i la r  f a i l u r e  
phenomena has been observed elsewhere f o r  s i 1  icon n i t r i d e  mater ia ls  [6,7].  
It i s  noteworthy, however, t h a t  the value o f  n obtained from dynamic 
fa t i gue  i s  i n  excel lent  agreement w i t h  t h a t  obtained from s t a t i c  fat igue. 
Figure 5 shows t y p i c a l  examples o f  the f r a c t u r e  surfaces o f  the specimens 
f a i l e d  a t  d i f f e r e n t  stress l e v e l s  a t  both temperatures. As mentioned 
before, slow crack growth i s  dominant a t  higher appl ied stress; whereas, 
creep associated f a i l u r e  i s  noted a t  low appl ied stress and v e r i f i e d  by 
observation o f  many microcracks i n  the t e n s i l e  surface. As w i t h  the 
dynamic fa t i gue  cracks, the s t a t i c  f a t i gue  cracks develop i n t o  corner and 
straight- through configurations. The development o f  data f o r  component 
l i f e  p red ic t i on  may requi re l a r g e r  specimens, shorter t e s t  t imes o r  
adjustments i n  crack geometry factors.  

As aforementioned, excel 1 ent agreement e x i s t s  between dynamic and 
s t a t i c  f a t i gue  behaviors. This can be seen more r e a d i l y  by convert ing the 
dynamic fa t i gue  data I n t o  a s t a t i c  f a t i gue  curve by using Eqs. (3) and 
(4). The r e s u l t i n g  p l o t s  are shown i n  Fig. 6, where the converted data 
are compared w i t h  the s t a t i c  f a t i gue  data. Notwithstanding a l i t t l e  
v a r i a t i o n  i n  data and the small number o f  t e s t  specimens, ove ra l l  
agreement i s  excel lent .  Therefore, based on these r e s u l t s  i t  i s  possible 
t o  ca lcu late slow crack growth parameters from e i t h e r  s t a t i c  o r  dynamic 
t e s t i n g  techniques. It should be noted t h a t  dynamic fa t i gue  t e s t i n g  i s  
preferable since t i m e - t o - f a i l u r e  i s  shorter i n  dynamic fa t i gue  than i n  
s t a t i c  fat igue. However, care should be taken when dynamic fa t i gue  data 
i s  extrapolated t o  p r e d i c t  f a t i gue  behavior i n  the  low appl ied stress 
regime. 

The r e s u l t s  o f  the creep s t r a i n - r a t e  measurements as a f p c t i o n  o f  
appl ied stress are summarized i n  Fig. 7. Assuming a a ua r e l a t i o n  
(Norton's law) w i t h  no neutral  ax is  s h i f t ,  the stress exponent (N) was 
evaluated t o  be N = 6.0 and 5.0, respect ively,  a t  1200 and 130OOC. For a 
given appl ied stress, creep r a t e  a t  130OoC i s  about 10 times greater than 
t h a t  a t  120OOC. The high N indicates t h a t  creep was associated w i t h  
cav i ta t i ona l  damage. 

I n  construct ing Figure 7 i t  was assumed t h a t  creep deformation i s  
symmetric between the tension and compression sides and t h a t  no neutral  
ax is  s h i f t  takes place dur ing creeping. However, i t  has long been 
observed t h a t  ceramics normally creep f a s t e r  i n  tension than i n  
compression, r e s u l t i n g  i n  s h i f t  o f  the neutral  ax is  and an asymmetric 
stress d i s t r i b u t i o n .  The r e s u l t s  o f  the neutral  ax is  determinations, 
based on the scratch mark technique described i n  the Experimental 
Procedure section, are presented i n  Fig. 8. The s t r a i n s  as a funct ion o f  
l o c a t i o n  along the y ax is  are presented f o r  d i f f e r e n t  condi t ions o f  



309 

applied stress, sustained time and temperature. 

The results in Figure 8 show clearly that the neutral axis shifted 
to the compression side for Si,N, at all the test conditions. By contrast, 
the neutral axis of a stainless steel test bar that was subjected to creep 
with a = 250 MPa at a temperature of 7OO0C remained almost unchanged, 
indicating that tensile and compressive creep are identical to each other, 
as noted previously [8]. These results suggest again that the stress 
exponent (N) as well as any of the other creep parameters determined in 
bending creep should be accepted with some caution. Therefore, in view of 
the ambiguities and uncertainties related with bend bar creep data, 
individual tensile and compressive creep testing must be performed, as 
emphasized previously (for example, [9]). Currently, results of flexural 
creep (Figs. 7 and 8) obtained by the scratch mark technique are being 
analyzed with the analysis of Chen and Chuang [l] to predict tension and 
compression creep parameters. 

Conclusions 

The dynamic and static fatigue behaviors of Ceralloy Si,N, with 1 X 
MgO material are in excellent agreement at 1200 and 13OO0C, notwithstanding 
some creep deformation at low applied stress or low stress rates at 130OOC. 
Although creep behavior in bending follows Norton's law, neutral -axis 
shift' occurred at all the test conditions. Individual uniaxial tension 
and compression testing is thus desirable for complete characterization of 
creep behavior of a ceramic material. 

Status of Mi 1 estone 

Milestones are on time. 
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Tab1 e 1. 
at room temperature. 

Mechanical properties of Cera1 1 oy Si,N, 

Toughness' Hardness* Young Modul us3 Densi tj4 
K, (MPa/m) H (GPa) E (GPa) (s/cm 1 

5.78 14.7 3 13 3.21 
(0.10)* (0.9) 

Notes: 
1. By the SEPB method 
2. By Vickers microhardness indenter, H=P/2d2. 
3 .  By strain gaging 
4.  By the buoyancy method * The parenthesis indicates one standard deviation. 

Table 2 .  Summary of fatigue parameters determined from dynamic and static 
fatigue for Ceralloy Si3N, at temperatures of 1200 and 130OoC in air. 

Dynamic fatigue Static Fatigue 
Temp 
("C) -n t, = D a, 

1200 
Log a = 2.3025 

rcoef = 0.8146, 
Log B = 38.14 

n = 16.1 
Log B = 36.379 

n = 14.5 
rrf = 0.8639 * 
og a = 2.424 

1300 
Log CY = 2.1552 

rcoef = 0.8687, 
Log B = 30.51 

n = 13.7 
Log B = 29.818 

n = 12.3 
rrf = 0.9550 * 
og a = 2.327 

Notes : 1. Units are: &:MPa/min; of and a,:MPa; t,:sec 

kifysis * Calculated from the relation ntl = an"/B. 

represents the correlation coefficient of the regression 
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Figure 1. Schematic of scratch lines made on a flexure creep specimen. 
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Figure 3. Fracture surfaces of t e s t  specimens subjected t o  dynamic 
fatigue a t  (A)  2000 N/min and (B) 2 N/min i n  13OO0C a i r .  
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Figure 4. 
specimens at 1200 and 1300°C in air. 

Static fatigue results o f  as-received Ceralloy Si,N, flexure 
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Figure 5. Fracture surfaces o f  t e s t  specimens subjected t o  s t a t i c  f a t i g u e  
i n  13OO0C i n  a i r  a t  loads o f  (A) 357 N and (B) 165 N. 
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Figure 6. Comparison of static and dynamic fatigue data obtained for 
Ceralloy Si,N, flexure specimens at 1200 and 13OO0C in air. The dynamic 
fatigue data were converted to the static fatigue curve using Eqs. (3) and 
(4) 
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Figure 7. Flexure steady-state creep rate as a function of applied stress 
of Ceralloy Si,N, at 1200 and 13OO0C in air. The stress exponent (N) i s  
shown for each temperature. 
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Life Prediction Methodoiogc! 
P. K. Khandelwal (Allison Gas Turbine Division of General Motors Corporation) 

The objective of this project is to develop and demonstrate the necessary nonde- 
structive examination (NDE) technology, materials data base, and design methodology 
for predicting useful life of structural ceramic components of advanced heat engines. The 
analytical methodology will be demonstrated through confirmatory testing of ceramic 
components subject to thermal-mechanical loading conditions similar to those anticipated 
to occur in actual vehicular service. The project addresses fast fracture, slow crack 
growth, creep, and oxidation failure modes. 

Technical P roa rw  

Flexural Testing 

Fast fracture characterization of PY6 modulus-of-rupture (MOR) bars continued 
during this reporting period. The specimens of nominal 3 X 4 X 50 mm dimensions were 
evaluated in 4-point bending with an inner load span of 20 mm and an outer span of 40 
mm at cross-head speed of 0.508 mm per minute (0.020 inchlminute). Results are shown 
in Table 1. Failure analysis revealed that chamfer or near chamfer failures at room tern- 
perature were still a problem even though the specimens had high strength. A specimen 
is being strain gaged to evaluate the fixture and the testing method. It should be noted 
that the same test protocol is successfully used at high temperatures using elevated tern- 
perature fixtures with no chamfer problem. Microscopic analysis indicated that the failure 
was predominantly controlled by surface flaws both at room and elevated temperatures. 
Limited number of specimens failed from volume flaws at high temperatures. Dynamic 
fatigue evaluation of the PY6 material was conducted at 1200°C to assess the slow crack 
growth (SCG) behavior. The cross-head speed of 0.00508 mm/min (0.0002 inch/min) 
was used. The results are shown in Table 11. The average strength was 601.78 MPa 
(79.78 ksi) with a standard deviation of 20.85 MPa (1 4.67 ksi). Additional dynamic fa- 
tigue testing is being performed at various loading rates and temperatures to explore the 
material's SCG behavior. 

Table 1. Flexural strength of PY6 HIP'ed material (cross head speed = 0.5 mm/min). 

Specimen Test Strength Strength 
number temp--OC --MPa --hi 

34.1 596 20 961.88 139.50 
34.1 598 20 978.67 141.94 
34.1 599 20 731.63 106.1 1 
34.1 600 20 550.00 77.77 
34.1 601 20 820.08 1 18.94 
34.1 602 20 502.1 5 72.83 
34.1 603 20 486.56 70.57 
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Table 1. (cont.) 

Specimen Test Strength Strength 
number temp--"C --MPa --ksi 

34.1 604 20 750.37 108.83 
34.1 605 20 604.51 87.67 

34.1 465 
34.1 466 
34.1 467 
34.1 468 
34.1 469 

34.1 436 
34.1 437 
34.1 438 
34.1 439 
34.1 475 

34.1431 
34.1 432 
34.1 433 
34.1 434 
34.1 435 
34.1 460 
34.1 461 
34.1 462 
34.1 463 
34.1 464 

34.1 981 
34.1 982 
34.1 983 
34.1 984 
34.1 985 
34.1 986 
34.1 987 
34.1 988 

1000 
1000 
1000 
1000 
1000 

1100 
1100 
1100 
1100 
1100 

1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 
1200 

1400 
400 
400 
400 
400 
400 
400 
400 

772.66 
728.1 5 
720.50 
739.1 8 
707.07 

545.50 
576.29 
622.52 
944.38 
547.54 

460.74 
662.97 
648.01 
505.04 
585.35 
666.92 
559.58 
621.74 
571.70 
587.23 

481.15 
431.21 
51 1.93 
51 0.1 0 
472.30 
454.76 
782.98 
485.23 

1 12.06 
105.61 
104.50 
107.21 
102.55 

79.12 
85.58 
90.29 
78.95 
79.42 

66.82 
95.15 
93.98 
73.25 
84.89 
96.72 
81.16 
90.17 
82.92 
83.86 

69.78 
62.54 
74.25 
73.98 
68.50 
65.96 
70.05 
70.37 

34.1 989 1400 475.30 68.90 
34.1 990 1400 48 1.04 69.77 

Table I I .  Dynamic fatigue behavior of PY6 HIP'ed material 
(cross head speed = 0.00508 mmhin). 

Specimen Test Strength Strength 
number temperature--"C --MPa --ksi 

34.1 966 1200 666.55 96.09 
34.1 967 1200 61 7.44 89.55 
34.1 968 1200 578.00 83.83 
34.1 969 1200 584.69 54.80 
34.1 970 1200 627.00 90.94 
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Dog Bone Tensile Testing 

One hundred machined dog bone tensile specimens were received from the Na- 
tional Institute of Science and Technology (NIST) for NDE and characterization prior to 
creep/stress rupture testing. The specimens were characterized using visual, fluorescent 
penetrant (FPI), microfocus X-ray and ultrasonic techniques to detect surface and volume 
flaws. The specimens were evaluated both for the surface and volume flaws since creep 
rupture can occur from both type of defects. The specimens were shipped back to NIST 
during this period to initiate monotonic creep and stress rupture testing. 

Fracture Toughness (Klc) 

Fracture toughness of the PY6 material was measured using Vickers microinden- 
tation method. Indents were made in a circular disk from 10 Kg to 40 Kg loads in 5 Kg 
increments. This method provided a fracture toughness (Klc) of 5.8 MPadm. This is in 
good agreement with Battelle's measured toughness of 6.4 MPadm using the thru-crack 
specimens and 6.7 MPadm using the controlled flaw (CF) method . Further measure- 
ment of Klc is planned using the chevron-notch method at room and elevated tempera- 
tures. 

Uniaxial Tensile Testing (Buttonhead Specimen) 

(SORI) both at room temperature and 1400°C. The measured strength of each specimen 
is shown in Table 111. The average room temperature strength was measured to be 407.9 
MPa (59.16 ksi) with a standard deviation of 62.53 MPa (9.07 ksi). The Weibull modulus 
(m) was calculated by maximum likelihood method to be 6.53. The average 140OOC 
strength was measured to be 317.9 MPa (46.1 ksi) with a standard deviation of 90.9 MPa 
(13.19 ksi). The Weibull modulus (m) was determined by the maximum likelihood 
method to be 4.68. Failure at room temperature was generally controlled by volume in- 
clusions, Figures 1 and 2. Energy dispersive analysis indicated that these flaws are iron 
based compounds. One specimen also showed presence of nickel and chrome indicat- 
ing abrasion of process equipment components such as compounder, injection molding 
parts, etc. by hard silicon nitride powder. The majority of the failures at 14OO0C occurred 
from volume inclusions, Figure 3. There were some failures, however, from surface de- 
fects. The testing is continuing as planned to characterize the material. 

Fast Fracture uniaxial tensile testing continued at Southern Research Institute 

Multiaxial Testing 

Biaxial fast fracture strength at room temperature was measured at Battelle Labo- 
ratories, Columbus, Ohio, using a ball-on-ring arrangement at a loading rate of 0.25 
mm/min (.01 in/min). The average measured strength was 701 MPa (101.67 ksi) for eight 
(8) specimens. The Weibull modulus (m) was calculated to be 18.8 with a characteristic 
strength of 71 9 MPa. Fractographic analysis revealed that the failure originated from the 
machining damage and propagated parallel to the grinding marks, Figure 4. The large 
value of Weibull modulus may be an aberration due to small sample population, the type 
of test, or the machining direction. Flexural specimens with transverse grinding are cur- 
rently being machined at Battelle to assess the transverse strength of the material. 

NDE Development 

diography and ultrasonic imaging continued during this reporting period. Reference 
The development and application of NDE techniques namely film microfocus ra- 
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standards with laser drilled surface holes in MOR bars, button-head tensile specimens, 
and bwial disks were evaluated. The hole diameters varied from 25 to 100 microns. 
Microswplc emination of the holes revealed them to be irregular shape and size. The 
depth af the 25 micron diameter holes varied between 10-20 microns. The microfocus X- 
ray detection sensitivity of the surface holes, assuming the nominal dimensions, is shown 
in Table IV. The 25 micron diameter holes were not detected because of their shallow 
depth and lower than anticlpabd effective volume. In the past, however, Allison has 
demonstrated detection of simutated 25 micron surface and internal voids in silicon ni- 
tride MOR bars fabricated by NASA-Lewis Research Center using the M-film and Feinfo- 
cus X-ray system which is also used in the present study. It was also observed that the X- 
ray detection of the holes in button-head cylindrical qmcimens depend on their radial 
orientation and location with respect to the X-ray beam because of their irregular shape, 
size and cumulative geometrical effects. 

Table 111. Uniaxial tensile strength of PY6M HIP'ed material (stress rate = 600 ksi/min). 

Specimen Test Strength-- Strength-. 
number temp--OC MPa ksi 

928 20 479.2 ~'69.50 
2436 20 373.02 >54.1 
1638 20 445.21 >64.57 
2298 20 488.30 ~70.82 
1426 20 446.72 ~64.79 
1668 20 487.61 >70.72 
2338 20 547.04 79.34 
168A 20 387.77 56.24 
174A 20 51 6.22 74.87 
3088 20 378.60 54.91 
243A 20 494.85 >71.77 
1598 20 402.80 58.42 
3278 20 423.90 61.48 
3258 20 328.54 47.65 
229A 20 427.49 62.d0 
324A 20 527.39 76.49 
348A 20 31 2.41 45.31 
72A 20 382.74 55.51 

1678 20 276.55 40.1 1 
2368 20 447.20 64.86 
3728 20 377.08 54.69 
363A 20 31 0.61 45.05 
371 8 20 442.59 64.19 
372A 20 41 4.52 60.12 
370A 20 434.38 63.00 
3698 20 451.20 65.44 
96A 20 575.24 86.43 

1778 20 369.02 53.fj2 
325A 20 386.39 56.q4 
182A 20 490.71 71.17 
3378 20 395.01 57.29 
1828 20 380.60 55.20 
3638 20 335.78 48.70 

179A 20 455.55 ~ x . 6 7  
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Table 111. (cont.) 

Specimen Test Strength- Strength- 
number temp--OC MPa ksi 
368A 20 486.92 70.62 
276A 20 346.61 50.27 
282A 20 359.09 52.08 
286A 20 41 3.70 60.00 
291A 20 383.49 55.62 
3668 20 421.28 61.10 
360A 20 41 1.49 59.68 
298A 20 320.96 46.55 
273A 20 438.93 63.66 
3628 20 337.85 49.00 
291 6 20 41 9.42 60.83 
366A 20 408.04 59.1 8 
2796 20 392.94 56.99 
2978 20 369.64 53.61 
292A 20 408.94 59.31 
2748 20 444.38 64.45 
274A 20 373.70 54.20 
373A 20 386.94 56.12 
3708 20 383.98 55.69 
369A 20 487.95 70.77 
3688 20 464.86 67.42 
3748 20 394.46 57.21 
3738 20 390.87 56.69 
1728 1400 338.13 51.07 
3286 1400 352.1 2 51.07 
232A 1400 41 1.90 59.74 

Den 

172A 
1576 
1566 
158A 
2328 
248A 
3298 
71 8 

178A 
159A 
161 8 
234B 
176A 
154A 
244A 
1758 
245A 
161A 
2406 
1798 

!s head failures 

400 
400 
400 
400 
400 
400 
400 
400 

291.17 
387.22 
348.68 
11 1.49 
179.27 
388.05 
296.27 
203.95 

1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 
1400 

383.22 
387.84 
368.05 
363.1 5 
408.25 
173.47 
391.56 
347.92 
348.54 
236.63 
398.73 
356.05 

42.23 
56.1 6 
50.57 
16.1 7 
26.00 
56.28 
42.97 
29.58 
55.58 
56.25 
53.38 
52.67 
59.21 
25.1 6 
56.79 
50.46 
50.55 
34.32 
57.83 
51.64 
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Figure 4. Strength distribution and fractography of biaxial disk specimen characterized at 
mom temperature. 
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. T'*=3mm 1 00 100 100 100 3.38 
50 50 50 43 1.69 

Tensile 
T~4.76mrn 100 100 
Biaxial Disk 
T=3.5mm 100 100 50 50 2.85 

50 50 50 32 1.42 

Ultrasonic examination of the aforementioned surface hole specimens was con- 
ducted to optimize the experimental parameters using the 100 MHz imaging systems as- 
sembled at Allison. Optimum inspection pwarru3ters were developed to detect surface 
flaws. Table V summarizes the results. The &dial resolution in button head specimen 
was measured to be 6 micron and the axial resolution was better than 76 micron. 

Table IV. Detection of surface holes by microfocus radiography. 

50 36 2.13 

Table V. Ultrasonic detection of surface holes.' 

I SDecimen Nominal hole size'* Number of flaws 1 
type Diameter Depth Present Detected 
MOR bar 100 100 100 100 

50 
25 49 50 I 100 

50 
50 
25 

Tensile 100 100 50 50 
50 50 50 50 
25 25 50 50 

I Biaxial disk 25 25 49 49 I 
'Transducer: 50MHz, F#0.8 
**Actual flaw shapelsize were uncontrolled 

of Milestones 

322201 : Computer Implementation of initial Failure Models-complete 
322202: Initiation of MOR Testing-complete 
322203: Initiation of Tensile Testing-complete 
322204: Initiation of Biaxial Testing-complete 
322205: Initiation of Confirmatory Testing-slipped due to vendor delivery problems 
322206: Completion of All Specimen Testing-on schedule 
322207: FinalizationNerification of Computer Code-on schedule 
322208: Draft Final Report-on schedule 
322209: Final Report-on schedule 

None 
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Life Prediction Methodology 
J. Cuccio 
(Garrett Auxiliary Power Division, Allied-Signal Aerospace Company) 

0 bjec t ive/Scope 

Garret t  Auxiliary Power Division (GAPD) has defined a program to develop the  
methodology required t o  adequately predict the useful life of ceramic components 
used in advanced heat engines. GAPD's approach to ceramic life prediction 
consists of comprehensive testing of various specimen geometries under both 
uniaxial and multiaxial loads at different environmental conditions t o  determine 
the  strength-controlling flaw distributions and t o  identify various failure mechan- 
isms. This information will be used to develop the flaw distribution statist ical  
models and material behavior models for  fas t  fracture, slow crack growth, creep 
deformation, and oxidation. As subroutines, these models will be integrated with 
stress and thermal analyses into a failure risk integration analytical tool to predict 
the life of ceramic components. The methodology developed will be verified (for 
completeness and accuracy) by analytically predicting the l ife of several ceramic 
components and testing these components under stress and temperature conditions 
encountered in ceramic turbine engines. 

Technical Highlights 

Material Testing and Analysis 
E Fang, N. Menon, and T. Strangman 

Material Testing 

Test specimen deliveries from Norton/TRW Ceramics (NTC) are on track, per the 
revised NTC delivery schedule. Table 1 summarizes the specimens ordered and 
their current status. All specimens are NT154 silicon nitride, processed under 
identical conditions and finish machined and heat treated by NTC. Selected 
specimens will be notched and precracked for testing. All specimens will be 
subjected to visual inspection, laser marking, and NDE (which may include 
fluorescent penetrant, radiography, and ultrasonic inspection) before testing. 

GAPD is continuing tensile creep and tensile slow crack growth testing as a User at 
the ORNL High Temperature Materials Laboratory (ORNL-HTML) under the 
direction of Drs. M.G. Jenkins and M.K. Ferber of the Mechanical Properties User 
Center. The specimens are of the ORNL cylindrical buttonhead geometry with a 
6.35 m m  diameter by 35 mm length gage section. The specimens are loaded in 
uniaxial tension in Instron screw-driven machines using the ORNL/Instron Super- 
grips. Instron extensometers with Sic  probes are being used t o  monitor the strain 
deformation of the gage sections during testing. 
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TABLE 1. OBNL LIFE PREDICTION CERAWC TEST SPECIMEN STATUS 

Type of Test Specimen Size 

4-Point Bend I 
I 

4-Point Bend MIL-STD-B 

4-Point Bend MIL-STD-B 1 
4-Point Bend MIL-STD-B 

4-Point Bend 0.35 x 0.72 x 6 in 

Chevron Notch -- 

Diametral Compression 
I 

Plate Bending -- 
Tensile 
(Fast Fracture and S/R) 

-- 

Pre-cracked TensiorVTorsion -- 
I 

Unnotched Tension/Torsion -- 

Notched Tensile -- 

Notched Tensile 

~~ 

Rectangular Flaw Growth -1 
Square Flaw Growth -- 
Spin Disk -- 

849 l(O5)-1 
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1-2 

1-15 

1-11 

1-23 

2-66 

2-56 

2-71 

1-3 

Fifteen specimens have been tested at temperatures between 1204C to 1400C. 
Table 2 summarizes the test temperature, load, time to failure, and strain to 
failure data for these specimens. Strain versus time curves for four of the test 
temperatures are presented in Figures 1-4. GAPD will use 21 specimens to 
establish the load and temperature regime best suited to characterize creep and 
slow crack growth in planned tests using additional specimens. 

1315 250 2.2 x 10-8 24 3640 
1315 225 2.2 x 10-9 >675 10,300 

1295 375 3.8 x 10-7 0.35 2231 
1295 300 2.2 x 10-7 0.40 788 
1295 200 -- >530 -- 
1204 41 5 1.1 x 10-8 1.3 1378 

1204 350 4.4 x 10-8 2.3 1190 

1204 300 1.8 X ,517 >1580 

Specimens 1-9, 2-66, 1-2, and 1-20 were examined for cavitations using the 
scanning electron microscope (SEM). Test conditions for these specimens are listed 
in Table 2. A special sample preparation technique developed by M. Ferber and 
M. Jenkins of ORNL-HTML was adopted to facilitate observation of the cavities in 
these specimens. The gage sections of the specimens were partially notched in the 
transverse plane, Le. parallel to the fracture surface, and then broken in a low- 
energy mode to create a clean fracture surface. All of the specimens examined 
showed voids or cavities at the grain boundaries. A typical fracture surface 
showing these distinct cavities is shown in Figure 5. 

TABLE 2. SUMMARY OF PRELIMINARY TENSILE CREEP TEST RESULTS 
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Figure 1. Strain Versa8 Time Data at 1204C. 
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Figure 2. Strain Versus Time Data at 1315C. -14'' 
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1-C. AMBIENT AIR 

A 
/ / (1-21) 

146 MPa 

Figure 4. Strain Versus Time Data at 1400C. 
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I 

Figure 5. Cavities (Indicated by Arrows) Formed at the Grain 
Boslndmies of am HTlS1 Tensile Creep Spatimaen 
T ~ S W  at imic a m e  glpa fe 60 HOU~S. 

The surface strength of silicon nitride components is dependent upon the severity 
of the gas turbine oxidation environment, which can modify critical surface flaws. 
Consequently, the overall Ceramic Life Prediotion Model must include the effects 
of oxidation on the strength of NTlS4. 

In this oxidation testing program, 180 MIL STD-B size flexure bars are being 
exposed in an electric furnace in air for various times and temperatures as 
indicated in P i p e  6. The dietribvtlon of specimens will permit the effects of 
oxidation on strength and surfaee flaw size to be analyzed as functions of: 

o 
o 
o Time and temperature 

Temperature (between 1000 and 1400C) 
Time (between 1 and 1000 hours) 

The oxidized bars will be flexure tested in four-point bending at room temperature. 
Following testing, lines of constant strength will be superimposed on Figure 8. 
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P i  6. Oxidation Exposure Test Conditions. 

Detailed fractography and microstructure characterization, including SEM/WDX 
and X-ray diffraction, will then be used to quantify the oxide scale thicknegs and 
the size of any oxidation-induced pit(s) that initiated fracture. The results will be 
presented as lines of constant oxidation (oxide scale thickness) and superimposed on 
Figure 6. 

Data Analysis and Methodology Development 
A. P d t a ,  P. Brehm, J. Cucoio, J. Song, and D. Wu 

A computer code is being developed to implement the statistical methods to 
analyze ceramic material test data. The code will predict confidence intervals for 
Weibull parameters, design stress, and reliability. The code will also treat test 
data from specimens of different sizes and different loading conditions with 
multiple failure modes. 

The computer code has been evaluated using data for silicon carbide (SIC) obtained 
by Drs. C. Johnson and W. Tucker of the General Electric Corporate Research 
Center (GE-CRC). In this data (Table 3) there are a total of six specimen types: 
3-point and 4-point flexure test specimens, 'in three different sizes (A, B, and C). 
Estimates of the Weibull parameters and the corresponding confidence limits 
generated from this data set are listed in Table 3. 
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Specimen Number of Failure 
, Type Specimens Location 

TABLE 3. SILICON CARBIDE DATA ANALYSIS SUMMARY WITH 
95 PERCENT CONFIDENCE LIMITS 

Second 
Weibull Lower Weibuil Upper 

Lower Slope Upper Limit Parameter Limit 
Limit MLE Limit (MPa) MLE(MPa) (MPa) 

SPoint A 

GPofnt A 
~ 

SPoint B 

#-Point B 

3-Point C 

4-Point C 

All Data 

8491 (05)-3 

11 Surface 8.98 15.25 23.46 421.62 443.06 500.26 
6 Corner 5.58 12.19 21.82 434.33 480.25 674.37 
1 Volume 4.24 34.45 101.53 382.16 403.18 81 6.59 

16 Surface 6.42 9.59 13.41 420.35 459.85 545.55 
1 Comer 0.55 7.31 23.48 438.38 732.04 
0 Volume NIA NIA NIA NIA NIA NIA 

12 Surface 8.01 1278 18.48 423.27 459.30 552.88 
4 Corner 3.97 10.44 19.69 425.47 504.99 1063.53 
2 Volume 3.06 12.78 28.42 383.88 442.19 1786.53 

35 Surface 10.94 14.26 17.92 412.23 440.04 486.87 
12 Corner 9.27 14.85 21.43 402.92 444.30 545.46 
1 V O h 8  0.66 9.46 30.53 380.30 610.55 
9 Surface 12.71 20.58 29.63 387.47 412.63 480.52 
6 Corner 5.08 11.33 19.78 391.78 458.94 786.1 5 
3 Volume 6.09 17.48 32.72 366.24 410.70 81 0.90 

12 Surface 7.91 13.07 19.57 407.1;1 474.19 650.45 
4 Corner 4.68 12.40 24.06 380.23 472.89 1060.41 
2 Volume 21.09 59.23 136.22 326.28 336.99 398.25 

95 Surface 12.67 14.28 15.89 430.17 443.87 462.28 
33 Corner 9.00 11.51 14.13 453.97 488.24 548.63 

9 Volume 12.87 18.68 24.45 389.81 413.01 473.14 

8 

The combination of different specimen sizes and loading conditions produces 
Weibull parameters that are not representative of any particular specimen size or 
loading condition. Instead, they represent material properties that can be thought 
of as parameters representative of specimens of unit size and uniform stress. The 
significance of pooling together data points from specimens of different types and 
sizes is that the confidence limit is much narrower for both parameters. Figures 
7(a) and (b) illustrate this, using the  data for silicon carbide listed in Table 3. 

The following statistical analysis capabilities have been derived and added to  the 
computer code: 

(1) Maximum likelihood estimates for censored and uncensored data. 

(2) Maximum likelihood estimates of the reliability and the design stress 
level. The estimate of the reliability is shown in Figure 8; the plot is 
scaled to a component of unity effective size. The figure shows the 
reliability for only the surface failure mode. 
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Figure 7(a). Method for Combining Data Significantly Improved the Confidence 
Limit on Wei’bull Modulus Estimate. 

CORNER FLAW VOLUME FLAW SURFACE FLAW 

Figure I@) .  Method for Combining Data Significantly Improved the Confidence 
Limit on Second Weibull Parameter Estimate. 
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Figure 8. Beliability Plot of Silicon Carbide Data With 95 Percent 
Confidence Limits. 

(3) Likelihood ratio confidence limit estimates for the Weibull parameters 
for both uncensored and censored data. Confidence limits for m and q, 
listed in Table 3 were generated using this method. 

(4) Likelihood ratio confidence limit estimates for the reliability and 
design stress level for both uncensored and censored data. Figure 8 
shows the reliability confidence limits for the 95th percentile; and 
Figure 9 shows the 95th percentile confidence limits for the design 
stress level. 
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P i  9. Size Versus Stremgth Plot of Silicon Carbide Data, 63.2 Percentile and 
5.0 Percentile With 95 Percent Confidence Limits. 

Bootstrap confidence limit estimates for the Weibull parameters for 
both uncensored and censored data. The method of treating censored 
data with a single failure mode is still to  be developed. Table 4 shows a 
confidence limit comparison for the pooled data set between likelihood 
ratio and bootstrap methods with 99 simulations. The confidence levels 
are 95 percent for the likelihood ratio method and 96 percent for the 
bootstrap method. The group of 99 simulations is used in the bootstrap 
method to save computation t ime during the code development. To 
achieve more reasonable accuracy, 1000 simulations are required. 

Bias correction using the bootstrap approach for the Weibull parameters 
for uncensored data. Results for the 3-point A bend specimen data is 
shown in Table 5. 
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TABLE 4. LIKELIHOOD RATIO VERSUS BooTsTaAp CONFIDENCE LIMIT 
COMPARISON FOR THE POOLED DATA SET (137 SPBCIIYBNS) 

8491 (05)-4 

TABLE 5. COMPARISON OF BIASBD VERSUS UNBIMBD WEIBULL 
PARAMETERS FOB THB UNCENSOBED SPOINT A 
BIWD SPECIMEN DATA 

1 I I 0, WPa) 402.64 403.29 I 
841 9(05)-5 

At present, the methods development effort is proceeding in the following areas: 
o 

o 

Confidence limit predictions for combined reliability with multiple 
failure modes, using the likelihood ratio method 

Application of the bootstrap method to  the single failure mode with 
censored data 

o Bigs correction factors for the confidence limit predictions, using the 
bootstrap method 

o Bias corrections using liklihood ratio methods 

The technical approaches to be used, to develop the capabilities to treat aniso- 
tropic cracking and to model time-dependent processes such as slow crack growth 
(SCG), were identified in detail during the semiannual meeting with Dn. W. 
Tucker and C. Johnson of GE-CRC. Development work in these two important 
areas will be initiated in the next reporting period. 
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NbE Methods Development and Application 
J. Wade and B. Meade 
Acoustic Microscopy 

Inspection procedures for each of the specimen geometries listed in Table 1 have 
been established, and specimen inspection has started. Table 1 lists the inspection 
status by specimen type. 

Alternate sources for computed tomography (CT) and acoustic microscopy of the 
tensile rods were evaluated. General Electric was selected to perform CT 
inspection services and some acoustic microscopy services. The acoustic micro- 
scopy services will complement acoustic microscopy performed in-house at GAPD. 

An additional source, Precision Acoustic Devices, is still under evaluation for 
internal acoustic microscopy inspection of the tensile rods. Preliminary results 
have not been as promising as initially thought; none of the 25 or 50 micron holes in 
the calibration standards have been detected with transducers used for inspection 
of tensile rods under a different program. Surface finish of the specimens has been 
identified as a possible cause for lack of detection. The tensile rods for the GAPD 
test matrix have a surface finish typical of engine components (Ra 2 16 micro- 
inches), while the tensile rods evaluated previously by Precision Acoustic Devices 
had optically polished surfaces. 

Acoustic microscopy inspections of the tensile rods continue to show some 
transverse indications on the surface in the gage section that cannot be verified 
visually at magnifications up to 40X. Figure 10 shows a typical ultrasonic scan on 
a tensile rod with no unusual indications; Figure 11 shows a tensile rod with 
transverse indications in the gage section, which could not be verified visually. 
(Note: both scans show a white horizontal line, which is a printer artifact.) Tensile 
rods having suspect indications are being identified prior to testing, but are still 
included in the test matrix, as planned. All B-size flexure bars for oxidation 
testing have been inspected. A group of 15 bars was  inspected before and after 
oxidation exposure, and showed significant differences in the surface inspection 
results. 

Status of Milestones 

Milestone No. 4, All Specimens Delivered, has been delayed five months, due to a 
revised specimen delivery schedule from NortodTRW Ceramics. 

Communications/VisitsJRavel 
Periodic telephone and written correspondence has taken place with Drs. C. 
Johnson and W. Tucker from the General Electric Corporate Research Center (GE- 
CRC) dealing with implementation of the confidence interval methods development 
work. 
During October, 1991, Mr. H. Fang of GAPD visited the NortodTRW Ceramics Co. 
facilities in Northboro, Massachusetts and Salem, New Hampshire, to discuss and 
review the NortodTRW modified spin disk machining procedure. Mr. Fang also 
inspected the first article spin disk machined using the  modified procedure. 
Mr. Fang also visited Brown University in Providence, Rhode Island, to discuss 
scheduling and testing of notched and smooth tensiodtorsion specimens. 
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Figure 10. Acoustic Scan of Tensile Rod Showing No Unusual Indications. 

Figure 11. Acoustic Scan Showing Transverse Indications, Not Verified by 
Visual Inspection. 
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Messrs. J. Cuccio and H. Fang from GAPD attended the annual Department of 
Energy (DOE) Automotive Technology Development Contractors Coordination 
Meeting in Dearborn, Michigan on October 28-30, 1991. A presentation was given 
by Mr. Fang summarizing GAPD's progress in the ceramic life prediction program 
during the past year. Messrs. Cuccio, Fang, and Mrs. J. W a d e  and C. McCormick of 
GAPD also attended the semi-annual life prediction program review meeting on 
November 1,1991, in Dearborn, Michigan. 

In June, 1991, Dr. N. Menon and Mr. J. Hartman of GAPD visited tne Oak Ridge 
' Natbnql Laboratory High Temperature Materials Labratory (OBNL-HTML) in Oak 
Ridge, Tennessee to  set up an extensometer test apparatus and begin tensile creep 
testing, under the ORNL-HTML User Program. Dr. Menon and'Mr. Hartman 
rea;imed to  ORNL-HTML to continue tensile creep testing in July. 

Dr. J. Songland Mr. A. Peralta of GAPD Visited the General Electric Corporate 
Research Center (GE-CRC) in Schenectady, New York on September 23, 1991 for a 
semiannual review of progress in data analysis and methodology development. 

I 1  

None. 
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3.3 ENVIRONMENTAL EFFECTS 

Since December 1984, the University of Dayton has been involved in a five- 
phase,projed to investi ate the effects of environment on the mechanical behavior 

In the first phase of this project, the effects of environment on the mechanical 
behavior of transformation-toughened 2102 ceramics were investigated. In the 
second phase, two Si3N4 ceramics (GTE PY6 and NortonlTRW XL144) and one 
Sic ceramic (Hexoloy SA) were evaluated. In the third phase, the tensile, flexural, 
and fatigue strength of three SIC and six Si3N4 ceramics were evaluated at 
temperatures ran ing from 20 to 1400°C. Microstructure, chemistry, and physical 

fatigue behavior of two additional Si3Ns ceramics (Kyocera SN-260 and arrett 
GN-10) were investigated. In addition, the fatigue behavior of one Si3N4 ceramic 
(NT-154) was investigated. Efforts to study the tension/compression cyclic fatigue 
behavior of NT-154 have been delayed because of problems with the lnstron test 
fixture. In phase five, three newly developed Sic and three newly developed SisN4 
ceramics will be investigated. In addition, the effects of different machining 
rocesses on the mechanical behavior of selected SiC/Si3N4 ceramics will also E e studied. 

of ammeFCiafly availab B e ceramics being considered for heat engine appbtbns. 

properties were a a so investigated. In the fourth phase, the flexural stre th and 7i 

During the past six months (April 1991 through September 1991 , the fatigue 
behavior of NT-154 was investi ated, the Raman microprobe was use d to analyze 

strength of buttonheadless tension specimens was evaluated. In addition, during 
this reporting period this project was extended 24 months (phase V). 

NT-154 flexural specimens, an % a new grip system for measuring the tensile 

Fatigue Testing of NT- 154 

During this reporting period the fatigue behavior of a newly received batch 
of NT-154 tensile s ecimens was evaluated. Six specimens were tested in tensile 

200 and 250 MPa were used. Specimens surviving 50 hours were stressed to 
stress rupture (TS F r  ) at an assumed temperature of 1300°C. Stress levels of 

*Research sponsored by the U.S. Department of Energy, Assistant Secretary for 
Conservation and Renewable Energy, Office of Trans ortation Systems, as part of 

Materials 
the Ceramic Technology for Advanced Heat Engines B roject of the Advanced 

ment Program under Contract DE-AC05-840R21400 with Martin 
ystems, Inc., Work Breakdown Structure Subelement 3.3.1.4. 
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failure using the rapid loading rate (crosshead speed of 0.004 cm/s). Tensile stress 
rupture was conducted on the buttonhead cylindrical tensile specimens using an 
lnstron Model 1361 Electro-Mechanical Test System equipped with the "Super- 
Grip" specimen holders and lnstron short furnace. The results of the TSR tests 
are compiled in Table 1. Only one specimen survived the desired 50 hour test 
time. The other five specimens failed after very short exposure times (0.05 to 
1.6 hours). The five samples that failed at short exposure times all appeared to 
have failed from flaws at or very near the surface of the test specimens. The single 
specimen that survived the 50 hour test time failed from an inclusion containing iron 
(Fe , nickel (Ni), and chrome (Cr) (see Figure 1). Microgra hs of the fractured 
su rl ace of five tested specimens are presented in Figure 2 P a-e). 

Table 1. Interrupted Tensile Stress Rupture Test Results, NortonTTRW NT-154 
[desired test temperature: 1300°C (2372"F), corrected test temperature 
1328OC(2422"F)] 

300-1 3 200 50 0.8 200 surface 

The TSR results obtained from this set of specimens were considerably 
different from the set of specimens tested earlier at 1300°C. The TSR results from 
the earlier set of specimens are presented in Table 2 for purpose of comparison. 
As shown in Table 2 five of the six specimens survived for 70 or more hours, and 
all six specimens failed from volume initiated flaws (pore nucleation and 
agglomeration). 

Table 2. Interrupted Tensile Stress Rupture Test Results, for the Initial Batch of 
NortonTTRW NT-154 [test temperature: 1300°C (2372"F)I 



347 

EOLE (ktec System SOQo 
Sprctrur Plott ing P r a g r r r  

Printplot  W2.M 

Ssrnple ID: NT-154 300-27 INCLUSION 

Enerpy Ranges 0 - 10 keV 10 eV/ch 

Preset: Off 

Real Time: 41.49 QIE. Live Time: 12.16 See. 

70% Deadti- 14872 k b U l t 6 / ~ ~ d  

k q u i s i t i m  date: 30-%y-61 

C f s  2K 

Acquisition tlm: 14x09~05 

n 
Y 

Y 
Ir 

a 
Y ..I 

cn 

W 
Y Q  

Y 
L u c  

U 

A 

V 
Y 

z 
.a 

<O.OOO keV C u r s o r  = 2@3 I 2.030 keV ) = 1- 9.600 k r V  > 

Figure 1. EG&G Ortec System 5000 spectra of the inclusion in specimen NT-154, 
#300-27. 
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Figure 2a. Fracture surface of NT-154 specimen #300-36 subject to tensile stress 
rupture at 1328°C. 
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Figure 2b. Fracture surface of NT-154 specimen MOO-37 subject to tensile stress 
rupture at 1328°C (continued). 
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Figure 2c. Fracture surface of NT-154 specimen #300-35 subject to tensile stress 
rupture at 1300°C 1328°C (continued). 
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Figure 2d. Fracture surface of NT-154 specimen #300-29 subject to tensile stress 
rupture at 1300°C 1328OC (continued). 
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1 7 -  

Figure 28. Fracture surface of NT-154 specimen #300-27 subject to tensile stress 
rupture at 1300°C 1328°C (concluded). 

my. 
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Specimen Actuator Speed Tensile Strength Fracture Mirror 
Number (cm/s) (MPa) Origin Radius (mm) 
300- 1 5 0.004 322 - Volume 620 

300-22 0.004 349 Volume 61 0 

300-2 0.00004 253 - Surface 1500 

300-1 8 0.00004 228 Surface 1300 
Average May 1990 Results 322 k 27 MPa Surface - L 

x=335 (pore) 

Average May 1990 Results 399 f 54 MPa Volume - 
x = 240 

Four tensile specimens from this new batch of NT-154 were tested in 
dynamic fatigue at what we also assumed was 1300°C. Two specimens were 
tested at the rapid loading rate (cross-head speed of 0.004 cm/s) and two sped- 
mens were tested at the slow loading rate (crosshead speed of 0.00004 cm/s). 
The results of these tensile dynamic fatigue tests are presented in Table 3. 
Included in Table 3 are the tensile dynamic fatigue results obtained from the initial 
shipment of NT-154 specimens (May 1990). The two specimens tested under the 
rapid loading rate failed at an average strength value that was 16% below the May 
1990 test results. The two specimens tested under the slow stressing rate failed 
at an average strength value that was 25% below the May 1990 test results. 

The results of the static and dynamic fatigue test for this new batch of 
NT-154 were troublin in comparison to the results obtained with the initial batch of 

specimens was subject to some processing defect. 
NT-154 (May 1990). !3 ased on our results it was concluded that this new batch of 

Specimen Data 
ID No. Source 
300-4 Norton 9/91 
300-1 7 Norton 9/91 
300-26 Norton 9/91 
300-1 9 Norton 9/91 
300-20 Norton 9/91 
300-8 Norton 9/91 

Temp. Loading Tensile 
"C Rate St re ngt h 

1300 .l''/min 505 MPa 
1300 .l "/min 447 MPa E = 472 
1300 .l"/rnin 466 MPa 
1300 .001"/min 431 MPa 
1300 .001 "/min 392 MPa Tt = 41 5 
1300 .001 "/min 422 MPa 

Six of the tensile specimens from this new batch of NT-154 were returned to 
Norton/TRW for their analysis. The six specimens returned were tested by Norton/ 
TRW in dynamic fatigue at 13OOOC (three in rapid loading and three in slow loading) 
using "identical" testing procedures. As shown in Table 4, the average tensile 
strength measured by Norton/TRW was significantly higher than those measured 
by UDRl during Jul 1991 and somewhat higher than the UDRl May 1990 data. As 

July 1991 set of specimens were not due to a material difference in this batch. 
a result, Norton/TR L J  concluded that the low strengths obtained by UDRl for the 
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This conclusion would sug est that the low strengths measured were due to 

testing procedures used and the monitoring procedures used to validate the test 
equipment for the 1989-90 tests, and (b) reviewed our current test procedures and 
rechecked all monitoring equipment. 

In the 1989-1 990 tensile test procedures no anomalies were found. At the 
time these tests were conducted the load train alignment and load cell calibration 
were verified by lnstron on a regular maintenance basis. During testing the speci- 
mens were also monitored by speckle interferometry to determine if off-axis 
bending occurred. Temperature of the gauge section was periodically monitored by 
optical pyrometer. It is our conclusion that the 1989/1990 data is valid and reliable. 

the experimental procedures emp Y oyed. As a result, the UDRl has (a) reviewed the 

The load train alignment and load cell calibration continue to be verified by 
lnstron and are in good order. The two thermocouples used to measure hot zone 
temperature in the short furnace were also found to be in good agreement. How- 
ever, a 26-28°C temperature difference was observed when a third thermocouple 
or an optical pyrometer were used to measure the gage section temperature of a 
tensile specimen at 1300°C. Six separate test runs were conducted at 1300°C with 
a newly prepared thermocou le. The temperature variation between the two 

averaged 28°C. Two additional test runs were made using the optical pyrometer 
and a temperature variance of 26°C was recorded. These results demonstrated 
that the test temperature we reported for our recent evaluation of the tensile 
strength of NT-154 at 1300°C was in error. We apologize for reporting an incorrect 
test temperature of 1300°C and have revised the test temperature listed in Tables 1 
and 3 to 1328°C. 

furnace thermocouples and t R e new thermocouple ranged from 27-30°C and 

From a plot of the 1989-1990 data (Figure 3) the rojected fast loading rate 

rate tensile strength at 1328" should g e approximately 300 MPa. These strengt s 
are still significantly higher than measured in July 1991 (335 MPa and 240 MPa, 
respectively). We cannot explain the very large strength difference between the 
UDRl measurements and the Norton/TRW measurements even allowin for our 
temperature difference. We hope further analysis will enable us to clan& these 
differences. 

a tensile strength at 1328" should be a proximately 384 f$ Pa and the slow loadin 

Raman Microprobe Analysis of NT- 154 Flexural Specimens 

During this reporting period seven NT-154 flexure bars (3 x 4 x 50mm) (1990 
vintage) were studied by Raman microprobe while they were under stress in a four- 
point bend fixture. When a crystalline solid is subjected to stress, changes in the 
crystallite structure occur which can have a dramatic effect on the observed Raman 
spectrum. The most prevalent change in the Raman spectra is a shift of the 
Raman mode frequency. In most cases these modes shift linearly with strain. It is 
expected that the Raman frequenc shift will provide insights into the nature and 
ma nitude of the stress effects at t 1 e microscopic level on crystalline materials 
suc R as P-SisNlr. 
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Figure 3. Plot of the tensile strength measurements of NT-154 in 1 9 8 9 ~  990. 

Norton/TR NT-154 is primarily a P-phase polymorph. This P-phase 

symmetry roperties and application of roup theoretical metho s predict 11 

of four A9 symmetry, five Ezg symmetry, and two E1 symmetry. 

154 SisN4 specimen. The spectrum agrees with that expected for &SisN4, and 
10 of the 11 Raman lines were observed in the spectrum. A 
study of one of the test bars showed noticeable shifts in 
for seven of the 10 observed Raman lines. The 862 cm-1 
the largest change, and it was selected for further analysis. 

2 polymorph has C F 6h symmetr) and 14 atoms per unit cell. Anal sis of these 

first order i aman lines in the Norton/TR 'tv NT-154 SisN4 spectrum composed 

Figure 4 shows a typical Raman spectrum obtained for a Norton/TRW NT- 

The SisN4 Raman spectra obtained with the microprobe is due to the 
normal, vibrational modes of the individual Si3N4 grains. The microprobe provides 
a measure of the microscopic changes in strain for the accumulated SisN4 grains 
scanned. 
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Figure 4. Si3N4 Raman spectrum. 

In the initial study the Raman spectrum was obtained for a bar under a 
moderate load. The test bar was first centered in a 20 x 40mm four-point bend 
fixture (see Figure 5) in an unstressed state. The strain indicator was then zeroed 
and checked for calibration, and a Raman spectrum of the 862 cm-l line was taken 
using the CCD detection system. 

STRAW 
INDICATOR 

Figure 5. Four-point bending apparatus for Raman microprobe analysis. 
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Due to the very weak Raman signal levels from SisN4, a 1% hour integration 
time was needed to obtain an adequate signal-to-noise ratio. After the unstressed 
862 cm-1 scan was completed, the test bar was sub'ected to a 70-lb flexural load. 

spectrum was then taken at the 862 cm-1 line. The two spectra are plotted for 
comparison in Figure 6. A shift of 2 cm-1 was observed for the stressed versus the 
unstressed condition. The load remained constant (no relaxation of the Si3N4 bar 
in the bend fixture) throughout the 1%-hour long tun time. 

This load corresponds to an apptied stress of 261 M I 4  a. A 1%-hour long Raman 

- O b S W  

. V I .  . * * . , v i  

855 860 865 870 

Wavenumber (cm -') 
Figure 6. Shift of Raman lines due to mechanical loading. 

A second study involved fine 20-lb incremental loading of the test bar instead 
of the course 70-lb step load. The spectrum for each 20-lb load level required 1 ?h 
hours to obtain. A plot of the Raman frequency shift comparing the course step 
load, and the fine incremental loading condition is presented in Figure 7. As shown 
in Figure 7, the different loading conditions show fairl good agreement in Raman 

behavior was observed. This phenomenun may be due to a relaxation or fatiguing 
of the grain boundary glassy phase at loads above 11 2 MPa. This phenomena is 
being investigated further. 

frequency shift at loads below 30-lbs. Above a 30-lb r oad (1 12 MPa), a nonlinear 

The third study involved cyclic loading of the test bar from 0 Ibs to 70 Ibs. 
The same general procedure was followed for setup and loading the Si3N4 test bar. 
The first loading sequence showed a 2 cm-1 shift in Raman frequency. It was 
expected that when the load was removed the Raman frequency would shift back 
to its original unstressed value. However, this was not the case. The frequency 
shifted to an intermediate position approximately halfway between the 0-lb and 
70-lb load positions. A second 70-lb loading resulted in a shift to almost the same 
frequency position as the first 70-lb load position. The sequence of events is 
shown graphically in Figure 8. This behavior is typical of a hysteresis phenomenon 
and also may be due to a relaxation of the glassy grain boundary phase. These 
results were repeated with all of the NT-154 flexural bars tested. All three studies 
were repeated with the other six test bars with similar results, and additional 
experiments are in progress to further investigate these findings. 
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Evaluation of a Grip System for Testing Buttonheadless Tensile Specimens. 

During this reporting period evaluation of a proprietary grip system for testing 
straight shank (buttonheadless) tensile specimens was conducted. The grips were 
mounted in the lnstron Model 1361 Universal testing machine. Alignment of the 
gripping system proved to be very complex and tedious. Tensile testing of three 
straight-shanked specimens (two silicon carbide and one silicon nitride) was 
attempted. The first two specimens, both Hexoloy SA silicon carbide, tested in this 
gripping system were held in place using the manufacturer's recommended 

ripping pressure and loaded in tension at a machine actuator rate of O.lin/min. 
80th of these test specimens slipped in the shank grips prior to tensile fracture 
(1 180-lb and 860-lb loads, respectively). The third specimen, a PY6 silicon nitride, 
was held in the grip at 125% of the recommended gripping pressure and loaded at 
the same rate as the two preceding specimens. This specimen also slipped in the 
shank grips before failing. Repeated attempts to eliminate specimen slippage were 
unsuccessful, and further evaluation of the grip system was discontinued. 

ct Renewd 

During this re orting period, our project was extended 24 months to continue 
our investigation of 4? iC and Si3N4 ceramics (Phase V). In Phase V, three tasks 
(XII, X111, and XIV) will be initiated to extend our investigation of the effects of envi- 
ronment on the mechanical behavior of new generation Si3N4 and Sic ceramics. 
The first two tasks are to investigate the flexural and tensile strength and the 
fatigue behavior of newly developed Si3N4 and Sic ceramics (see Table 5). 

Table 5. Sic and SisN4 Ceramics to be Evaluated 

Material Supplier I Designation I Flexure Specimens1 Tensile Specimens 
I I I 

NortonKRW NT-230 Sic 69 - 
NortonKRW NT-164 SisN4 69 10 
Carborundu m Hexoloy SX Sic 69 65 
Kyocera SN-260 SisN4 69 65 
Dow Corning Sic 69 - 
Sullivan Mining SisN4 69 - 

The third task is to investigate the effects of advanced machining methods on the 
mechanical behavior of selected SIC and Si3N4 ceramics. An outline of the test 
matrix for Phase V is presented in Table 6. 
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Table 6. Proposed Material Test Plan for Phase V 

Tasks XI1 and Xlll Characterization of SiC/Si3N4 

1. Flexural Strength Measurement Matrix - 50 Specimens 

Machine Loading Rate Test Temperatures ("C) 
0 20°C 1250°C 1350°C 

0.004 10 10 10 
0.0004 5 
0.00004 5 5 5 

- - 

2. Flexural Stress Rupture (FSR) Measurement Plan - 10 Specimens 
Test Duration - 100 hrs. 
Load - 1/2 and 2/3 the rapid loading rate strength (of) 
Test Temperature - 1350°C (5 specimens/of) 

3. Physical Property Characterization - 9 specimens 

Density @ 20°C and Young's Modulus 20-1 350°C - 3 specimens 
Coefficient of Thermal Expansion 20-1 350°C - 3 specimens 
Hardness and Fracture Toughness by Microindent at 20°C - 3 specimens 

Items 1, 2, and 3 above will require 69 flexural test bars 3 x 4 x 50 mm for each of 
the 6 candidate materials. 

4. Tensile Strength Meausrement Matrix - 45 specimens 

Machine Loading Rate Test Temperatures ("C) 
0 20°C 1250°C 1350°C 

0.004 
0.00004 

10 
5 

10 
5 

10 
5 

5. Tensile Stress Rupture (TSR) Measurement Plan - 10 Specimens 
Test Duration - 100 hours 
Loads - 1/2 and 2/3 o (5 s ecimens/of) 
Test Temperature - 1 !d 50" 

6. Tensileflensile Cyclic Fatiuge - 10 Specimens 
Test Duration - 450,000 (-100 hours) 
Rate - I cycle/sec 
Loads - 1/2 and 2/3 of (5 specimens/of) 

Items 4, 5, and 6 above will require 65 specimens for two candidate materials. 
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Table 6. Proposed Material Test Plan for Phase V (concluded) 

Task XI1 - Investigate the Effects of Machining Methods on Flexural Strength 

7. Flexural Strength Test Matrix - 20 specimens 

Machine Loading Rate Test Temperatures (“C) 
C W )  20°C 1350°C 

0.004 
0.00004 

5 
5 

5 
5 

Item 7 will be used to evaluate 10 different machining conditions. 

Note: Weibull analysis will be employed to evaluate the strength data for sets of 
10 or more test points. The S test will be used for smaller data sets. 
Optical microscopy and SEM will be used to evaluate fractured surfaces and 
the microstructure of the newly developed SiC/Si3N4 ceramics. Plasma 
etching will be used to determine microstructure. 

. 
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3.4 FRACTURE MECHANICS 

Teting and Evaluation of Advanced Ceramics at High 
Temverature in Uniaxial Tension 
J. Sankar, A. D. Kelkar, B. Wang, and S. Krishnaraj 
(Department of Mechanical Engineering, North Carolina 
A & T State University, Greensboro, NC 27411) 

Obiectivehcope 

The purpose of this effort will be to test and evaluate advanced ceramic materials at 
temperatures up to 1200 OC in uniaxial tension. Testing may include fast fracture strengths, stepped 
static fatigue strength, and creep strength along with the analysis of fracture surfaces by scanning 
electron microscope. This effort will comprise of the following tasks: 

Task 1. Specifications for testing machine and controls + (procurement) for creep testing. 
Task 2. Identification of test material (s) for the present year + (procurement of specimens). 
'Igsk 3. Identification of test specimen configuration. 
Task 4. Identification and procurement of test grips, high temperature extensometer, and 

Task 5. High temperature fatigue creep interaction study and tensile testing. 
Task 6. Reporting (periodic). 
Task 7. Final Report. 

It is anticipated that this program will help in understanding the behavior of ceramic 

furnace for the creep machine. 

materials at very high temperatures in uniaxial tension. 

Technical hiphlights 

During the reporting period, the internal porosity characterization of both the creep tested 
and untested SNW-1000 Si3N4 samples continued. We were using both SEM and Energy 
Dispersive Spectrum(EDS) analyzer to do the analysis of the composition distribution. The EDS 
analysis was used to understand the microchemical changes in and around the pores of both the 
untested and creep tested samples. 

A chemical analysis was also done, in addition to the pore on both the left and right sides of 
a said pore. Number of pores were analyzed and the pores were taken far apart from each 
other(Tab1e 1 & 2). In addition, a general chemical analysis across the cross-section of the gage 
area was done for both the untested and creep tested sampleflable 3). The result here showed that 
there is very little difference in the chemical distribution between these two conditions. 

EDS analyses indicate that there is difference in chemical compositions especially in the 
Yttrium and Silicon contents of the pores in the untested and the creep tested specimens(Fig. 1 & 
2) at 1200° C over a prolonged period of time. The Yttrium content is higher and the Silicon 
content is lower in and around the pores in the creep tested specimen as compared to the untested 
specimens, but varied little from that of the general chemical composition mentioned earlier. 
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Tsble 1 .  
EDS Results of Pores in Si3N4 Samples 

Right of The Pore P *=--I Left of The Pore 
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Table 2. 
EDS Results of Pores in Si3N4 Samples 

Average Values 

Left of The Pore 1-Pore Area-1 Right of The pore 
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Figure 2. COMPOSITIONAL VARIATION ACROSS A PORE 
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The untested and creep tested samples were analyzed using optical microscope both in the 
longitudinal and transverse directions(Fig. 4) for the pores distribution. The sections for analyses 
in the gage section were taken 2mm. away from the fracture surface. From the SEM 
photographs(Fig. 3A 8z 3B) it can be seen that the pore distribution density and the pore sizes are 
larger in the tested area as compared to untested samples in the longitudinal directions. Similar 
results were observed in the transverse direction. Further, from the photographs it can be seen that 
the pore sizes are larger in the longitudinal as compared to transverse direction. 

Status of milestones 

On schedule. 

Publications & presentations 

“Creep Testing of SNW- 1000 silicon nitride”, presented at the Annual Automotive 
Technology Development Contractor’s Coordination meeting, October 28-3 1, Dearborn, Michigan. 

Research sponsored by the U. S. Department of Energy under prime contract DE-ACOS- 
840R21400 with the Martin Marietta Energy systems, Inc., subcontract 19X-89867C. 
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GTE SNW-lo00 

Figure 3B. Polished microstructure of the GTE SNW-lOOO specimens creep tested at 
1200 OC, 60 % OF, 138 MPa, showing pores in the longitudinal direction. Pore 
distribution density and the pore sizes are larger in the tested area. Similar 
pattern was observed in the Transverse direction. 
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Standar d Tensile Test Develoment 
S. M. Wiederhorn, D. C. Cranmer, R. F. Krause, Jr., and D. 
E. Roberts 
(National Institute of Standards and Technology) 

Obiective/Scope: 

This project is concerned with the development of test 
equipment and test procedures for measuring the tensile 
strength and creep resistance of ceramic materials at 
elevated temperatures. Inexpensive techniques for measuring 
the creep behavior and strength of structural ceramics have 
been developed and are being used to characterize the 
mechanical behavior of these materials. The test methods 
use self-aligning fixtures, and simple grinding techniques 
for specimen preparation. Creep data obtained with tensile 
test techniques will be compared with data obtained using 
flexure and compressive creep techniques. 
of the project is to assist in the development of a data 
base and a test methodology for the structural design of 
heat engines for vehicular applications. 

The ultimate goal 

Technical Hiqhlishts - During the past six months, studies 
on the creep and creep rupture behavior of silicon nitride 
as a function of applied tensile stress and temperature were 
continued. 
investigated on this project: Norton/TRW NT-154, and Allied- 
Signal GN-10. During the present period, most of our 
attention has been directed at characterizing the creep and 
creep rupture behavior of the GNlO in tension. These data 
will be part of a data base to compare materials 
manufactured by different companies. This report presents 
data collected on the creep behavior of GN10. 

Two commercial grades of material are being 

Experimental Techniques - Both the specimen design and the 
test apparatus used in this tensile creep study have been 
previously described in [ l ] .  In brief, this apparatus 
utilized flat dog-bone shaped samples to which SIC "flags" 
are attached to effectively define the gauge length. During 
tensile testing, relative displacements of the flags are 
continuously monitored by a laser extensometer to an 
accuracy of k 1 y.m at temperature. To assure thermal 
stability, the specimens were heated at the test temperature 
for approximately 20 hours before testing. Tests were made 
over a temperature range of 12OO0C to 135OoC and a stress 
range 75 to 150 MPa. For most tests, the applied stress was 
maintained until the specimen failed. In this way, both the 
creep and creep rupture behavior of the material could be 
characterized. 
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The microstructure of tested specimens was studied by 
transmission electron microscopy (TEM). TEM sections were 
taken from the gauge section after the conclusion of most 
tests. To differentiate between the effects of creep and 
annealing on the microstructure, these TEM sections were 
compared with TEM sections from the unstressed ends of 
selected tensile specimens and with TEM sections from as- 
received material. Microstructural analyses were conducted 
on specimens that failed during creep and on specimens from 
tests that were interrupted before failure. Specimens from 
interrupted tests were cooled under load to prevent stress 
relaxation. The gauge sections of crept specimens were cut 
parallel to the stress axis to obtain both near-surface and 
mid-plane TEM sections. Prior to final preparation, these 
sections were examined optically for evidence of distributed 
creep cavitation or crack damage. 

Results 

A summary of the creep behavior of GNlO is shown in 
figure 1 for a temperature of 13OO0C, and stresses of 75, 
100 and 150 MPa. Creep in this material is characterized by 
a relatively short primary stage and an extended secondary 
stage of creep. On some specimens a slight upward curvature 
is observed in the latter part of the secondary stage. 
However, unlike many metallic alloys, extensive tertiary 
strain prior to rupture is not observed. A s  with other 
ceramics, the strain to failure depends on the minimum 
strain rate, the higher the minimum strain rate, the smaller 
the strain to failure. For this material, the failure 
strain ranges from about 0.5 to 1.5 percent. 

The stress and temperature dependence of the creep 
behavior was determined by expressing the logarithm of the 
strain rate, k ,  as the sum of the inverse absolute 
temperature, 1/T, and the logarithm of the applied stress, 
a, for the entire data set. 

Where n is the stress exponent, AH is the apparent 
activation energy and R is the universal gas constant. A 
least squares analysis of the data yielded a stress exponent 
of ~6 and an apparent activation energy of 1230 kJ/mol for 
this material. Graphical representations of the data for 
the GNlO are given in figures 2 and 3. In figure 2 the data 
are temperature compensated to show the stress dependence of 
the data, whereas in figure 3 the data are stress 
compensated to illustrate the temperature dependence of the 
data. For both figures, the data tend to cluster about 
straight lines, suggesting that the assumed functionality 
provides a reasonable fit of the minimum creep rate. 
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The rupture dependence of the GNlO is illustrated in 
figure 4, where the logarithm of the minimum creep rate is 
plotted as a logarithmic function of the rupture time. The 
data cluster about a common straight line, with a slope of - 
0.96,  regardless of test temperature or applied stress. 
Known as a Monkman-Grant plot, this type of curve is 
commonly used to describe the creep rupture behavior of high 
temperature alloys. This curve provides a simple 
description of the creep rupture behavior of the test 
material and can be used either for the prediction of 
engineering lifetime, or to compare this material with other 
structural ceramics. 

Discussion 

A variety silicon nitrides have now been run in tensile 
creep. For all materials studied, strain to failure ranges 
from = 0.5 percent to = 2 percent. Creep may be entirely 
primary stage as has been reported for unannealed grades of 
NT154 and for other experimental grades of silicon nitride. 
Transient creep behavior may also be followed by steady 
state creep has also been reported for annealed grades of 
NT154, for GNlO and for other experimental grades of this 
material. Generally, tertiary stage creep is not observed 
in this type of material. Primary stage creep may lead 
directly into fracture, or fracture may occur after the 
material has entered secondary stage creep. 

Primary stage creep has been attributed to the flow of 
the vitreous bonding phase from between the grains of 
silicon nitride, resulting in direct contact of the grains. 
Primary stage creep can occur either as a consequence of 
devitrification of the bonding phase, or because the 
pathways between the grains decrease as a function of time. 
Devitrification increases the effective viscosity of the 
bonding phase and hence reduces the rate of creep for a 
given stress and temperature. The rate of creep is also 
decreased when the bonding phase is forced to flow between 
narrower passag.e-ways. This latter mechanism also leads to 
a difference in creep in tension and compression. 

Secondary stage creep in silicon nitride is often 
observed to occur in concurrence with the formation of 
cracks or cavities in this material. In the GN10 cavity and 
crack formation in tension was confirmed by TEM studies, 
which are reviewed in Section 3.1 of this report under 
Microstructural Analysis of Structural Ceramics. Cavity 
formation provides the stress relief required to modify the 
creep behavior of the silicon nitride. Because of the 
volume increase consequent upon cavitation, the rate 
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displ 
thus, 
GN10, 

acement of the ends of the specimen must also increase, 

constant for steady state creep to have been observed. This 
same behavior was reported earlier in Si/SiC which cavitates 
extensively during creep. 

increasing the creep rate in the material. For the 
the creep rate due to cavitation must be relatively 

If the flow of the bonding phase plays a major role in 
the deformation process, then the viscosity or the 
diffusivity of the bonding phase along the grain interfaces 
hill also be important to the creep process. As noted by 
Raj and Morgan 121, such transport processes often depend on 
a number of different factors that determine the apparent 
activation energy. The rate of creep will depend on the 
rate of transport of silicon nitride along the grain 
interface, which in turn depends on the mobility and 
concentration of the silicon nitride in the glass at the 
interface. The temperature dependence of the mobility and 
the concentration together determine the measured value of 
the apparent activation energy. 

1 

In their discussion of the reasons for the high 
activation energies for creep, densification and grain 
boundary sliding in hot-pressed silicon nitride, Raj and 
Morgan [ 2 1  suggest that the Gibbs free energy controlling 
the concentration of silicon nitride in the interfacial 
glass of a magnesia-doped silicon nitride was approximately 
equal to the heat of solution of the silicon nitride in the 
glass, AHs. From densification experiments reported by 
Bowen et al. 133, they estimate the heat'of solution as 
AH,=$OO kJ/mol. The temperature dependence of the mobility 
can be estimated from the activation energy for the 
viscosity of oxynitride glasses (assuming the applicability 
of the Stokes-Einstein equation). Rouxel et al. [41 
measured the viscosity of an oxynitride glass (Y, 17.3; Si, 
34.7; Al, 9.9; 0, 31.9; N, 6.2 w/o) over the temperature 
range 85OoC to 98OOC. The activation energy for viscosity 
ranged from 335 kJ/mol at 88OOC to about 1000 kJ/mol at 
94OoC, and slowly decreased to 850 kJ/mol at 98OOC. These 
values were consistent with measurements by Hampshire et al. 
on a similar glass [SI. If oxynitride glasses containing 
only yttria behave in a similar manner, then the activation 
energy for viscosity plus the heat of solution of silicon 
nitride in glass are sufficient to account for the high 
activation energy, 1,230 kJ/mol, for creep measured in the 
current study. 

In the coming months, additional studies will be 
conductedon NT-154 in order to determine the effect of 
annealing on the creep behavior. This work is being 
conducted in collaboration with Ho Fang at Allied-Signal. 
The objective of the work will be to determine if annealing 
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is a viable procedure for improving creep resistance in 
silicon nitride. A similar program will be started later in 
the year with Bernie Busavne of the Garrett Processing 
Division. In this research, we will be investigating GN-10 
instead of NT-154. A second program will be started to 
characterize the creep and creep rupture behavior of PY6, a 
grade of silicon nitride made by GTE. This work is being 
done in collaboration with Pramod Khandelwal of Allison Gas 
Turbine. In this program we hope to obtain a complete 
evaluation of the creep and creep rupture behavior of PY6. 
Studies on the NT-154 and PY6 are being conducted as part of 
the DOE Reliability program. 

Status of Milestones 

All milestones are on schedule. 

Publications 

1. D. C. Cranmer, B. J. Hockey, S. M. Wiederhorn and R. 
Yeckley , "Creep and Creep-Rupture of HIP-ed Si3N4, 'I 
Ceram. and Eng. Sci. Proc. =[9-101 1862-1872 (1991) 

2. S.M. Wiederhorn, B.J. Hockey and T.-J. Chuang, "Creep 
and Creep Rupture of Structural Ceramics," pp. 555-576 
in Toughening Mechanisms in Quasi-Bri ttle Materials, 
S.P. Shah, ed., Kluwer Academic Publishers, 1991 

3. Ching-Fong Chen, Sheldon M. Wiederhorn and Tze-jer 
Chuang, "Cavitation Damage During Flexural Creep of 
SiAlON-YAG Ceramics," J. Am. Ceram. SOC. =[71, 1658- 
62 (1991). 
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veloDment of a Fracture TouQhpess rWiwQE!k  
G. M. Pharr and D.S. Harding (Rice University) 

The objective of this study is to develop a tec,,nique for measuring 
fracture toughness in thin films and small volumes on a spatially resolved 
basis using the Mechanical Properties Microprobe at ORNL (MPM or 
Nanoindenter). The MPM is currently used to measure both hardness and 
elastic modulus with a spatial resblution of better than 1 pm. Once developed, 
the technique will be useful in probing toughness at the scale of the 
microstructure and thus in establishing important relations between 
microstructure and fracture behavior. The method will be applied to ceramic 
systems of importance to the Ceramic Technology Program. 

The method we are pursuing is based on the cracking which occurs 
when brittle materials are indented by a sharp indenter, such as a Vickers 
diamond. The indentation cracking method has been developed by several 
investigators over the last 15 years 11-12]. A critical review of its predictive 
capabilities has been presented by Anstis et al. [q, who have applied the 
method to a wide variety of ceramics and glasses and found its accuracy to be 
better than 40%. The basis of the method is to compute the fracture toughness, 
K,, from the length of the cracks, c, through the semi-theoretical relation [7'l 

Here, a is an empirically determined geometric constant (for a Vickers 
indenter, its value is about 0.016 [A), P is the indentation load, and E and H 
are the elastic modulus and hardness of the material, respectively. One 
attractive feature of applying this method with the MPM is that, in addition to 
being able to produce very small indentations with very precise positioning, 
the load-displacement data provided by the instrument can be used to 
establish the local modulus and hardness. Since a knowledge of both these 
quantities is needed for the computation of toughness, the MPM provides a 
simple and convenient means for obtaining all the data needed to measure 
toughness on a spatially resolved basis. 

Earlier in this research, we showed that an indenter with a cube comer 
geometry can be used to substantially reduce the cracking threshold in most 
ceramic materials, thus paving the way for implementation of the method to 
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Soda-Lime Glass 
Fused Quartz 
Pyrex Glass 
Silicon 
Sapphire 
Si3N4 (NC132) 

micron-sized indentations. During the past 6 months, most of our work has 
concentrated on establishing how well Eqn.1 works for the cube corner 
diamond, and what the value of the geometric constant a might be. 

To this end, we have acquired a number of brittle materials and 
determined their toughnesses either by direct measurement or by consultation 
of the literature. An apparatus for conducting fracture toughness testing using 
the chevron notch method was completed, calibrated, and used to establish 
the toughness of soda-lime glass, fused quartz, and Pyrex. A notch geometry 
was found which produces stable crack growth in all three materials and good 
results were obtained. The measured toughnesses were 0.70 f 0.02 MPadm 
for soda lime glass, 0.59 rt 0.01 MPadm for fused quartz, and 0.63 k 0.01 
MPadm for Pyrex, all of which compare favorably with values in the literature. 
We have thus developed a good method for assessing toughness for 
comparison with results from the indentation testing. Interestingly, previous 
attempts by other investigators to measure toughness in these same glasses 
using the chevron notch method met with very little success; valid tests could 
not be performed because stable crack growth could not be achieved. Our 
success is due to a careful choice of the notch geometry. 

Indentation testing was subsequently performed in each of the three 
glasses as well as in NC-132 silicon nitride and single crystals of silicon and 
sapphire, both in (1 11) orientations. The majority of indentations were made in 
a conventional microhardness tester using both the Vickers and cube corner 
indenters in the load range 1 to 10 N (100 to 1000 gms). A few Berkovich 
indentations were also made, and some of the materials were indented in the 
Nanoindenter at much lower loads. The materials are shown in Table 1 along 
with their moduli, hardnesses, and toughnesses. The moduli were taken 
directly from the literature. The hardnesses are averages based on the Vickers 
indentations. The toughnesses were either directly measured using the 
chevron-notch method or extracted from reliable sources in the literature. 

Table 1. Mechanical properties of materials used in this study. 

I Material E (GPa) 
70 
72 
63 
168 
403 
300 

H (GPa) I ~ c ~ a G 1  

1. Average of all Vickers indentations. 
2. Measured with chevron-notch method. 
3. Anstis et al. [A. 
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As we expected, the threshold loads ,for cracking for: the Vickers 
indenter were relatively high, The threshold for both soda-lime glass and fused 
quartz was in the range 1-2 N (100 to 200 ms), and that fgr pyrex was slightly 
higher in the range 2’4 N (200-400 gms B . Both sapphire and silicon nitride 
cracked at loads of 1 N (100 gms), but because of their high hardnesses, the 
indentations were small, and the threshold, which has been reported to be 
about 0.25 N (25 gms) [13,14], could not be established by optical observation. 
The threshold in silicon is well documented to be in the range 6.1-0.5 N (1-5 

When indented with the cube corner indenter, all of the materials 
cracked over the entire load range, consistent With our earlier observations 
that cracks are produced in sapphire, fused quartz, soda-lime glaSs, and 
silicon at loads as low as 0.005 N (0.5 gms). Pyrex and silicon nitride have not 
yet been tested at low loads in the Nanoindenter with the cub4 corner 
diamond. 

Some notable behaviors were observed in some of the materials when 
indented at relatively high loads with the cube mrner indenter. In silicon and 
sapphire, indentation at 10 N (1000 gms) results in complete removal of large 
portions of material around the indentation, probably from the formation of 
extensive lateral cracks. Because of this, the indentation size and therefore the 
hardness cannot be measured. In pyrex glass, the crack mode appears to 
change at loads greater than 6 N (600 gms) fmm radial cracking (kt low loads) 
to cracking which is dominated by either cone cracks or laterals (at high 
loads). The significance of this is that since the toughness measurement 
method relies on the formtion of radial cracks, some caution must be 
exercised in using the cube corner indenter at high loads. At low loads, on the 
other hand, the cube corner indenter performs extremely well: radial cracks 
form consistently in all the materials at loads well below the threshold for the 
Vickers indenter. 

To test the applicability of Eqn.1, crack lengths for both the Vickers and 
cube corner indenters are plotted as a function of load in Fig.1. To be 
consistent with the form of Eqn.1 , the crack lengths are plotted in normalized 
form as Kc[HIE]1’2~3m, where the values of K,, H, and E are those in Table $1.. If 
Eqn.1 is valid, then data from all the materials should group about. a single 
line, the slope of which is the geometric constant a. While the plots show that 
this is more or less the case for both indenters, the data are much more tightly 
grouped for the cube corner indenter than for the Vickers indenter. This is a 
very significant result in that it implies that in this load range, not only can the 
cube corner indenter be used in the measurement of fracture toughness, but it 
gives significantly be,tter results as well. 

To examine what happens at loads lower than 1 N , the data for the 
cube corner indenter are ‘replotted in Fig.2 along with results obtained in 
nanoindentation experiments. The data, which extend over 4 orders of 
magnitude in load, again group nicely about a single line. When fit to a power 
law relation of the form y = axn, the best fit power law exponent is n = 1.05, 
thus implying that the assumed relation between P and c3/* is correct. The 
value of the geometric constant resulting from the fit is a = 0.031 9, roughly 

gms) 11 51 
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Fig.1. Plots of normalized crack length vs. load for the Vickers and cube corner 
indenters. The load range is 1-1 0 N (1 00 to 1000 gms). 
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Fig.2. Normalized crack length vs. load for cube corner indentations made in 
both the microhardness tester and the Nanoindenter. 

twice the value reported by Anstis et al. for the Vickers indenter [A. How well 
this value of a works in the prediction of toughness is shown in Fig.3, where 
values of K, predicted from measured crack lengths produced by the cube 
corner indenter at a load 4 N (400 gms) are plotted against the values of K, 
shown in Table 1. The good agreement suggests that the method based on 
the cube corner indenter works very well indeed. Before settling on a final 
value of a, the data set will be extended to include approximately 4 more 
materials with toughnesses varying in the range 1 to 4 MPadm. 

Another significant observation in Fig.3 is that the predictions for fused 
silica and Pyrex glass compare favorably with the values determined from the 
chevron notch measurement. This is somewhat surprising since it is well 
known that these materials behave anomalously when indented with a Vickers 
indenter - the computed toughnesses are usually too high [16]. That this is the 
case is shown in Fig.4, where data obtained in this study for 10 N (1000 gm) 
Vickers indentations are used tu compute K, assuming that a = 0.016, the 
normally accepted value for a Vickers indenter. The fused quartz and Pyrex 
data points are clearly higher than the rest of the data. Also shown in the plot 
are the data obtained by Anstis et al. for a variety of materials [7] which 
demonstrate that their results are generally similar to ours. Anstis et al. did not 
include fused quartz or Pyrex in their data set, pr8Sumably due to the poor 
agreement. The point we wish to make is that the anomalous behavior which 
exists for the Vickers indenter does not appear to occur for the cube corner 
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indenter (see Fig. 3). We speculate that the reason for the better performance 
of the cube corner indenter has to do with a difference in cracking mode. Last 
year, we found that the predominant cracks which form in fused quartz during 
loading with a cube corner indenter are radials, while those with a Vickers 
indenter are cone cracks. This is important because cone cracks interfere with 
the formation of the radials and thus influence their lengths. Cone cracks do 
not form in fused quartz for the cube comer indenter, thus providing another 
reason to prefer the cube corner indenter in the measurement of fracture 
toughness at low loads. 

In sum, the cube corner indenter continues to perform well beyond our 
expectations. 

All milestones are proceeding on schedule. 

G.M. Pharr, W.C. Oliver, and D.S. Harding, "New Evidence for a Pressure- 
Induced Phase Transformation During the Indentation of Silicon", Journal 
of Materials Research 6, 1 1 29 (1 991 ). 
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3.5 NONDESTRUCTIVE EVALUATION DEVELOPMENT 

Nondestructive Characterization 
D. J .  McGuire (Oak Ridge National Laboratory) 

Object i ve/scoDe 

The purpose of this program is to conduct nondestructive evaluation 
(NDE) development directed at identifying approaches for quantitative 
determination of conditions (including both properties and flaws) in ce- 
ramics that affect the structural performance. Those materials that have 
been seriously considered for application in advanced heat engines are all 
brittle materi a1 s whose fracture is affected by structural features whose 
dimensions are on the order of the dimensions of their microstructure. 
This work seeks to characterize those features using high-frequency ultra- 
sonics and radiography to detect, size, and locate critical flaws and to 
measure nondestructively the elastic properties of the host material. 

Technical Droqress 

Ultrasonics - W .  A. Simpson, Jr., and K .  V. Cook 

We continued to receive and evaluate large (41-cm2, 7.6-cm-thick) 
ceramic blocks, primarily alumina, for flaws and cracks. In addition, the 
elastic moduli of the samples were determined nondestructively at several 
points in order to estimate the homogeneity of the material. The blocks 
have averaged about 85% of theoretical density and thus contain a rela- 
tively large volume fraction of voids. Each of the samples is to undergo 
thermal cycling, following which they will be retested to determine if 
prejudicial flaws have developed or if the elastic properties have been 
affected. 

One of these large alumina blocks was sectioned to provide suitable 
specimens for more detailed NDE. Two of these sections were received and 
are approximately 21.5 by 17.5 cm in area and approximately 2.5-cm thick. 
One of the samples was taken from the upper one-third of the original 
block, and the second was cut from the center one-third. 
derived from different quadrants of the original block and were ground on 
the opposing through-thickness faces to provide adequate entry surfaces 
for the ultrasonic energy. Both samples were subjected to 25-MHz, pulse- 
echo ultrasonic testing to determine the presence of cracks, voids, or 
density variations. At this frequency, discrete voids or inclusions 
smaller than about 100 pm would not be detected reliably, but both cracks 
and density variations can usually be discerned quite readily. 

reflection on the sample derived from the middle one-third of the original 
block. One of the more obvious features of this scan is the series of 
concentric circles superimposed on the pattern. 
matched with faint grinding marks visible on the back surface of the 
sample, even though these marks appear to have no significant height and 
can only be seen under oblique illumination. 
cerned on the front (entry) surface of the sample. However, the white 

The samples were 

Figure 1 shows the results obtained by monitoring the back-surface 

These circles can be 

No such marks could be dis- 
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Fig .  1. U l t r a s o n i c  back-surface r e f l e c t i o n  image o f  
an alumina b lock  showing dens i t y  v a r i a t i o n s  and c i r c u l a r  
g r i n d i n g  marks. 

v e r t i c a l  f ea tu re  near the  bottom center  o f  t h e  f i g u r e  i s  caused by a deep 
gouge i n  t h e  e n t r y  surface. 

be i n t e r n a l  v a r i a t i o n s .  
v a r i a t i o n  i n  the  l o c a l  ma te r ia l  dens i ty .  Th is  conclus ion i s  supported by 
the  backscat te r ing  data, which are shown i n  F ig.  2. Here, t h e  u l t r a s o n i c  
t ransducer was focused approximately 10-mm deep i n  the  sample, o r  very  
near the  midplane. The energy sca t te red  from a small volume centered on 
t h i s  foca l  p o i n t  was d i g i t i z e d  and assigned a gray-sca le  value. Since 
t h i s  i n fo rma t ion  comes f r o m  the  midplane o f  t h e  sample and i s  unaf fec ted  
by the  p roper t i es  o f  t h e  back surface, i t  i s  rep resen ta t i ve  o f  t h e  condi-  
t i o n s  e x i s t i n g  on ly  i n  the  v i c i n i t y  o f  t h e  midplane. Al though t h e  v a r i a -  
t i o n s  recorded are  much l e s s  in tense than those seen i n  t h e  back-surface 
data, they  c l e a r l y  e x h i b i t  t he  same s p a t i a l  d i s t r i b u t i o n ,  w i t h  the  excep- 
t i o n  of t h e  concent r i c  c i r c l e s ,  which are associated o n l y  w i t h  the  back 
surface. 
r e l a t e  w i t h  l i g h t e r  reg ions i n  the  back-surface data, and t h i s  i s  seen t o  

The remaining, r a t h e r  s t r i k i n g  fea tures  ev ident  i n  F ig.  1 appear t o  
The most l i k e l y  source f o r  these fea tures  i s  

I n  add i t i on ,  dark reg ions i n  the  backscat te r ing  da ta  should co r -  
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Fig. 2. Ultrasonic backscattering image of the alumina block of 
Fig. 1 showing density variations. 

be the case. 
nitely originate from small changes in the local void fraction, i.e., 
material density. This conclusion has now been supported by destructive 
analysis, which showed that the regions of anomalous scattering contained 
clusters of small voids. 

between the back-surface echo amplitude variations and those produced by 
midplane backscattering. 
indications are likely caused by local density variations. 

We also completed interfacing a commercial ultrasonic scan tank as- 
sembly to a high-speed, PC-based data acquisition system. This work was 
completed in time to scan the alumina samples described above with the new 
hardware. The data display is in color rather than gray scale, and we 
have incorporated a few image processing primitives in the software that 
allow us to expand the amplitude range under consideration. The results 
on both alumina samples are identical to the gray-scale information, and 

In the backscattering case, the recorded variations defi- 

The data acquired on the second sample exhibited the same correlation 

In this sample as well, therefore, the recorded 
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the use of color allows us to see adjacent-level variations (i.e., varia- 
tions of only one level in the digitizer output), which were not discerni- 
ble in the gray-scale results. We have tested the new system at inspec- 
tion speeds up to 10 in. (25.4 cm) per second, which is five times the 
speed obtainable with an earlier minicomputer interface and twice the 
maximum speed of our commercial primary inspection system. Both the scan 
hardware and software of the new configuration are capable of higher-speed 
operation, but the pulse repetition rate of the ultrasonic exciter limits 
the inspection speed to the stated value. Above this speed, data dropout 
begins to occur and is quite serious at the maximum scan speed of 20 in. 
(50.8 cm) per second. The pulser can be clocked externally at twice the 
maximum internal rate, but an inspection speed of 10 in. per second seems 
adequate for the present. 

A specification was written and submitted for an upgrade to our pri- 
mary high-frequency ultrasonic evaluation system for ceramics. The heart 
of this improvement is an 8-bit peak detector/digitizer to replace the 
present 4-bit hardware. 
our system from 24 to 48 dB as well as provide greatly enhanced image 
processing capabilities. The new system will be color based with computer 
storage of data files up to 3200 by 3200 image points and will possess a 
number o f  sophisticated enhancement algorithms including histogram equali- 
zation, contrast enhancement, low- and high-pass filtering, zoom, and pan. 
In addition, digital time-of-flight information will be provided for up to 
eight software gates for generating velocity versus position scans of 
ceramic specimens. This latter capability will be used to map subtle den- 
sity variations in structural ceramics. Three-dimensional (3-D)  color 
display of the acquired C-scan data will also be included in the operating 
software. This package will use our existing ultrasonic and scan tank 
hardware, rep1 acing only the control 1 er and gray-scal e recorder. 

Based on the specification described above, we purchased a commercial 
upgrade for our primary high-frequency ceramic inspection system. 
W .  A. Simpson, Jr., delivered our hardware to the vendor’s plant; oversaw 
the installation of an 8-bit, high-speed digitizer and its associated 
software; received operator training on the use of the new equipment; and 
returned the upgraded system to Oak Ridge. In addition to greatly im- 
proved amplitude resolution, the new package provides time-of-flight 
information for delineating regions of varying density in ceramic materi- 
als via changes in the elastic wave velocity, color display of the re- 
sulting images, and storage of data files up to the limit of the hard disk 
drive. 
equivalent-time sampling modes at rates of 200, 400, 800, 1600, and 
3200 MHz. At the 200- and 400-MHz sample rates, the speed of the software 
is such that no reduction of the scan velocity of several inches per 
second appears to be required. At all rates up to the 100-MHz real-time 
limit, the full radio frequency (rf) waveform may be acquired and stored; 
at the higher sample rates, only the peak amplitude and time of flight are 
recorded. 

In addition to the features described above, the new system has sev- 
eral capabilities that should prove very useful for ceramic evaluation. A 
number of image enhancement functions, including data smoothing, high- and 
low-pass filtering, histogram equalization, zoom, and 3-D color plotting 
have been included. A test of these functions on an alumina sample, which 

This change will increase the dynamic range of 

The digitizer is a real-time 100-MHz unit and may be operated in 
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we have previously characterized repeatedly, revealed several indications 
not seen before. We also examined with high-frequency surface waves sev- 
eral silicon nitride modulus of rupture (MOR) bars, which contained laser- 
drilled holes of 20-pm diam and 20-pm depth and 10-pm diam and 10-pm 
depth. We examined these samples with our old hardware and were able to 
detect the holes on the A-scan but could not record their presence because 
o f  the limited amplitude resolution of the 4-bit digitizer. Figures 3 and 
4 show the results obtained on the 20-pm hole. In Fig. 3, the unprocessed 
ultrasonic data are shown with the full 256-level ampli-tude resolution on 
a VGA monitor in 256-color mode. The 20-pm flaw is the bull's-eye feature 
shown near the center of the figure. 
explained from the properties of the radially propa-gating surface wave 
and the nature of the laser-drilled hole. The semi-circular features 
shown at the top and bottom edges of the MOR bar are small specks of paint 
used to mark the location of the drilled hole. Figure 4 shows the same 
data with contrast enhancement to accentuate the presence of the flaw. 

the sample containing a 10-pm-diam, 10-pm-deep laser-drilled hole. In 
this case, there was only a single dot of paint used to locate the hole, 

This distinctive pattern is easily 

Figure 5 shows the contrast-enhanced surface-wave result obtained on 

Y P 13369 

Fig. 3. Unprocessed ultrasonic surface-wave image of a 20-pm-diam, 
20-pm-deep flaw (circular indication). 
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YP13368 

Fig. 4. 'Contrast-enhanced image of the 20-pm flaw of Fig. 3. 

and the response from this dot is the semicircular indication at the top 
of the figure. The 10-pm hole is the dark circular feature seen at the 
bottom edge of the paint indication. 
to right on the figure are the response from surface grinding marks. Only 
a hint of the flaw can been seen in the unprocessed data. 

Another feature that is present on the new system is the ability to 
generate B-scan presentations of ultrasonic data. These presentations are 
essentially vertical sections through the sample showing the response from 
scattering centers (voids, cracks, or inclusions) as a function of depth. 
A test of this feature on the die in an encapsulated integrated circuit 
was able to delineate regions o f  nonbonding through phase reversals in the 
scattered ultrasonic wave (the B-scan feature digitizes the entire rf 
waveform, not just its maximum amplitude). 

We continued to develop an ultrasonic synthetic aperture system for 
evaluation of planar ceramic specimens. The in-house modified interface 
described above was used for this purpose, and a test of the entire system 
was successfully completed. The inspection rate is much slower, of 
course, since the full analytic signal must be acquired at each aperture 
point, which is approximately every half wavelength. The advantage 

The linear indications running left 
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Fig. 5. Contrast-enhanced ultrasonic surface-wave image of a IO-pm- 
diam, 10-pm-deep flaw (circular indication near center of image). 

gained, however, is that the inspection depth is limited only by the 
signal-to-noise ratio obtainable with the hardware available. All re- 
quired hardware modifications were completed as well as the software 
changes necessary to implement the synthetic aperture algorithms on our 
system. A preliminary, one-dimensional synthetic aperture scan was suc- 
cessfully tested using the new hardware. The commercial system upgrade 
described above is a1 so somewhat compatible with the synthetic aperture 
approach in that data which we have acquired can be imported to the B-scan 
program for display in both the raw and processed forms. 

With the completion of these changes, we have a functioning, auto- 
matically controlled system to implement synthetic aperture processing of 
ultrasonic ceramic data. Given the characteristics (elastic wave veloc- 
ity, etc.) of the target material, the nominal operating frequency, and 
the desired total area to be examined, our. system will determine the opti- 
mum aperture for a point scatterer, move the transducer over the total 
scan area, and collect the complete rf scattering record from throughout 
the sample thickness at each aperture point. These data are written to 
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d i s k  as one record o f  the e n t i r e  aperture f i l e .  As there are 512 po in ts  
per waveform and each p o i n t  i s  encoded as a 4-B f l o a t i n g  p o i n t  number 
( t h i s  i s  modif ied t o  an 8 - b i t  in teger  when the data are presented t o  the 
commercial B-scan program), each p o i n t  o f  t he  synthet ic  aperture generates 
a 2-KB record. Thus, f o r  a 100 by 100 array o f  aperture po ints ,  more than 
20 MBs o f  data w i l l  be generated. Our software has beer, w r i t t e n  t o  per-  
form the  appropriate processing o f  these records over the optimum aperture 
f o r  each p o i n t  o f  the r e s u l t i n g  image. 

Figure 6 shows the data obtained by a s ing le  synthet ic  aperture scan 
l i n e  across an a r t i f i c i a l  f law ( a  d r i l l e d  hole) i n  aluminum. The v e r t i c a l  
features a t  the r i g h t  o f  the f i g u r e  are the rf o s c i l l a t i o n s  o f  the back- 
surface signal ,  whi le  the curved pa t te rn  i s  t he  s ignal  from the t i p  o f  the 
f law. The quadrat ic phase delay c h a r a c t e r i s t i c  o f  a p o i n t  sca t te re r  can 
be c l e a r l y  seen i n  t h i s  f i gu re .  Two s i m i l a r  curved responses t o  the r i g h t  
o f  the back-surface signal  are caused by r e f l e c t i o n  o f  the u l t r a s o n i c  
energy from the sides o f  the d r i l l e d  hole. These s ignals  occur l a t e r  i n  
t ime than the back-surface signal  and would not  be present i n  the case o f  
a r e a l  f law. Note the loss o f  the back-surface s ignal  i n  the region o f  
the hole. 

YP13372 

Fig. 6. Unprocessed synthet ic  aperture scan showing back-surface 
signal  ( v e r t i c a l  l i n e s  a t  r i g h t  o f  f i gu re )  and the response from a po in t  
source f l aw  (curved i n d i c a t i o n  l e f t  o f  center o f  f i g u r e )  i n  aluminum. 
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Figure 7 shows the contrast-enhanced response from a flaw in a zir- 
conia MOR bar. 
are the front- and back-surface signal, respectively, while the curved 
response to the right of center is caused by the flaw, which is approxi- 
mately 250 pm in diameter and located about 3-mm deep. 
that have not been processed to yield a 'lfocused'l image of the flaw. 

The vertical features at the left and right of the figure 

These are raw data 

Computed Tomography - B.  E .  Foster 

A purchase requisition was issued for several ceramic samples to be 
used for beam-hardening corrections and standards. One of the samples is 
a 12-mm-thick Sic wedge with approximate dimensions (150 x 250 x 300 mm) 
for establishing beam-hardening correction tables. The remaining six sam- 
ples are Sic and Si,N, discs (12-mm thick) with diameters of 25, 50, and 
110 mm. Anticipated delivery was orig'inally late July or early August 
1991, but fabrication and delivery delays at the vendor's plant have moved 

YP13371 

Ikrs : - 3  

Fig. 7. Unprocessed synthetic aperture scan showing front- and back- 
surface signals (vertical lines at left and right o f  figure) and response 
(curved indication) from a 250-pm flaw in zirconia. t 
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this date to late November or December 1991. 
have different diameter and depth holes (25- to 250-pm range) placed in 
them. 

A Si,N, tensile specimen with hole diameters ranging from 25 to 100 pm 
in the 6-mm-gauge block portion was available for a brief time period. A 
rather hurried calibration of the CT System in the high-resolution mode 
was done and the sample scanned. Indications in the vicinity of the 
100-pm-diam holes were noted during our necessarily brief examination, 
which established the need for a better calibration. The specimen was 
subsequently returned to us for further evaluation. In addition, a simi- 
lar tensile specimen without holes was also received. 
was temporarily unavailable for scanning these small samples in the high- 
resolution mode (it was being used for some larger diameter ceramic ro- 
tors), we radiographed the samples with our conventional X-ray equipment. 
Several of the 100-pm and a few of the 50-pm (diameter and depth) holes 
were imaged. The sharpness of the hole images was less than anticipated. 
Further evaluation of the holes in the sample with the aid of a metal- 
lurgical microscope showed that the holes were tapered. 
holes were indeed that at the surface but were only about 70 pm at the 
bottom. 
Some of these cracks were visible at the surface. 

digital radiograpy mode. 
gauge block portion of one of the samples. 
noted in the other two samples. A 0.25-mm-thick CT slice was then taken 
across the gauge thickness and near the center of the linear indication. 
This scan showed a low-density indication with dimensions of approximately 
0.2 by 0.5 mm. There were several other low-density circular indications 
(less than 0.2 mm) in that image. 

Thirty silicon nitride tensile specimens with a 6-mm-gauge block have 
been received for evaluation with the CT system. Digital radiography will 
be done on all of the samples with CT slices on selected areas. 
samples will be evaluated as soon as the beam-hardening calibration, 
precise object center location, and the parameters for sharpening the 
image reconstruction are determined for the high-resolution (small sample 
diameter) mode. We had expected to begin scanning in early August 1991 
but were delayed by the efforts on beam-hardening calibration and image 
sharpness reconstruction algorithms. 

evaluation. The interest is in the 15-mm-diam shaft of the rotor. 
Several CT slices will be taken in the shaft area. 

expansion chassis in the CT system. Previously we had a 380-MB system disk 
and a single 760-MB data disk (which also contained some system files). 
The limited data storage required fragmenting the data for a single 
100-mm-diam rotor onto magtape and disk, which was very labor intensive, 
for later image review and analysis. 
with a 760-MB capacity, in addition to about 400 MBs available for data on 
the system disk. The original 380-MB disk drive was removed. 

ceived and installed new software from Scientific Measurement Systems 
(SMS), Inc. (the manufacturer of the CT unit), for picture reconstruction, 

The discs will subsequently 

~ 

Since the CT system 

The quoted 100-pm 

The film radiography of the second sample showed several cracks. 

A linear-type indication was noted in the 6-mm- 
Three other silicon nitride tensile samples were scanned using the 

There were no indications 

These 

Seven 50-mm-diam silicon nitride rotors have been received for CT 

We have completed installation of three 760-MB hard-disk drives and 

Now, we have three data disks, each 

While waiting for the beam-hardening calibration standards, we re- 
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which is supposed to reduce some of the annoying artifacts that were being 
observed. 
tube (the change was approximately 0.5 mm) and replaced a circuit board in 
the array processor for further reduction of artifacts in the final image. 
These changes are presently being evaluated. 

In addition, SMS personnel realigned and centered the X-ray 

Mi 1 estones 

Milestone 351105 was completed on schedule. 

Pub1 ications 

W. A. Simpson, Jr., and R. W. McClung, "An Ultrasonic Evaluation of 
Silicon Carbide Whisker-Reinforced Ceramic Composites," accepted for 
publication in Mater .  E v a l .  

R. W. McClung, W. A. Simpson, Jr., and D. R. Johnson were invited 
contributors to a chapter entitled "Ultrasonic Tests for Advanced 
Structural Ceramics," S e c t i o n  15, UT App7ications i n  Advanced M a t e r i a l s  
and Processes,  which has now been published in the American Society for 
Nondestructive Testing (ASNT) Handbook on Ultrasonic Testing. 

B.  E. Foster and F. Hopkins, "High-Resolution Imaging of Ceramic and Other 
Materials with Computed Tomography," presented at the Industrial Computed 
Tomography I1 Topical Conference, San Diego, May 20-23, 1991. 
summary is to be printed in the conference proceedings. 

The paper 
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NDE STANDARDS FOR ADVANCED CERAMICS 
R. W .  McClung (Oak Ridge National Laboratory) 

The development of standards is important for the establishment of 
Committee reliability and acceptance of advanced structural materials. 

C-28, on Advanced Ceramics, is organized in the American Society for 
Testing and Materials (ASTM) to address this issue. One of the activities 
of the C-28 committee is nondestructive examination (NDE). The Task Group 
is reviewing existing standards on NDE (primarily developed for metals) to 
determine potential applicability for ceramics, as well as preparing origi- 
nal standards. 
than generation of new documents and will ensure the input of a large body 
of NDE expertise. Close liaison is established with ASTM Committee E-7 on 
Nondestructive Testing, and documents are in various stages of review, 
recommendations for change modification, and balloting. 
member of both committees and the official liaison. 

Liaison and technical support have been continued between ASTM 
Committees C-28 and E-7. 
detail with recommendations made to E-7 for modifications to identified 
documents. Successful action is complete on 13 documents, E-7 balloting 
action is in progress on 8 items, and the others require action by C-28. 
table of ultrasoqic velocities in typical ceramic materials, prepared by 
C-28 and submitted to E-7 for incorporation in an existing NDE standard, 
had a successful E-7 subcommittee ballot, and a full committee ballot was 
approved on this item. 
sureless sintered ceramics balloted in C-28 at the subcommittee level is 
being revised for a concurrent ballot at both committee and subcommittee 
levels. A guide1 ine document that describes avai 1 able approved standards 
and their applicability for examination of ceramics was approved by ASTM as 
C-1175 and is to be published in Vol. 15.01 of the ASTM Book o f  Standards.  
Comments received from a Task Group advisory ballot conducted on five new 
E-7 standards covering specific techniques of liquid penetrant examination 
were submitted to E-7 for recommended modifications. 
June 1991, appropriate contacts were made to ensure ongoing activity in 
response to C-28 requests on documents on radiography, ultrasonics, and 
1 iquid penetrants. Plans are being made *in C-28 for potential procedures 
for (1) fabricating reference specimens containing seeded inclusions and 
laser-drilled holes and (2) ultrasonic examination and radiographic equiva- 
lence factors in ceramic materials. 

Use of existing or modified standards is more efficient 

R. W. McClung is a 

To date, 31 NDE standards have been reviewed in 

A 

A document on fabrication of seeded voids in pres- 

At the E-7 meeting in 
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C o w  Tomoa raDhic lmaa ing- W. A. Ellingson, 
N. Gopalsami (Argonne National Laboratory) and J. P. Pollinger, 
(Garrett Ceramic components of Allied-Signal Aerospace Corporation) 

The objective of this program is to develop X-ray computed tomographic (CT) 
imaging technology for application to structural ceramic materials. This technique has the 
potential for mapping short-range (c5 mm) and long-range (>5 mm) density variations (to 
perhaps 0 . 5 1  %), detecting and sizing high- and low-density inclusions, and detecting 
and sizing (within limits) cracks in green-state and densified ceramics. Use of 3-D CT 
(volume CT) imaging allows the capability of interrogating the full volume of a component 
and is noncontacting. It is also relatively insensitive to part shape and thus can be used to 
inspect components with complex shapes, such as turbocharger rotors, rotor shrouds, and 
large individual turbine blades. 

Techn ical I 

The work this reporting period covers application work relative to X-ray computed 
tomography using Argonne National Laboratories 3-D microfocus system on phase Ill of 
this research program relative to detection of whisker distributions (likely to be manifested 
and detected as density variations) in as-cast pressure slip-cast SiC(w)/SiaN4 (Garrett’s 
GN-10 material). This a continuing joint project between Argonne National Laboratory 
and Garrett Ceramic Components of Allied-Signal Aerospace Corporation of Torrance, 
California. 

We have now received all of the first set of SiC(w)/SigNq billets (length/diameter 
ratio = 1.5) made by pressure slip-casting and all are in good condition for NDE 
characterization. The decision was made during this reporting period to air-dry the 
remaining specimens prior to shipping to ANL. Originally, for the Garrett Ceramic 
Processing companion NMR studies, we had attempted to retain the maximum amount of 
water in the billets. This proved to be a problem both in transportation and in maintaining 
dimensional stability during NDE analysis. Table 1 below gives the identification of the 
air-dried billets which will be used in this study. The data for casting of these billets are 
given in Table 2. 

Table 1. Identification of first set of 
as-received billets 

Whisker Content 
Billet ID wt.% 

91 A-01 3 
s-910002 
S-91036-2 
S-910373 

20 
23 
27 
30 
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Table 2. Casting parameters for First set of billets 

Whisker Slip Slip Bulk density 
Billett Content Solids Content viscosity at demolding 
Identification Wt.70 Wt.% CPS g’cc 

91 A-01 3 
s-910002 
S-910362 
S-910373 

20 69.8 135 
23 68 93 
27 65 105 
30 63 362 

2.07 
2.47 
2.1 5 
2.30 

In all cases the casting pressure was 40 psi and the mold type was plaster of paris. 
The configuration of the casting is shown in Fig. 1. Note that the dewatering was in 2 
directions: radially and axially (bottom only). 

PRESSURE SLI P-CASTING D ETA1 LS 
FOR SiC(W) / Si, N, GN-10 MATERIAL 

APPLIED PRESSURE 
i i  i i i  

MOLD 

SPECIMENS: L I D RATIO 1,1.5 
WHISKER CONTENT: 20,23,27,30 WT % 

Fig. 1. Schematic diagram of dewatering/mold configuration for 
pressure-slip-cast SiC(w)/SigNq GN-10 ceramic materials 

33 wt.% billet 

We further studied the 23 wt.% billet for changes in density distribution axially as well 
as radially. Figure 2 shows a series of tomographic sections at different axial locations for 
the 23 wt.% specimen. 
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I 

Row 1 

Row 2 

Row 3 

Row 4 

Fig. 2 X-ray tomograms from volume CT scan of 23 wt.% whisker specimen. 
The series of images goes left to right for rows 1-4. These are top to bottom 

in order, about'3 mm per slice 
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30. 23. 27. 30 wt.% billets 

We obtained this period, complete volumetric X-ray CT data on all billets with UD = 
1.5. The initial volumetric cross-sections are shown in Fig. 3. The images were 
reconstructed using 260 X 260 reconstruction data. The pixel sizes are 141 pm for the 
X-direction and 11 1 pm for the Y-direction. 

After inspection of the axial cross-sections, we noted there appears to be columnar 
density variations. That is, there appears to be distinct "rings" of varying density at any 
axial position. Because of limits in destructive sectioning size, we choose to select rings 
of 2 mm increments to establish relative density from the X-ray CT scans. We choose a 
section 2 mm thick at each of three axial locations, U4, U2, 3U4. These are the quarter 
points and mid point. We measured from the top of the specimen which we had oriented 
in the CT scanner in a "top up" orientation. Figures 4-6 show the variation in X-ray CT 
image gray scale (related to density) as a function of axial position for each of the four 
specimens. We will correlate these data to destructive density measurements during the 
next reporting period. 

In order to further examine the variations in gray scale, we tabulated the difference in 
CT image gray scale between the 2 mm wide "rings," measuring the stepheight between 
"rings". These are given in Table 3. 
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(a 
27 wt.% 

(a 
30 wt.% 

Fig. 3. Axial volumetric X-ray CT images of 20, 23, 27 and 30 wt.% whisker specimens 
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Fig. 4. Apparent radial density variation of pressure slip-cast SiC(w)/SisN4 
at elevation U4 
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Fig. 5. Apparent radial density variation of pressure slip-cast SiC(w)/Si3N4 
at elevation U2 
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Fig. 6. Apparent radial density variation of pressure slip-cast SiC(w)/SiaN4 
at elevation 3U4 
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Table 3. Difference in X-ray CT image gray-&le density as a function 
of radial position and axial position for pressure slip-cast 

SiC(w)/SigNq* 

Whisker concentration 
(Mplb) 

Axial 
position 20 23 27 30 

u 4  

u 2  

3 u 4  

52.9 19.8 33.5 43.4 
42.6 36.4 32.5 30.0 
22.4 28.6 18.8 10.1 
21.4 33.3 27.5 25.3 
12.8 10.8 10.0 7.4 

52.2 37.2 32.2 8.3 
35.2 41.8 30.6 30.5 
27.6 23.2 21.4 20.9 
26.8 23.7 23.3 16.8 
9.7 13.8 7.5 22.4 

53.5 45.3 32.2 21.8 
49.3 42.2 35.4 45.7 
26.0 22.6 25.2 19.0 
16.9 19.8 31.2 25.0 
19.9 12.3 5.5 28.0 

These differences are measured starting from O.D. 
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g- S. L. Dieckman 
A. C. Raptis, W. A. Ellingson (Argonne National Laboratory), 
and H. Yeh and J. P. Pollinger (Garrett Ceramic Components 
of Allied-Signal Aerospace Corporation) 

The objectives of this task are to: (1) utilize NMR imaging techniques to study the 
distribution of whiskers and other possible variations in composite pressure slipcast 
green-state (as cast) billets; (2) conduct destructive analysis of the same billets (to be 
performed by Garrett Ceramic Components a Division of Allied Signal Corp.); (3) 
correlate the results obtained from the NMR imaging techniques with those obtained from 
both the 3-D X-ray and the optical microscopy. 

In the previous reporting period, images of a small section of an as-cast benzene- 
imbibed composite specimen was acquired using 3-0 back-projection techniques. These 
techniques can generally provide high spatial resolution, approaching 5 pm for materials 
with narrow spectroscopic NMR line widths. Additionally, the technique provides cubic 
voxels and can be advantageously applied to both narrow and broad line width materials. 
However, while it was possible to image rather small specimens in ANL's current imaging 
system using the 3-0 back-projection technique, physical limitations in both the magnet 
bore size and the available sampling time prohibit the application these techniques to 
large specimens. Since the green-state as-cast specimens (produced by Garrett Ceramic 
Components, a division of Allied-Signal Aerospace Corp.) are cylindrical shaped 25 mm 
in diameter and 41 mm long, they approximate an infinite sample when compared to the 
region of high magnetic field homogeneity. 

To circumvent this difficulty, a 3-0 planar (slice-selected) gradient recalled echo 
imaging sequence, generally implemented for medical diagnostic purposes, was 
implemented. The pulse technique provides the ability to electronically select a planar 
region of interest (a slice) to be imaged. This technique has several rather significant 
advantages over 3-0 back-projection imaging by providing increased spatial resolution in 
the 2-0 plane of interest while significantly reducing data acquisition times. Additionally, 
the acquired and reconstructed data sets are much more compact, and they require a 
relatively simplistic reconstruction algorithm to obtain the final image. However there are 
several disadvantages of the gradient recalled technique. These main disadvantages 
include providing lower resolution in the slice selected direction, providing data only from 
within the plane, and requiring that the specimen have moderate to narrow NMR 
spectroscopic line widths (generally less than 1 KHz). 



409 

The gradient echo recalled pulse sequence was implemented to provide slice 
selection along the longitudinal axis of the specimens (along Z), while phase and 
frequency encoding were performed along the X and Y gradient directions respectively, 
see Fig. 1. The effectiveness of the slice selection methodology was demonstrated by 
imaging a cylindrical phantom consisting of water filled holes which were drilled to 
varying depths, see schematic diagram in Fig. 2A. A planar slice selected from a region 
near the top of the phantom shows all the holes with fluid (Fig. 2B), while a slice selected 
from within the center of the phantom shows fewer water filled holes (Fig. 2C). 

The GRE pulse technique provides the ability to acquire data in the form of a series of 
narrow 2-D slices from the 3-0 object. This is performed by electronically selectidg the 
planar region of interest (the slice), then encoding the selected plane both in frequency 
and phase. Accurate selection of plane thickness to and its location will be critical for 
correct sampling and the ultimate interpretation of the data. A key area of concern is thus 
establishing the ability to select of the planar excitation. 

Planar excitation is performed by application of a selective, shaped RF pulse (with a 
narrow excitation bandwidth) in the presence of a magnetic field gradient. An ideal 
excitation pulse would excite only a narrow frequency range and thus a thin spatial region 
within the specimen. Previously reported image data were acquired using square RF 
pulses. These pulses provides a excitation response similar to a sinc function in the 
spatial domain. The signal from the excited sinc side lobes blur the image by folding into 
the 2-D plane of interest. This results is a loss of contrast and sensitivity in the imaged 
plane. 

In this period, Gaussian shaped RF pulses were evaluated for slice selectivity. These 
pulses provide a Gaussian RF excitation response in the frequency domain, which is void 
of unwanted side lobes. The excitation bandwidths of the pulses were empirically 
determined by the measurement of the NMR signal intensity after the RF selection pulse 
as a function of difference between the nudear resonance frequency of the specimen and 
the excitation frequency. Evaluations were performed for three Gaussian RF pulses with 
peak widths of 2, 4, and 6 ms. A plot of integrated signal amplitude as a function of 
frequency for three experiments shown in Fig. 3. Using the Gaussian excitation pulse, 
excitation bandwidths can be narrow with little fold-over from outside the desired slice. 
Currently, image slices of 1 mm thick can be obtained using this technique. 

Additionally, significant effort was expended to increase the signal-to-noise ratio in 
the images. The benzene-imbibed specimen has an intrinsic fwhm AH NMR sbctral line 
width (A9 of approximately 500 Hz. Since the observable magnetization decays as a first 
order exponential, with a decay rate of l/@Af), long delay times between the RF pulse 
and data acquisition significantly decrease the amount of observable signal. Efforts were 
made to shorten the delay time by decreasing the time allocated for phase encoding (X 
gradient) and echo dephasing pulses (Y gradient). This delay time was reduced from 2.8 
to 0.75 ms. 
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Gradient recalled echo (GRE) imaging techniques were implemented and 
demonstrated on the benzene-imbibed as-cast composite specimens. These preliminary 
results showed that there appears to be a radial porosity variation with lower porosity 
near the outer boundary. This qualitatively agrees with the X-ray CT results which show 
lower density near the center of the 25 mm diameter specimen and higher density near 
the specimen. However, upon repair of the local Vax computer system, and the 
reconstruction of additional images, it was evident that little sensitivity to internal benzene 
was achieved. Acquisition of data with this technique resulted in images of the benzene 
existing on the surface (on the surface of the specimen) rather than images of benzene 
existing in the open porosity within the sample. This is evident from Fig. 4B which was 
acquired from the interior portion of the cylinder. 

It was determined that the main cause of the discrepancy between the expected 
signal and the experimental measurement is due to the difference in the magnetic 
susceptibility of the benzene and the solid Si3N4. These susceptibility differences cause 
intense (approximately 1 Gauss) and but localized differences in the magnetic field seen 
by the protons on the benzene. Since the spectral frequency is dependent upon the static 
magnetic field, this effect results in a broadening in the benzene spectral linewidth and a 
much quicker decay of the signal. The quicker decay resulted in a loss of benzene signal 
except in areas where the benzene is free of the localized magnetic field distortions (Le. 
on the surface of the specimen). This phenomena is known and has been observed in 
other solution/solid systems, such as benzene-imbibed alumina, but generally several 
orders of magnitude less severe. 

While the quick decay of the signal is q problem, a the signal can be recovered by 
refocussing the magnetization with a 180 degree RF inversion pulse. This is effective 
because the magnetization is dephased in a coherent manor. Note that this is effective 
when the refocussing inversion pulse occurs before natural benzene diffusion moves the 
molecule into a difference magnetic environment. Spectroscopic (RF generated spin- 
echo) experiments which were performed to attempt to refocus the magnetization were 
effective. Imaging experiments incorporating the spin-echo sequence are currently 
underway using this technique. Attempts to correlate these results with those obtained 
from X-ray CT and destructive testing will be performed in the months ahead. 
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Fig. 1. Schematic drawing of the gradient recalled echo imaging sequence 
employed in this work. 

Fig. 2. (A) Schematic drawing of slice selection phantom showing holes of various 
depths filled with water, and two-dimensional NMR gradient recalled images 
acquired from (B) the top and (C) middle of the phantom respectively 
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Fig.3. Plots of 1H NMR integrated signal amplitude as a 
function of the frequency difference between the 
intrinsic nuclear resonance frequency and RF 
excitation frequency 

- 

Fig. 4. Two-dimensional slice selected NMR images of the 20 wP/, whisker 
composite benzene-imbibed as-cast billet acquired at ambient conditions 
using the gradient recalled echo sequence shown in Fig. 1. The slices were 
acquired (A) near the specimens end, and (B) near the center of the cylinder 
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PHYSICOCHEMICAL CHARACTERIZAT ION AND SURFACE M ODIFICATION OF SILICON 

Wisconsin - Madison) 
E - Prof. Marc A. Anderson (University of 

Oblective/scoDe 

This project is designed to fulfill two primary objectives: 
1. characterization of the aqueous surface chemistry of silicon 

nitride, which also requires the development of a standard for 
mobility measurements and participation in a round-robin 
characterization of this standard; and 

silicon nitride. 
2. spectroscopic characterization of aqueous suspensions of 

Technical high1 i ehts 

Our work in the past six months has focused on two areas: 
1. perform round robin investigations of the electrophoretic 

mobility of silicon nitride suspensions; and 
2. continue investigating the kinetics of hydrolysis for silicon 

nitride powder (Ube E-10) as a function of pH. 

pound Robin Analysis of Nobili ty 'Measurements : 

Two Si3N4 Electrophoretic Mobility Studies (SEMSI1 and 2) were 
performed using experimental protocols similar to those developed for 
the earlier mobility studies of phosphatedagoethite. 
aqueous suspensions of silicon nitride powder (Ube E-10) were prepared 
at Rutgers Univ. and distributed to all participhnts. Five separate 
sets of measurements were performed on these suspensions. 
within each individual set of measurements could be compared. These 
results suggest that reasonable agreement in measurement values was 
obtained by the participants for acidic suspensions. However, the 
mobilities of alkaline suspensions appeared to differ significantly 
among the participants. Variations were observed that were on the 
order of 3 to 4 x 
variations observed in acidic suspensions. It was not possible to 
compare these variations across the different sets of measurements 
because the suspensions aged rapidly. 

designed to minimize measurement variations caused by the aging of the 
suspensions. Thus, pre-measured samples of silicon nitride powder 
were shipped from Rutgers to all the participants. Each participant 
was responsible for preparing all suspensions needed for each set of 
measurements, following a set of guidelines that were provided. 
(These guidelines should be described in the report submitted by 
Rutgers Univ.) 

In SEMS 1, 

Results 

m2V'1sec-1, some ten times larger than the 

A modified protocol was developed for performing SEMS 2 that was 

Since each suspension was prepared about 24 h before 
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use, suspension aging effects were significantly minimized. Thus, it 
was possible to directly compare all the measurements performed in 
SEMS 2 .  
the variations in mobility that were noted above are valid. We still 
cannot explain the large differences that we observed in the measured 
mobilities in alkaline suspensions. 

Although the data are still being analyzed, it appears that 

&.nine of Aaueous SusDensions of Silicon Nitride: 

Studies for the past few months have focused on investigating the 
kinetics of dissolution as a function of pH, especially attempting to 
clarify the reactions that occur at the surface of Ube E-10 silicon 
nitride powder during hydrolysis and dissolution. 
potentiometric titrations of silicon nitride suspensions were conduc- 
ted to monitor the development of charge on the surface of the powder 
as a function of pH, ionic strength and pretreatment conditions. The 
suspensions were treated in two ways. In one case, an aqueous suspen- 
sion (pH 8 )  of the dry powder (stored under air in a closed container 
for ca. 2 years) was prepared. In the other case, the dry powder was 
washed in an alkaline medium (about pH 10) several times before the 
washed powder was suspended in wate? (pH 9.7). Both potentiometric 
titrations were performed under nitrogen using the Matec ESA 8000 
(Electrokinetic Sonic Amplitude) System. Each titration lasted about 
one hour and involved measurements made at three different ionic 
strengths, leading to a set of three titration curves for each system. 
Some titration hysteresis was observed, so that neither set of curves 
intersected exactly at one point. However, the intersection points 
were no more than 0 . 4  pH units apart. 
these intersection points as a common intersection point (CIP). 

suspensions indicated that alkaline washing of the powder shifted the 
isoelectric point (IEP) of the powder to a higher pH value (from about 
6 . 6  to about 8 . 6 ) .  
6 . 5 ,  and the CIP for the washed suspension was about 8 . 5 .  Since the 
CIP and the IEP for the untreated suspension were very close, no 
specific adsorption of cations or anions occurred on the surface of 
the powder. Thus, one could state that the zero point of charge (ZPC) 
for the untreated powder was about 6 . 6  (see J. Lyklema, "Adsorption of 
Small Ions", Chap. 5 (pp. 223-246)  in AdsorDtion at the Solid/Liauid 
Interface (G.D. Parfitt and C . H .  Rochester, Eds.), Academic Press, New 
York, 1983 for further discussion). Similarly, the ZPC for the washed 
suspension was about 8 . 5  with no specific adsorption of cations or 
anions. 
to a change in the actual surface rather than specific adsorption of 
some ion. We had earlier suggested that alkaline washing of the sili- 
con nitride surface was removing silica and leaving a more pristine 
silicon nitride. These titration experiments further corroborate that 
earlier hypothesis. 

In particular, 

Thus, we refer to an average of 

Earlier electrophoretic mobility studies of similarly prepared 

The CIP for the untreated suspension was about 

The change in ZPC that was observed on washing is attributed 
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CIR-FTIR SDectroscoDv of Silicon Nitrid e SusDensionS: 

No further work has been performed because no silicon nitride 
powder with an acceptably high surface area is available. 
find a suitable powder are continuing. 

Efforts to 

Status of milestones 

1. Complete round robin characterization of "benchmark" colloid. 

2.  Complete initial round robin mobility testing of silicon 

3. Complete round robin mobility testing of silicon nitride. 

Complete. I 7  

nitride. Complete. 

Expected completion: Dec. 31, 1991. Further delayed to allow possible 
industrial participation in at least one round robin. 

Complete peak assignments for CIR-FTIR spectra of aqueous 
suspensions of silicon nitride. 
(> 25 m2/g) silicon nitride powder has not been located, we do not 
expect to be able to perform a peak assignment study of CIR-FTIR 
spectra of aqueous suspensions of silicon nitride during the remainder 
of this project. 
milestone. 

4. 
Since a supplier of high surface area 

Thus, we will probably not be able to complete this 

Pub 1 ica t ion S 

None. 
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Surface Adsomtion 
James H. Adair (Materials Science and 
Engineering, University of Florida) 

Obiective/scoue 

This project represents a coordinated effort among ORNL and three university 
laboratories (WBS Elements 3.5.1.7, 3.5.1.8, 3.1.5.9, and 3.5.2.0). The purpose 
of this project (WBS 3.1.5.9) is to study the surface chemical interaction of silicon 
nitride powders in aqueous and non-aqueous enviroments and to study surface 
chemical modification of the material, and, in particular, to understand the acid - 
base nature of the silicon nitride - solvent interface. 

Background 

As a heat resistant material, silicon nitride has applications or potential 
applications in ceramic engines, heat exchangers, turbine blades, and high frequency 
combustion crucibles. The variety of current and potential applications for silicon 
nitride require a range of forming operations to fabricate the specific components. 
Most of the forming processes to achieve the range of shapes for silicon nitride 
components require the use of organic additives. For example, precombustion 
chambers for diesel engines and turbine blades are usually injection molded using 
highly filled thermoplastic polymers while tubular heat exchangers are extruded with 
less polymer as binder and usually the binder is si@icanily different in terms of 
functional groups and properties than those polymers used for injection molding. 

Ceramic processing often involves the suspension of ceramic powders in an 
organic solvent rather than water to promote separation or dispersion of the ceramic 
particles during f o d g  operations. The use of non-aqueous solvents is particularly 
important in the processing of nonoxide ceramics such as silicon carbide, silicon 
nitride, and aluminum nitride because these compounds are subject to reactions with 
water to form oxides or hydroxides surface groups or, in the case of aluminum 
nitride, uniform transformation to the hydroxide. Yet little fundamental data exists 
on the interaction of ceramic particle surfaces with the organic species in organic 
solvents. Furthermore, the role that the surface composition of the ceramic particle 
plays in the dispersion and interaction of particles in solvents is not well established. 
The current study is designed to determine the nature of the surface interactions of 
silicon nitride with organic solvents and solutes. 

Approach 

universities, the University of Florida (UF), the University of Wisconsin, and 
Rutgers University. 

There are four participants in the overall project: ORNL and three 

I 
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The UF project is composed of two distinct elements: 

1. Participation in a round robin characterization of electrophoretic mobility 
and acid-base character in aqueous suspension to be conducted by all 
participants. 

2. Special projects at UF composed of the following activities: 

The UF workplan is based on five tasks: Task 1 to participate in round- 
robin particle electrophoretic mobility rneasmments, Task 2 to determine the 
nature of &ve sites on the silicon nitride swface, Task 3 to modify. the 
chemistry of the silicon nitride interface Using organic species, Task 4 to 
determine the rheological and dispersion pmperties of the non-aqueous silicon 
nitride suspensions, and Task 5 to ensure transfer technology to ORNL via 
meetings and reports. 

Technical uromess 

- Goethite standards prepared at Wisconsin were 
evaluated as part of the UF participation in the round robin. 

on N ~ Q &  - So- - A study was conducted to . .  
determine the extent of aqueous reactions at the silicon nitride - water interface. It 
was demonstrated that up to 27 days are required to stabilize reactions at the 
interface as indicated by pH and particle electrophoresis r x a s m n t s .  A semi- 
automatic titrator was also purchased and set-up to use acid - base titrations to 
study the silicon nitride - solvent interface. A particular emphasis of this work 
was on the non-aqueous potentiometric and conductomefric titration to detemine 
the relative strength of acid and base sites on the silicon nitride sdace. 

- - The round robin 
electrophoresis on the goethite standards prepared at Wisconsin indicated several 
interesting features. The isoelectric points detmnined by each of the participants 
in the round robin were similar, but measured pH values dxplayed considerable 
scatter at higher pH (e.g., pH 8). The suspected influence of dissolved Co;! and 
adducts and methods to overcome the effect of these dissolved species are 
currently under investigation at UF. 

. .  . .  e e - The use of potentiometric 
titrations in non-aqueous solvents indicates that there are several different kinds of 
acid and base sites on the silicon nitride depending on the prior enviromental 
history of the powder. The results are generally consistent with potentiometric 
titrations used to evaluate the silicon dioxide surface. However, potentiometric 
titrations could not be reproduced because of a variety of problems inherent to the 
technique. 
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und robis - The first test of the silicon nitride powders was completed and 
evaluated. The University of Florida team did not participate in this round 
because of instrument problems. A second and third round of tests on silicon 
nitride have been conducted and have been evaluated at Rutgers. The final, 
approved test procedure will be written. Industrial participation will be invited. 

- The strengths of the acid and 
base sites at the silicon nitride surface are being estimated based on cdculated 
relative bond strengths and the non-aqueous titrations. The surface of silicon 
nitride is also being modified using metal oragnic coatings and polymeric grafting 
techniques selected to simultaneously ensure both dispersion and inhibition of 
oxidation reactions. 

.. 

Potentiometric titrations of silicon nitride powder in non-aqueous suspension are 
difficult to reproduce for a variety of reasons. The glass pH electrodes are 
difficult to stabilize in the non-aqueous environment and miilivolt drift is a 
continual problem. The relatively low surface area of the silicon nitride powder 
requires a characterization technique with greater sensitivity than the non-aqueous 
potentiometric titration. Similar to aqueous titrations, powders with specific 
surface areas greater than 50 m2.g-1 are required to provide enough surface 
groups to ensure rapid response to acid or base additions and minimize the 
influence of drift in electrode response created by dehydration of the electrode's 
glass membrane. Therefore, while potentiometric titrations of non-aqueous 
solutions will continue to provide insight into reactions among solution species, 
attempts to titrate surface groups have been suspended in lieu of more reliable and 
reproducible electrokinetic techniques. 

Particle electrophoresis in isopropanol indicates that measureable surface charge is 
present on the surfaces of as-received silicon nitride in as-received isopropanol. 
The initial particle electrophoresis of as-received silicon nitride (UBE E-10) 
indicated that the particles are positively charged with zeta potentials of 
approximately 3 mV. This indicates that there are some basic groups on the 
surface of the silicon nitride basic enough to attract the proton generated by the 
autoprotolysis of the isopropanol (pK=20.6). 

Current work has evaluated the zeta potentials and corresponding state of 
dispersion of silicon nitride suspensions in 1,4 dioxane (a neutral solvent) and 
isopropanol, a solvent capable of disassociation into isopropoxide and a proton. 
The dioxane is generally an undesirable solvent for ceramic processing because of 
environmental concerns, but has been used in the present work to determine the 
effect of a neutral solvent that does not contain any reactive protons. Perchloric 
acid and pyridine have been used to provide protons and act as a Lewis base, 
respectively to react with groups on the silicon nitride surface. Potassium nitrate 
in a 10-3 M concentration was used as an indifferent electrolyte. 

Zeta potentials in isopropanol for a given set of conditions are greater in 
magnitude than values in the dioxane. The zeta potentials seen in Figure 1 for the 
suspensions containing pyridine are relatively small up to 0.1 M pyridine where a 
positive surface charge is indicated. It is uncertain at the present how a positive 
surface charge is obtained at the elevated pyridine concentration. However, the 
modest electrophoretic mobilities at lower pyridine concentrations may be due to 
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either the pyridine being a weaker base than the corresponding surface base or 
indicate that thm are relatively few acidic groups on the as-received silicon nitride 
surface. In contrast to the relatively weak effects seen with pyridine additions, 
perchloric acid imparts a relatively large positive charge to the surface of the 
silicon nitride surfaces. This indicates that the protons provided by the acid 
interact with a datively strong basic surface site(s) to atate a relatively large 
surface charge. Electrophoretic mobility measurements are continuing with a 
variety of acidic and basic additives with a range of acid and base strengths to 

strength of surface sites on silicon nitride. 
a data base and hierarchy of acid and base strength to determine the relative 

The relative state of dispersion for the silicon nitride particles in the non-aqueous 
solvents was estimated based on the particle size distribution detmnined using a 
sedimentation particle sizing method (Horiba CAPA 700). As expected h m  
DLVO theory, the suspensions with the highest magnitude of zeta potential had 
the smallest median particle size as shown in Egure 2. However, the particles in 
suspension in the isopropanol had the greatest dispersion in all cases regardless of 
whether perchloric acid or pyridine was present. Thus, the initial data indicate 
that solvent selection is critically important in controlling the state of dispersion of 
the powder with the the solvent capable of proton and &oxide generation 
providing the ptest inherent stability in this prelimmry evaluation. Other 
effects such as solvent dieletric contant on relative particle dispersion will be 
evaluated in future studies. 

The contribution of the electrostatic forces toward dispersion of the silicon nitride 
in this non-aqueous solvent are currently being estimated as are the effects that 
trace amounts of water have on the fornation of surface charge in the non- 
aqueous solvents. A general computer program, DLVO, designed in its current 
version to operate on personal computers, will be used to calculate the theoretical 
state afditpzsion to be cornpared against experienmtdly dete- values. 
These studies combined with novel dispersion techniques are being used to 
develop guidelines for the dispersion of silicon nitride particles in non-aqueous 
solvents. 

Status of milestone 

The program is on schedule. 
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Phvsicochemicai Characterization and Surface Modification of 
Silicon Nitride Ceramic Powders 
J.-F. Wang, R. E. Riman, and D. J. Shanefield (Rutgers 
University, Piscataway, NJ) 

Obiective/scoDe 
The purpose of this effort is to (1) identify and characterize those 

aspscts of the chemistry and physics of the ceramic powder and 
powder/solvent interface that control processing, (2) develop standard 
methods of analysis for item (l), and (3) develop procedures for writing 
specifications for ceramic powders to include any methods of analysis 
developed in this project. 

Technical hiahlinhts 

The work that has been done or under investigation in the past six 
months is summarized as follows: 

(1) The first and second electrophoretic mobility round robin studies 
on UBE SN E-10 silicon nitride powder (SEMS1 and SEMS2) were completed. 
There were four participants involved in these two round robin studies, 
namely, Oak Ridge National Laboratory, University of Florida, University of 
Wisconsin, and Rutgers University. 

Highly scattered electrophoretic mobility (p) data was obtained for 
SEMS1. That was due to the inadequate control of solids loading during 
the sample preparation, ‘and subsequently followed by the strong aging 
effect of silicon nitride powder in aqueous solution. The pH and p 
measurements, therefore, were influenced by the above causes greatly. 

SEMS2 was designed to understand the reproducibility of the 
instrumentation and to minimize the solids loading and aging effects on 
the pH and p measurements of silicon nitride powder in aqueous solution. 
The pH measurements were found to be more, consistent than that in 
SEMS1. However, highly scattered p data were measured for the samples 
at high pH values. This could be attributed to instrumental factors, 
because the Zetasizer I1 consistently gave a higher value than other 
instruments, especially at a high pH range. 

(2) Five ball milled silicon nitride slips with different sintering aids 
and dispersant addition conditions were prepared and characterized using 
microelectrophoresis. The uniformity of the coating was characterized 
using transmission electron microscopy (TEM) and energy dispersive 
spectroscopy (EDS). 
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First si1 icon nitride e lectrophoretic mob ilitv - studv (SEMS 1): . .  

The SEMSI started from 3/20 (sample prepared at Rutgers University) 
and ended on 5/7/91. In total, four simultaneous measurements, on 
various aging times (i.e., 2, 3, 4, and 7 weeks) among four participating 
laboratories were taken. The aging effect on pH and p measurements for 
UBE SN E-10 powder was found to be strong in either 0.01 or 0.05M KNO3 
solution. Scattered pH and p values were obtained for SEMS1, especially 
in 0.01M KNO3 solution. 

The sample preparation of the concentrated (5 ~01%) UBE SN E-10 
suspension and the reconstitution procedure of its dilute (0.01 ~01%) 
suspension for EM measurement were described in the last semi-annual 
report dated 5/7/91. Although the 5 vol% UBE SN E-10 could be 
completely homogenized using high shear mechanical mixing, the 
suspension was unstable. This instability led to a solids loading variation 
among samples. Since the solution pH increases with increase in solids 
loading of UBE SN E-10 suspension, the deviation of the solids loading 
would cause a spread of both pH and p measurements. 

Several referencing points using GEMS3 goethite sample in 0.01 M 
KNO3 solution were taken prior to the p measurement on UBE SN E-10 
suspensions (Figures 1 & 2). The distribution of the pH measurement on 
referencing points from three laboratories at various aging times was 
3.41 k0.12 and that for the p was 2.47k0.15~1 0-8m2/Vs. Upon comparison 
of this data with that obtained from GEMS3 (i.e., pH=3.41+0.08 and 
p=2.35+0.12~1 O-8m2/Vs), we observed a significant disagreement on p 
measurement. Therefore, the experimental factors could be contributing a 
great deal of variation in this round robin study. 

Figure 1 shows that the scattered p data of UBE SN E-IO suspension 
in 0.01M KNO3 was a function of pH, aging time, instrumentation, and 
probably the solids loading. The range of isoelectric points (IEP) of aged 
UBE SN E-10 suspensions observed from Figure 1 was wide (e.g., from 4.1 
to 7.7). However, the very top curve represented by a thick broken line 
and with solid squares in Figure 1 was obtained at a different condition 
than the others. The sample was reconstituted after one week of aging 
but measured seven weeks later. Its solution chemistry was quite 
different from the other samples which were reconstituted only one day 
prior to the p measurement. 

The sample aged as a dilute suspension would leach out more silica 
from its surface than those concentrated suspensions aged in the same 
time period. A higher IEP was therefore expected for UBE SN E-10 with 
less solids loading, which was in good agreement with our early study. If 
we leave this curve out and treat the data obtained from the University of 
Florida after 3 weeks of aging of nominal pH=3.5 sample as an outlier, 
then the IEP range observed was from 5.4 to 6.8, which falls within the 
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Figure 1. First electrophoretic mobility round robin study on UBE SN E-10 
powder in 0.01M KNOs solution as a function of aging time and pH. 
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Figure 2. First electrophoretic mobility round robin study on UBE SN E-10 
powder in 0.05M KNO3 solution as a function of aging time and pH. 
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same range as UBE SN E-10 aged in 0.05M KNO3 solution (i.e., 5.4 to 
6.7)(Figure 2). 

We also noticed that the magnitude of the p data was strongly 
dependent on the instrumentation used. The Malvern Zetasizer II always 
gave the highest p data, especially in the basic media. The order of 
magnitude of the p observed at the basic media from different 
instrumentations was as follows: Zetasizer II > Delsa 400 > Pen Kem 
3000. The trend in acidic media was not clear. 

The aging effect on pH of UBE SN E-10 powder in KNO3 solution was 
shown in Figure 3. The lower the starting solution pH, the more important 
aging conditions were. This could be due to the neutralization of the Si,- 
NH groups on the silicon nitride powder surfaces. 

Seco nd silicon nitride e Iectror,horetic mobilitv studv (S EMS21: 

Due to the strong aging and solids loading effects for the distributed 
suspensions, a significant problem in obtaining reliable silicon nitride EM 
and pH data was observed in SEMS1. In order to demonstrate better 
reproducibility in SEMS2, dry and riffled powder was used and the 
following guidelines were employed: 

1. Rutgers distribute dry UBE E-10 powder riffled in the appropriate 
quantities. 

2. We, as a group, collectively agree on a preparation method where 
each group prepares their own suspensions from received 
powder on given dates. 

3. For SEMS2, we examine 3 pH points so we can rapidly assess the 
direction we are going in the final phase of this program. 

The SEMS2 started from 7/15 and ended on 7/30/91. In total, three 
simultaneous measurements, on three given dates (711 6, 7/23, and 7/30) 
among four participating laboratories were taken. 

The SEMS2 was designed to understand the reproducibility of the 
instrumentation and to minimize the solids loading and aging effects on 
the pH and p measurements of silicon nitride powder in aqueous solution. 
Those effects had given inconsistent results in the previous study, SEMS1. 
Due to the better control of powder aging time and solids loading in 
SEMS2, the pH measurements were found to be more consistent than that 
in SEMSl. 

By viewing the clusters of open circles (SEMS2) versus the highly 
scattered solid circles (SEMSl) in Figure 4, the pH measurements in 
SEMS2 for samples at specific aging time and pH range were found to be 
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Figure 4. Overall electrophoretic mobility data for SEMSI and SEMS2 
studies of UBE SN E-IO powder in 0.05M KNO3 solution. 
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more reproducible from laboratory to laboratory. The pH measurement of 
SEMS1 almost spreaded into a continuous band due to the strong aging 
effect. However, the highly scattered p data were measured in SEMS2 for 
the samples at high pH values. This could be attributed to instrumental 
factors, because the Zetasizer II consistently gave a higher value than the 
others, especially at a high pH range. 

In SEMS2, samples with three different pH values (i.e., nominal pH 3.5, 
6.0, and 8.5) and one ionic strength (0.05 M KNO,) with only one day of 
aging were examined. First, the UBE SN E-10 powder was riffled to empty 
and pre-weighed polyethylene (PE) bottles using a spinning riffler made by 
Brinkmann. After riffling, the powder inside the PE bottle was weighed at 
exactly 31.6 grams. Finally, the powder-loaded PE bottles were divided 
into 4 groups randomly (9 bottles for each group) and shipped to the other 
3 laboratories along with the Rutgers-prepared 1.0 N HN03 and 1.0 N KOH 
solutions. 

There were three different p instruments involved in the SEMS2 study 
(e.g., two Pen Kem 3000’s used at ORNL and the University of Wisconsin, a 
Delsa 440 used at the University of Florida, and a Zetasizer II used at 
Rutgers University). The ELS 800 was used for only one round robin 
measurement of SEMS2 at Rutgers; however, due to the instrumental 
limitation, the 0.001 vol% suspension was used instead of 0.005 vol%. The 
solids loading effect on p measurement should be observed for 
suspensions less than 0.005 vol%. Therefore, the data obtained from ELS 
800 was not included in the data analysis of SEMS2. 

The suspensions for the SEMS2 study were prepared in each 
laboratory using the collectively agreed upon method on three given dates 
(Le., 7/15, 7/22, and 7/29). The procedure for preparation of the 
suspension is summarized as follows: 
1. Prepare 3 L of 0.05 M KNO, solution by adding 15.203 g of KN03 to 3 L 

of deionized water on 7/12/91. 

2. Mornings of 7/75, 7/22, & 7/29 -- 5 vol O/ o sugpension ere- 
i) add 190 mL of 0.05 M KN03 solution to three powder-loaded 

bottles to prepare 5 vol% suspension and add 1.0 N HN03 (A) or 
1.0 N KOH (B) solution to prepare suspension at pH 3.5, 6.0, and 
8.5, respectively; (Le., 260 pL of A for pH 3.5, 90 pL of A for 
pH 6.0, and 110 pL of B for pH 8.5) 

ii) magnetically stir the suspension in the capped PE bottle for 20 
min followed by bath sonication for another 15 min; and 

iii) repeat the procedure ii) until 3 bottles of suspensions with 
different pH values are dispersed. 
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3. Mornings of 7/76, 7/23, & 7/30 -- PecongtltUtlon of 0.005 vol O/ s m o n ;  
i) redisperse the three 5 vol%, sonicated suspensions in the sequence 

of pH 3.5, 6.0, and 8.5 by magnetic stirring for 10 min with bottle 
cap closed; 

ii) take 0.15 mL of the above redispersed suspension while stirring 
and store it in an empty, clean, and capped PE bottle; 

iii) centrifuge the remaining suspension from i) at 7,000 rpm for 20 
min to obtain the supernatant for reconstitutiort work; and 

iv )  reconstitute a 0.005 vol% suspension by adding 150 mL of the 
centrifuged supernatant obtained from iii) to the concentrated 
suspension from ii). --- Allow 4 hours between reconstituting 
suspension and making the p and pH measurements for each 

sample. 

4. Afternoons of 7/76, 7/23, & 7/30 -- p and OH measure ments; 
i )  redisperse the 0.005 vol% suspensions in the same sequence of 

reconstitution using bath sonication for 15 min and then wait 
for another 10 min prior to the p and pH measurements; 

i i )  measure p for 5 times and pH for one time for each sample; 
iii) save the remaining sample for later possible aging effect 

study; and 
iv )  Ross Sure-Flow electrode must be used. 

Figure 5 shows the overall result of the SEMS2 study, which was 
similar to that of the GEMS3 study except for a few outliers found at 
nominal pH 3.5. (The lower the solution pH, the better the consistency, 
either in pH or p measurement.) If we neglect those outliers, the IEP 
data obtained from the three round robins fell in the pH range from 5.72 to 
6.18. The magnitude of the p was heavily dependent on the 
instrumentation applied, especially at the basic media (Table 1). The 
different reading of p for two Pen Kem's used at Wisconsin and ORNL was 
noted. The higher absolute p data was found consistently for the 
University of Wisconsin for both the goethite reference and the silicon 
nitride powder used in the SEMS2 study (e.g., peoelhile=2.60f0.03xl O"m2/Vs 
from Wisconsin and peoethae=2.22fO.06x1 0-8m2/Vs from ORNL) (Figure 5). 

The Ross electrode was used for every participant and the solids 
loading was tightly controlled. The deviation in pH measurements could be 
due to the different amount of acid or base addition. The micropipette 
used in Rutgers seems to have larger capacity than that used in the other 
laboratories -- the lowest and highest averaged pH values were obtained 
at Rutgers for the acidic samples (i.e., pH 3.5 and 6.0) and for the basic 
samples (i.e., pH 8.5), respectively (Table 2). 
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Table 1. Instrumental dependency on p measurement -- SEMSP. 

DH3.5 DH6.0 DH8.5 

Ze tasizer I I 1.75k0.04 -0.52k0.06 -3.54k0.13 
Delsa 440 1.71 f0.22 -0.45k0.13 -2.81 k0.47 
Pen Kem 3000 (UW) 1.73k0.05 -0.35kO. 07 -2.69k0.06 
Pen Kem 3000 (ORNL) 1.48k0.01 -0.04k0.08 -2.02*0.10 

gverall 1.68+0.14* - .33f0.21 -3.77+0.60 
(* outliers excluded) 

Table 2. Pipette capacity dependency on pH measurement -- SEMS2. 

Nominal pH 

3.5 6.0 8.5 

Rutgers 3.68k0.04 6.30kO .07 8.34f0.08 
Wisconsin 3.79k0.06 6.48*0.05 8.1 OkO.09 
ow\L 3.93f0.11 6.51 kO.09 8.1 9f0.09 
Florida 3.671tO .06 6.53k0.12 8.05kO. 26 

Ove rat I 3.76+0.11 6.44+0.13 8.1 7+0.17 
(* outliers excluded) 

Dr. Omatete from ORNL suggested that the use of lower concentration 
(e.g., 0.2N) of acid or base could reduce the experimental error introduced 
from the pipette addition for the oncoming SEMS3 study. 

The comparison on pH and p results obtained from SEMS1 and SEMSZ 
was shown in Figure 4. Due to the well controlled solids loading and fixed 
aging time used in SEMS2, the spread in pH and p data was significantly 
reduced for samples at lower pH. The scattered p data observed for 
samples at high pH was suspected to be attributed to instrumental 
factors. 
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Having studied the p data shown in Table 1, the standard deviation 
observed for each instrument was not so large at nominal pH 8.5 except 
for the one obtained from Delsa 440. This means that the reproducibility 
of each instrument was good. But the overall standard deviation was 
found to be significantly high. The similar phenomenon was also found 
from the previous round robin studies on goethite and SEMS1. It made us 
believe that the deviation in p data at high solution pH could be greatly 
affected by the instrumentation. For further confirmation on this matter, 
more carefully designed round robins should be carried out. 

ed silicon nitride slips; . .  . .  

Five ball milled silicon nitride, UBE SN E-10, slips with different 
sintering aids and dispersant addition conditions were prepared and 
characterized using microelectrophoresis. The uniformity of the coating 
was determined by TEM and EDS. Three of them ( i a ,  Slips I ,  I I ,  and 111) 
used iso-propanol (1PA) as the suspending medium and the others (i.e., 
slips IV and V) were in aqueous solutions. 

The solids loading of the slip was controlled at 15 ~01%. To ensure 
the homogeneity of the A1203 and Y2O3 sintering aids, aluminum tri-sec- 
butoxide (ASB) and yttrium iso-propoxide (YIP) were used as the A1203 and 
Y 2 0 3  sources. Two polyelectrolytes, KD-2 and Danran C, were chosen as 
the dispersants. Two weight percentages of the sintering aid or the 
dispersant versus the weight of powder was applied for the addition for 
each slip. The preparation conditions of the slips were summarized in 
Table 3. 

Slips I ,  II, and 111 have similar addition conditions except that Darvan 
C was used for Slip II instead of KD-2 and a 0.005M organic base, 
tetramethyl ammonium hydroxide (TMAH), was used for Slip 111. 

The ball milling process for these slips was separated into two 
stages. The first stage was done for 20 hours without the addition of ASB. 
After the addition of ASB, another 20 hours of ball milling was carried 
out. All the AS6 and YIP were added in a nitrogen purged glove box to 
prevent the fast hydrolysis of the alkoxides during slip preparation. 

After ball milling, the slip was poured into a polypropylene beaker and 
stirred in air. The naturally existing moisture in the air was sufficient to 
hydrolyze the aluminum and yttrium alkoxide precursors to form aluminum 
and yttrium hydroxide coatings. 
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Table 3. Slip preparation conditions and IEP's for iso-propanol systems. 

Slip 

Additives I I I  1 1 1  

ASB 
YIP 
KD-2 
Darvan C 
TMAH 

2 wt%. 2 wt%* 2 wt%* 
2 wt%** 2 wt%** 2 WP/O** 
2 W/o - 2 wt% 

2 wt% - - 
- - 0.005M 

I EP 8.6 8.2 8.6 

wt?/, of A1203; ** wt% of Y203. 

The initial stage of the hydrolysis was allowed to take place under a 
magnetic stirring until the stirring bar was held by the more and more 
viscous slip. The slip was then pan-dried on an aluminum plate over night. 
A 100-mesh sieve was utilized to prepare powder for dry pressing. Some 
of the sieved powder was used for microelectrophoretic characterization. 

The sample preparation and ball milling procedures were as same as 
that in the iso-propanol systems. The differences were the sintering aids, 
the base used, and the drying process. Besides, a glove box was not used 
for the doping. Table 4 summarized the preparation conditions for slips 
obtained from the aqueous solutions. 

The aluminum and yttrium nitrates were used as the alumina and 
yttria sources instead of alkoxides. KD-2 was the only dispersant used 
for the study. The only difference between Slips IV and V was a 80 pL of 
0.1N KOH was applied in Slip V. 

An oven with a 60 O C  setting was used for drying the aqueous slips. It 
took more than 6 hours to dry Slip IV and used much longer time (-16 
hours) for the Slip V. A 100-mesh sieve was also applied to prepare the 
powder for dry pressing and for microelectrophoretic characterization. 
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Table 4. Slip preparation conditions and IEP's for aqueous systems. 

Slip 

Additives IV 

Aluminum nitrate 
Yttrium nitrate 

KOH (0.1N) 
KD-2 

2 wt%* 
2 wt%** 
2 wt% - 

2 wt%* 
2 wt%.* 
2 wt% 
80 pL 

I EP 9.4 9.4 

wt% of A1203; ** wt% of Y2O3. 

tIC characterrzatron . .  
Suspensions with 0.005 vol% solids loading in O.OlM KNO3 solution at 

different pH values for each slip were prepared for p measurement. All 
the suspensions were aged for a day prior to the measurement. 

Figure 6 showed that the adsorption of the dispersant and the 
sintering aids for the IPA-ball-milled UBE SN E-10 powder gave more 
positive surface potential than the intrinsic one for almost the entire pH 
spectrum. This was also found for the use of Darvan C, a highly negatively 
charged dispersant. 

In general, there were no significant p differences between samples 
with and without base for both aqueous and IPA systems. Slips with 
different preparation routes showed different electrokinetic properties in 
terms of p measurement (Figure 6). The IEP values for Slips I, 11, and 111 
were included in Table 3. Table 4 showed the IEP data of Slips IV and V. 

TFM m t e r i z a t i o n  o f s i n t e r i n w  doDed SI 'licon nrtnde mwder; 
The powder obtained from Slip I was used for the preparation of the 

TEM sample. An electron micrograph showed a uniform and smooth coated 
layer on the silicon nitride powder surfaces (Figure 7). The thickness of 
the coated layer was about 5 to 10 nm, which included the intrinsic .oxide 
layer. 

The elemental composition of the coated layer was analyzed by EDS. 
The spectrum showed the intensities of the elements of the coated 
materials, such as aluminum and yttrium (Figure 8). A strong silicon 
signal was obtained from both bulk silicon nitride and from the silica 
layer of the powder. Intense carbon and copper signals were also picked 

. .  . .  
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6 (lday-aged I0.005 vol% I 0.01M KNO3) 

ASB,YIP,KD2,TMAH I IPA 

2 3 4 5 6 7 8 9 10 11 12 

Figure 6. Microelectrophoretic characterization of sintering aids and 
dispersant doped UBE SN E-10 powder. 
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up by EDS. These signals were mainly generated from the graphite-coated 
TEM copper grid. 

The amount of additives will be minimized to have the full coverage 
of the coating. Certainly, the powder obtained from different preparation 
routes will also be characterized in terms of green and fired densities and 
the microscopy. 

Status of milestones 

Milestone 352008 -- Determine effects of dispersants on electrophoretic 
mobility of silicon nitride -- is completed. 

Milestone 352009 -- Determine good sintering aids for silicon nitride -- 
is completed. 

1. J.-F. Wang, R. E. Riman, and D. J. Shanefield, “Reliable Electrokinetic 
Characterization Procedures for Ceramic Powders,” to appear in the 
Proceedings of Symposium A, Better C e r a m s  Throuah Chemistry IV, 
Spring Materials Research Society Meeting, April 16-20, 1990, San 
Francisco, CA. 

2. J.-F. Wang, R. E. Riman, and D. J. Shanefield, “Electrokinetic 
Characterization of Ceramic Powders,” to appear in the Proceedings 
of Symposium Ill - Formina Science and Technoloav for Ceram ics of 
the 93rd Annual Meeting of the American Ceramic Society, 
Cincinnati, OH, April 29 - May 2, 1991. 
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4.0 TECHNOLOGY TRANSFER 

4.1 TECHNOLOGY TRANSFER 

4.1.1 Technoloav Transfer 

Techno 7 oqy  Transfer  
D. R. Johnson (Oak Ridge National Laboratory) 

by a number of mechanisms including the follawing: 

- -  
Technology transfer in the Ceramic Technology Project is accompl ished 

Trade Shows - A portable display describing the program has been built 
and has been used at num 
technical meetings. 

Newsl etter - A Ceramic Techno1 ogy Newsl etter i s pub1 i shed regul arly 
and sent to a large distribution. 

ReDorts - Semiannual technical reports, which include contributions by 
all participants in the program, are published and sent to a large 
distribution. 
distributed to the participants, in the program. ‘Open-1 iterature reports 
are required of a1 1 research and development participants. 

Informal bimonthly management and technical reports are 

Direct Assistance - Direct assistance is provided to subcontractors in 
the program via access to unique characterization and testing facilities at 
the Oak Ridge National Laboratory. 

WorkshoDs - Topical workshops are held on subjects of vital concern to 
the ceramics community. 

International CooDeration - This program is actively involved in and 
supportive of the cooperative work being done by researchers in West 
Germany, Sweden, the United States, and, most recently, Japan under an 
agreement with the International Energy Agency. 
aimed at development of international standards and includes physical, 
morphological, and micro-structural characterization of ceramic powders and 
dense ceramic bodies, and mechanical characterization of dense ceramics. 

This effort is ultimately 
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IEA ANNEX I I  Manaqement 
V. J. Tennery (Oak Ridge Nat ional  Laboratory) 

Object i ve/scocte 

The purpose o f  t h i s  task  i s  t o  organize, ass i s t ,  and f a c i l i t a t e  
i n t e r n a t i o n a l  research cooperation on t h e  cha rac te r i za t i on  o f  advanced 
s t r u c t u r a l  ceramic mater ia ls .  A major o b j e c t i v e  o f  t h i s  research i s  t h e  
evo lu t i on  o f  measurement standards f o r  key ma te r ia l  p roper t ies .  Th is  task, 
which i s  managed i n  t h e  Uni ted States by Oak Ridge Nat iona l  Laboratory 
(ORNL), now inc ludes a formal I n t e r n a t i o n a l  Energy Agency ( I E A )  Annex 
agreement i d e n t i f i e d  as Annex I 1  between t h e  Uni ted States, t h e  Federal 
Republic o f  Germany, Sweden, and Japan. The o r i g i n a l  annex inc luded f o u r  
subtasks: (1) i n fo rmat ion  exchange, (2 )  ceramic powder charac ter iza t ion ,  
(3) ceramic chemical and phys ica l  charac ter iza t ion ,  and (4) ceramic 
mechanical p roper ty  measurements. The research i n  Subtasks 2, 3, and 4 i s  
now completed. 
l a b o r a t o r i e s  p a r t i c i p a t i n g ,  respec t ive ly .  During CY 1990, agreements were 
reached f o r  Japan t o  j o i n  the  Annex and fo r  research i n  two new subtasks t o  
be i n i t i a t e d .  These inc lude Subtask 5, Tens i le  and F lexura l  Proper t ies  o f  
Ceramics, and Subtask 6, Advanced Ceramic Powder Character izat ion.  

The Executive Committee agreed a t  t h e  Cocoa Beach conference on 
January 17, 1991, t h a t  t he  next  Executive Committee meeting w i l l  be he ld  a t  
t he  Japan Fine Ceramics Center i n  Nagoya, Japan, on October 15, 1991. The 
Executive Committee approved a change i n  the  completion date f o r  Amended 
Annex I 1  from December 31, 1991, t o  December 31, 1993. A t  a f u t u r e  
Executive Committee meeting, t h e  Executive Committee may e l e c t  t o  e s t a b l i s h  
f u r t h e r  subtasks w i t h i n  Annex 11. 

A working group meeting f o r  Subtask 5, U.S. p a r t i c i p a n t s ,  has been 
scheduled du r ing  t h e  Department o f  Energy Contractor 's  Coord inat ion Meeting 
i n  Dearborn, Michigan, on October 28, 1991. During t h i s  time, presenta- 
t i o n s  w i l l  be g iven by V.  J. Tennery, M. K. Ferber, C. Johnson, J. Cuccio, 
and T. Whalen on t h e  s ta tus  o f  research (Subtask 5) i n  t h e  Uni ted States. 

For t h e  new Subtasks 5 and 6, t he re  are 35 and 45 

Technical Drogress 

Subtask 5, F lexura l  and Tens i le  ProDert ies o f  Ceramics 

Uni ted States 

Analys is  o f  t h e  f l e x u r a l  s t rength  data i s  proceeding. To date we have 
n o t  received the  f ractography data from Corning and General E l e c t r i c .  
Corning has i nd i ca ted  t h a t  t h e i r  data may be a v a i l a b l e  some t ime i n  
November 1991. General E l e c t r i c  has i nd i ca ted  t h a t  t h e i r  da ta  should be 
provided t o  ORNL by the  end o f  October. 

tapered c o l l e t )  by Chand/Kare was completed on A p r i l  22, 1991. I n  addi -  
t i o n ,  t h e  inspec t ion  by our s t a f f  was completed on A p r i l  22, 1991. As o f  
A p r i l  22, 1991, 135 specimens had been sent t o  HiTec Corp., Westford, 
Massachusetts, f o r  t he  a p p l i c a t i o n  o f  9 gages a t  7 l o c a t i o n s  i n  the  gage 

A l l  machining on the  I E A  t e n s i l e  specimens (125 s t r a i g h t  c o l l e t  and 50 
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section. On April 29, 1991, the last 20 specimens for the application of 
9 gages (7 locations) were sent. On April 29, 1991, 20 specimens for the 
application of 11 gages (9 locations) were sent to HiTec Corporation. To 
date, the appl ication of 9 gages (7 locations) has been completed on all 
specimens (155). The final 20 with the 11 gage configurations (9 loca- 
tions) were completed the first of June 1991 and received on June 15, 1991. 
Tensile specimen collets were ordered and received from United Machine and 
Tool, Oak Ridge, Tennessee. 

Information for scheduling the tensile testing of GN-10 specimens in 
the High Temperature Materials Laboratory (HTML) at Oak Ridge or at the 
participant's site by the participating laboratories during the months of 
June, July, and August 1991 has been received. The original plan was for 
each laboratory to measure the strength o f  five straight-collet and five 
tapered- collet specimens at the HTML, followed by measurement of five 
specimens at the participating laboratory. M. Jenkins of the HTML staff 
has written guide1 ines for completing the tensile strength measurements, 
and they have been provided to all U.S. participants. Due to the lack of 
specialized equipment required for tensile strength measurements at some of 
the participating laboratories, all measurements for these laboratories 
were done at ORNL in the HTML. Table 1 lists the schedule for measurements 
at participating laboratories with tensile measuring facilities and dates 
(M. K.  Ferber and M. G. Jenkins, HTML staff, participated in the measure- 
ments). 
measurements were completed at ORNL. 
the fractured specimens back to their laboratories to do 100% fractography. 
We have requested that they return the fractography results and broken 
specimens to us by November 15, 1991. Instructions for fractographic 
examination of GNlO tensile specimens were sent to the U.S .  participants on 
August 21, 1991. 

Table 2 lists the participating laboratories and dates when the 
Each participating laboratory took 

Table 1. 
, 

Status of Tensile Strength Measurements Completed at 
Participating Laboratories with Tensile Testing Facilities 

Laboratory Date No. of straight- 
coI1 et specimensa 

Norton Company August 20, 1991 

GTE Laboratories August 19, 1991 4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 

Garrett Auxiliary Power Division September 23,1991 4 (7 Locations) 
1 (9 Locations) 

%even location specimens include nine gages; nine location specimens 
i ncl ude el even gages. 
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Table 2. Status o f  P a r t i c i p a t i o n  i n  Tens i le  St rength Measurements 
Completed i n  t h e  High Temperature Ma te r ia l s  Laboratory 

Oak Ridge Nat ional  Laboratory 

Laboratory Date 
No. o f  tapered 

c o l  1 e t  
sDec i mensa 

No. o f  s t r a i g h t  
c o l l e t  specimense 

ORNL 

GTE Laborator ies 

Corning 

Gar re t t  Auxi 1 i ary  Power 

Ford Motor Co./ORNL 

A1 1 i son Gas Turbine D i  v i  s i  on 

General E l e c t r i c  

NASA Lewis 

Carborundum 

Norton Company 

June 7, 1991 

J u l y  19, 1991 

J u l y  23, 1991 

J u l y  31, 1991 

August 2, 1991 

August 13, 1991 

August 26, 1991 

August 29, 1991 

September 25, 1991 

September 30, 1991 

9 (7 Locations) 
1 (9 Locations) 
5 (7 Locations) 

9 (7 Locations) 
1 (9 Locations) 
5 (7 Locations) 

9 (7 Locations) 
1 (9 Locations) 
9 (7 Locations) 
1 (9 Locations) 
9 (7 Locations) 
1 (9 Locations) 
9 (7 Locations) 
1 (9 Locations) 
9 (7 Locations) 
1 (9 Locations) 
5 (7  Locations) 

4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 
4 (7 Locations) 
1 (9 Locations) 

%even l o c a t i o n  specimens inc lude n ine gages; n ine l o c a t i o n  specimens inc lude 
e l  even gages. 



443 

Germanv 

Subtask 5 i s  moving slowly i n  Germany. A t  t he  Subtask 5 
Germany/Sweden working group meeting (June 13, 1991) he ld i n  Goteborg, 
Sweden, plans were completed f o r  preparing the  f l exu re  specimens, and much 
discussion was held t o  resolve the question o f  t he  number o f  s t r a i n  gages 
t o  be used on the t e n s i l e  specimens. The German f l e x u r e  specimens should 
be ready f o r  d i s t r i b u t i o n  by the middle o f  September 1991. 
German p lan was t o  s t r a i n  gage only about 20% o f  t he  t e n s i l e  specimens, but  
a1 1 o f  t he  other nat ional  representat ives s t rong ly  recommended s t r a i n  
gaging 100% o f  t he  specimens, as they are doing. 
( Ju l y  10, 1991) from Dr.  Thomas Ho l l s te in ,  Fraunhofer- Inst i tu te  f u r  
Werkstoffmechani k, Freiburg, ind icates t h a t  they are seeking funding t o  
f inance the  app l i ca t i on  o f  s t r a i n  gages on a l l  t e n s i l e  specimens. They 
hope t o  complete machining o f  t he  specimens by the  end o f  August 1991 w i t h  
the t e n s i l e  t e s t i n g  t o  s t a r t  a t  t he  end o f  September 1991, a t  which t ime 
they would exchange the t e n s i l e  specimens w i t h  the  United States. 

Wemhoner & Popp w i l l  send the 30 f l exu re  specimens t o  us by the  end o f  
September 1991. The f l exu re  specimens were no t  received by the end o f  t h i s  
repo r t  period. The F raunho fe r - Ins t i t u t  f u r  Werkstoffmechani k w i l l  provide 
us w i t h  the f i v e  t e n s i l e  specimens w i t h  gages before the end o f  October 
1991. 

Germany w i l l  have a short  German-Swedish group meeting on October 7, 
1991, i n  Karlsruhe, t o  discuss the s tatus o f  t h e i r  work. 

The previous 

The l a t e s t  communication 

D r .  Sei tz,  PLR, Ju l ich,  s ta ted by l a t t e r  o f  September 11, 1991, t h a t  

Sweden 

Subtask 5 i s  moving slowly i n  Sweden due t o  funding problems. 
Swedish f l exu re  specimens should be ready f o r  d i s t r i b u t i o n  by the  middle o f  
September 1991. 
w i l l  in form us soon concerning the t ime schedule f o r  t e n s i l e  strength 
measurements i n  Sweden and a proposed schedule f o r  exchanging t e n s i l e  
specimens. 

Lars Pejryd v i s i t e d  the HTML and presented a seminar e n t i t l e d ,  
"Ceramics i n  Aerospace Applications," and discussed the  I E A  Annex 11, 
Subtask 5 s ta tus w i t h  V. J. Tennery on September 11, 1991. 

D r .  Ericsson, Linkoping I n s t i t u t e  o f  Technology, Sweden, s ta ted i n  h i s  
t e l e f a x  o f  September 10, 1991, t h a t  they were wa i t i ng  t o  receive the  ma- 
chined specimens from Wemhoner and Popp. A f t e r  t h e i r  meeting on October 7, 
1991, w i l l  sh ip  the Swedish t e n s i l e  specimens t o  the  United States as soon 
as they are avai lab le.  

group meeting which was held i n  Sweden on June 13, 1991. 

The 

D r .  Lars Pejryd, Volvo Flygmotor AB, T r o l l  hattan, Sweden, 

D r .  Ericsson sent minutes o f  the German-Swedish Subtask 5 working 

On June 10, 1991, we received n o t i f i c a t i o n  from E i j i  Yamada, O f f i c e  o f  
Energy Techno1 ogy Research and Development, I n te rna t i ona l  Energy Agency, 
Organisation for  Economic Co-operation and Development, Paris, France, t h a t  
D r .  A. Fukutome o f  t he  New Energy and I n d u s t r i a l  Technology Development 
Organization (NEDO) signed the Implementing Agreement f o r  a Programme o f  
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Research and Development on High Temperature Materials for Automotive 
Engines on May 29, 1991, formally making Japan a member of Annex 11. The 
NEDO has been designated as the Contracting Party by the Government of 
Japan. Mr. Hiroshi Terasawa, Director General, Energy Conversion and 
Storage Department, NEDO, replaces Mr. Soichi Wagamatsu, Ministry of 
International Trade and Industry (MITI), as the Executive Committee Member 
from Japan. Mr. Hisao Ogiyama, NEDO, is the Alternate Executive Committee 
Member from Japan (from August 23, 1991, letter from Dr. Atsushi Fukutome, 
NEDO. This became effective on May 29, 1991, when signed by the Japanese 
representative in Paris.) 

Dr. Awaji indicated on June 24, 1991, that Japan had fractured all o f  
the Japanese Subtask 5 flexure specimens at room and high temperatures as 
well as the 30 U.S. specimens (at room temperature). Japan has agreed to 
use the same strain gage configuration on their tensile specimens (nine 
strain gages in seven locations) as we are using in the United States (June 
1991 correspondence). Their intent is to exchange specimens with us in 
September 1991. 

A communication (September 1991) from Dr. Awaji, Japan Fine Ceramics 
Center (JFCC), indicated that the exchange of tensile specimens would not 
be ready until the end of October 1991. 

Subtask 6, Advanced Ceramic Powder Characterization 

Major responsibility for this subtask in the United States is at the 
National Institute df Standards and Technology (NIST), and a detailed 
report of progress on this subtask is provided in the section of this 
report submitted by NIST. 

The U.S. Working Group on powder characterization met at NIST on 
April 22-23, 1991, to review the data. At this meeting, the data received 
until that time were reviewed, comments were prepared for any data for 
which more information was required, and preliminary analysis of the data 
was carried out. The participants found a significant improvement in the 
inter-1 aboratory comparison data of those laboratories that had followed 
the "recommended" procedures. In addition, many data sets required 
additional experimental descriptions, especially for those data that were 
produced using modi f i cati ons of the recommended procedure. 

Data input activity is continuing with the primary emphasis on 
incorporating additional data and improving the data format. 
Questionnaires have been sent to Dr. Tsubaki, Technical Leader in Japan, 
requesting additional information on some of the Japanese data. 

April 22-23, 1991, were sent to all the U.S.  participants and technical 
leaders for review. Some participants have returned their comments. We 
are working with the rest to respond. 

discuss their results and review Japan's standardization programs on 
ceramic powders. In addition, he discussed preliminary data analysis on 
the particle size distribution carried out at the JFCC. 

a data review. 

characterization data was prepared at NIST. 

Only a brief summary is provided here. 

The proceedings and comments o f  the U.S. Working Group meeting held on 

Dr. Tsubaki Junichiro, Technical Leader o f  Japan, was at NIST to 

The U.S. Working Group is planning to meet at NIST in October 1991 for 

The first version of a report on preliminary analysis of powder 
This report contains all the 
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data t h a t  was received a t  NIST up t o  August 1991. 
have a r r i ved  from Germany and the United States a f t e r  t h i s  date. 
report ,  the powder character izat ion data were provided i n  the form o f  
simple s t a t i s t i c s ,  p lo ts ,  and tables.  
improvement i n  r e p e a t a b i l i t y  and reproduci b i l  i t y  o f  some o f  the procedures, 
espec ia l l y  when the pa r t i c i pan ts  have fol lowed the recommended procedures. 
Data obtained by using non-recommended procedures appear t o  be e a s i l y  
i d e n t i f i e d .  The r e s u l t s  w i l l  be discussed a t  the upcoming working group 
meeting o f  the technical  leaders i n  Nagoya, Japan, on October 14, 1991. 
The discussions are expected t o  lead t o  the development o f  pre l iminary 
conclusions on the Subtask 6 data. Most o f  t he  data from Germany have 
arr ived.  
r e p o r t  because i t  a r r i ved  a f t e r  August 31, 1991. 
pre l iminary analysis, w i l l  be revised by incorporat ing a l l  data received 
through November 15, 1991. The revised version w i l l  be d i s t r i b u t e d  t o  the 
p a r t i c i p a n t s  i n  December 1991. 

References 

Some addi t ional  data 
I n  t h i s  

These data show s i g n i f i c a n t  

Some o f  these data were nqt included i n  the above mentioned 
This repor t ,  containing 

None 

Status o f  milestones 

Milestone No. 411510: Due t o  changes i n  t e s t  scheduling by U.S. par-  
t i c i p a n t s ,  t h i s  milestone date has been changed t o  December 31, 1991, and 
i s  on schedule. This Milestone i s  an ORNL i n t e r n a l  milestone (No. 92CC54). 

Milestone No. 411511: Due t o  delays i n  rece iv ing  data from other par- 
t i c i p a t i n g  countr ies, t h i s  milestone h a t e  has been changed t o  September 30, 
1992. 

Pub1 i c a t i  ons 

V. J. Tennery attended the German/Swedish Technical Working Group 
Meeting, Goteborg, Sweden, on June 13, 1991, and presented a s tatus repo r t  
o f  the U.S. Subtask 5 research. V. J. Tennery a lso attended the Subtask 6 
Technical Meeting. 

Michael Jenkins, Mechanical Propert ies User Center s t a f f ,  v i s i t e d  JFCC, 
Nagoya, Japan, on J u l y  18, 1991. 
"Administrat ive and Limited Technical Aspects o f  the United States 
P a r t i c i p a t i o n  i n  the In ternat ional  Energy Agency ( I E A )  Annex I 1  Agreement." 

He presented a seminar e n t i t l e d  
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Characterization of Ceramic Powders 
S. G. Malghan, L.-S. Lum, J. F. Kelly, E. Begley and S .  M. Hsu 
(National Institute of Standards and Technology) 

Obi ec t ive /ScoDe 

Ceramics have been successfully employed in engines on a 
demonstration basis. The successful manufacture and use of ceramics in 
advanced engines depends on the development of reliable materials that 
will withstand high, rapidly varying thermal stress loads. Improvement 
in the characterization of ceramic starting powders is a critical factor 
in achieving reliable ceramic materials for engine applications. The 
production and utilization of such powders require characterization 
methods and property standards for quality assurance. 

The objectives of the NIST program are (1) to assist with the 
division and distribution of five ceramic starting powders for an 
international round-robin on powder characterization; (2) to provide 
reliable data on physical (dimensional), chemical and phase 
characteristics of powders; and ( 3 )  to conduct statistical assessment, 
analysis and modeling of round-robin data. This program is directed 
toward a critical assessment of powder characterization methodology and 
toward establishment of a basis for the evaluation of fine powder 
precursors for ceramic processing. This work will examine and compare 
by a variety of statistical means the various measurement methodologies 
employed in the round-robin and the correlations among the various 
parameters and characteristics evaluated. The results of the round- 
robin are expected to provide the basis for identifying measurements for 
which Standard Reference Materials are needed and to provide property 
and statistical data which will serve the development of internationally 
accepted standards. 

Technical Progress 

The technical progress covered in this report is on the data 
collection, compilation and analysis of data related to IEA Subtask 6 
on ceramic powders characterization. 

Data Collection. At this time, approximately 90% of the committed 
data have been received from all four participating countries. Japan’s 
participants responded on-time and with all their data. German 
participants, in general, were slow in responding; whereas, most of the 
U.S. participants submitted their data as planned. Delay experienced in 
obtaining data from participants in the U.S. and Germany is most 
probably due to adverse economic conditions and change of personnel 
related to this project. Some participants decided not to submit data 
from certain techniques because they have discontinued its use and/or 
personnel trained in such techniques no longer are available in-house. 
Some participants in Germany and the U.S. have discontinued 
participation due to corporate restructure. In Germany, Hiils 
discontinued participation after submitting most of the data. 
Similarly, in the U.S., Ferro Corporation and GTE Laboratories also 
discontinued further participation after submitting their data. 
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Data C omD ila t ion . Inspite of delay experienced in obtaining data 
from a number of participants, NIST has been able to provide additional 
man-hours in order to maintain the overall schedule. The data 
compilation activity has produced two different types of reports: 1) 
Tabulation of data, 2) Technical information related to analysis 
procedure and samples. The first report has been distributed to 
participants in Japan, U.S. and Sweden. This report is being revised 
now to include German data. The revised report will be distributed to 
all participants in December 1991. The second report on data contains 
detailed information reported by the participants, and such information 
is useful in the interpretation of data. This report is available in a 
hard copy format and on two diskettes. 

Data Analysis. The preliminary data analysis report has been 
prepared and distributed to all participants in Japan, U.S., and Sweden. 
The updated version of this report will be distributed to German 
participants in December 1991. The preliminary data analysis consists 
of graphical presentation of primary data and simple statistical 
parameters such as mean of each data set, mean of data for all 
participants, and standard deviation. Some of the data analyzed so far 
is summarized below. 

Particle Size Distribution-- Data obtained by using the recommended 
procedures of Subtask 6 appear to show excellent repeatability and 
reproducibility. In the case of data from Sedigraph, the entire 
particle size distribution show good agreement between the participating 
laboratories, indicating that deagglomeration related problems are 
negligibly small. This could be due to a large amount of effort 
expended to investigate dispersion phenomena during the procedure 
development stage. Data from both silicon nitride and silicon carbide 
powders show similar trends. The data on aluminum nitride does not show 
the same goodness of reproducibility, most probably due to lack of 
complete dispersion and limited experience with the powder. 

The size distribution data from light scattering equipment also shows 
good repeatability and reproducibility, in spite of the fact that the 
perticipants used a number of different equipment that utilize different 
operating principles. Since the same dispersion procedure was used for 
both sedimentation (Sedigraph) and light scattering equipment, 
agglomeration related problems were absent in both cases. There is a 
slightly larger variation in the dIo size range in both sets of data, 
most probably due to equipment related problems such as limited 
applicability of the working principle at extremely fine sizes. 

Specific Surface Area-- The specific surface area data show a reasonably 
good level of repeatability and reproducibility. Some of the scatter 
could be due to judgement exercised by participants in the application 
of the recommended procedure and inherent problems in the procedure 
itself. A detailed analysis of the data might reveal the underlying 
problems with the data. If data obtained by not strictly following the 
procedure are eliminated, the remaining data appears to show an 
excellent. agreement. Between the single and multi-point BET data, the 
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former appears to show better agreement than the latter. This 
difference is an indication of insensitivity of the single point BET 
method to minor variations in the procedure. 

Data from other methods are being analyzed. 

and Reviews. A meeting of the U.S. participants was held 
at NIST on April 22-23, 1991. Nine participants attended this meeting 
to review and discuss the data. Each set of data was discussed and 
questions or comments were developed. These conrments will be returned 
to the participants so that they can respond. These responses will be 
incorporated into the data report. In addition, preliminary analysis 
was carried out to get a glimpse of the lab-to-lab data variation, 
Tentative formats for data presentation were also discussed. 

Similar meetings were held in Japan and Sweden. In a meeting of the 
participants in Japan, the data were discussed, according to Dr. 
Tsubaki, and comments were collected. These comments were discussed at 
the meeting in GClteborg, and a set of combined comments were developed. 
Responses to these comments will be addressed by contacting individual 
participants. 

The Technical Leaders of Subtask 6 met at Gtbteborg, in conjunction with 
the 4th International Symposium on Ceramic Materials and Components for 
Heat Engines on June 10-12, 1991. At this meeting, each leader 
presented reviews of technical progress and exchanged ideas on data 
analysis. The technical leaders decided that while each leader will 
provide input to the data analysis activity, statistical analysis of the 
data will be carried out at NIST. 

A preliminary report on the data analysis was distributed to the leaders 
in the first week of October 1991. At the October 14, 1991 meeting of 
the Technical Leaders in Nagoya, Japan, the results of preliminary data 
analysis were reviewed. This review indicated that data obtained using 
a number procedures were in good agreement, while some other data showed 
large scatter. One of the major technical issues remains to be solved 
is samples preparation. 

Bsm Acti vitieg . We are continuing to assist ASTM activities on powders 
standards development. Two major tasks undertaken are: 1) to provide 
leadership to the standards development on particle size distribution by 
gravity sedimentation using Sedigraph, 2) provide one set of silicon 
nitride samples to the ASTM round-robin on particle size distribution. 
Both activities are proceeding as planned. 

A sample of the SNE-3 powder has been prepared exclusively for the ASTM 
round-robin studies. This sample will be offered to the ASTM 
subcommittee involved in the development of standards on powders. A 
meeting of the C-28-05-04 has been scheduled to take place in 
conjunction with the Composites Conference in Cocoa Beach, FL. At this 
meeting, discussions will be held on the distribution of this sample and 
extent of a round-robin activity. 
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On target. 

1. A report on compilation of procedures used in Subtask 6 has been 
prepared. 

2.  Two reports on data and samples analysis details have been 
distributed to IEA participants. - 

3 .  A report on preliminary analysis of IEA Subtask 6 data was 
distributed to participants. 

4. "Analysis of Physical Properties of Ceramic Powder in an 
International Interlaboratory Comparison Program" with A. L. Dragoo, 
S. M. Hsu, H. Hausner and R. Pompe, Proc. 4th International Symp. 
on Ceramic Materials, Sweden, June 1991. 

5 .  S. M. Hsu, Review of progress of IEA Subtask 6 Program at the IEA 
Executive Committee Meeting, Nagoya, Japan, October 15, 1991. 

6 .  S. G. Malghan, Technical Analysis of IEA Subtask 6 data at the 
Japan's participants meeting, JFCC, Nagoya, Japan', October 23, 1991. 

7 .  S. G. Malghan, Standards Development, NEDO, Tokyo, Japan, October 
24, 1991. 
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George D. Quinn 
(National Institute of Standards and Technology) 

This task is to develop mechanical test method standards in support 
of the Ceramic Technology for Advanced Heat Engines and Advanced Turbine 
Technology Applications Programs. The prime DOE contractors and 
subcontractors will be surveyed to assess their needs and capabilities. 
Test method development should also consider the general USA structural 
ceramics community as well as foreign laboratories and companies, but 
emphasis will be placed on the needs on the DOE community. 

Draft recommendations for practices or procedures shall be developed 
based upon the needs identified above and circulated within the DOE 
ceramics heat engine community for review and modification. Round 
robins will be conducted as necessary, but shall be well-focussed, 
limited in scope and not interfere with ongoing IEA round robins. 
Procedures developed in this program shall be presented as ATTAP or 
CTAHE "standard procedures." Alternatively, (and eventually) these will 
be advanced for final standardization by ASTM or by the U.S. Army as 
possible MIL STD's. 

A set of handout fliers have been revised and are available on a 
simple room temperature flexure test fixture that can be machined by 
any competent shop at a reasonable cost. A draft of a similar set of 
design notes is being prepared for a rolling-pin high-temperature 
flexure fixture. Guidelines such as these will enable DOE contractors 
to develop competent testing capabilities if they are unable or 
unwilling to purchase off-the-shelf commercial fixtures. 

The issue of what value the flexure test data has for design was 
reviewed and a definitive paper was published: "Design Data for 
Engineering Ceramics: A Review of the Flexure Test" by G. Quinn and 
Dr. R. Morrell in the National Physical Laboratory in England (the U.K. 
analogue of NIST). A number of assygpDtions all must be met for flexure 
data to be useful for design. For example, both the average 
microstructure and the extreme microstructural features, the defects, 
must be identical in the test specimens and the components. Consistency 
is the key issue. In most instances, one or more of the assumptions are 
not met, and the flexure data has limited applicability. Unfortunately, 
many of the assumptions apply equally well to direct tension data as 
well and there is a risk that even tension data will be misleading. 
The assumptions are listed in a checklist fashion in the manuscript such 
that they can be addressed for each problem a designer may confront. 
There is some cause for optimism however, since the literature review 
showed that there were at least several dozen instances where flexure 
data scaled quite well to uniaxially stressed components. 
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One unresolved topic regarding flexure testing was whether it is 
essential for loading pins to roll at $levatea temperature. It is well 
known that a serious experimental error exists if fixed pins are used. 
This had been verified at room temperature, but no data existed at 
elevated temperature. This matter was a key issue with respect to the 
draft flexure standard for high-temperature flexure testing under 
development for ASTM C-28. Experimental testing was done, both in fast 
fracture and in stress rupture nodes of loading, with the results shown 
in Figures 1-3. It is evident that the fast fracture strengths of an 
alumina and a silicon nitride are systematically in error by 7 and 4%, 
respectively. The stress rupture curve for NC-132 hot pressed silicon 
nitride at 1200'C is similarly displaced by 7%. These results were 
presented at the 2nd European Ceramic Society conference in Augsburg, 
Germany in Sept. 1991, and will also be presented at the American 
Ceramic Society conference at Cocoa Beach in January 1992. This testing 
sequence and results typify one of the objectives of this program, "To 
Eliminate Loose Ends and Refine Test Procedures". 

Four standards are under development as part of this task. Three 
of the four standards are in close cooperation with other CTAHE 
subcontractors. The four standards are: 

1. ASTM Draft Standard: "Dynamic Young's Modulus, Shear Modulus, 
and Poisson's Ratio for Advanced Ceramics by Sonic Resonance," 
by S. Gonczy, G. Quinn and J. Helfinstine. 

2. ASTM draft standard: "Standard Test Method for Flexural 
Strength of Advanced Ceramic at Elevated Temperature," by G. 
Quinn in cooperation with ASTM task group of same name. 

3. U. S. Army draft standard: "Standard Practice for 
Characterizing Strength Limiting Defects in Advanced 
Structural Ceramics", with M. Slavin and J. Swab. 

IC. ASTM draft standard: "Reporting Strength Data and Estimating 
Weibull Distribution Parameters for Advanced Ceramics," by S. 
Duffy and G. Quinn. 

The following progress occurred for these four projects during the 
current six month period. 

The draft standard for elastic modulus determination has been 
developed in cooperation with Dr. S. Gonczy of Allied Signal and Mr. 
John Helfinstine of Corning. This draft standard is a modification to 
ASTM standards already on the books as ASTM standards (Whitewares and 
Glass Ceramics) but has been modernized and adapted to make it suitable 
for advanced ceramics. It is based on the well-known beam resonance 
methods. A review of the equations had to be made and extended back 
through 70 years of the literature to Timoshenko. (The Japanese elastic 
modulus standard for advanced ceramics: JIS R 1604 includes this 
method). During this six month period the draft passed both ASTM C-28 
main and subcommittee ballot. It was balloted at the ASTM Society level 
in August 1991. 
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The draft standard for high temperature flexure standard was 
submitted for a subcommittee ballot (draft f3) in April 1991. Four 
negative ballots were received, and three were sustained. In response 
to the revisions mandated, draft 4 has been prepared and sent to ASTM 
headquarters for distribution for a concurrent main and subcommittee 
ballot in Sept 1991. The revisions include: 

1. Deletion of the option of using fixed pin fixtures. 
revision was directly influenced by the experimental results 
referred to above. 

This 

2.  Relaxation of the requirement that the furnace be held 
constant from 1 degree to 2 degrees Celsius during the test. 

3.  Inclusion of a new requirement that the time for the furnace 
and the load train system be measured. 

4. Inclusion of a sample reporting format-template as an 
appendix. 

The first review has been accomplished on the draft standard for 
fractographic analysis of strength limiting defects in advanced 
ceramics. Several technical presentations have been given to highlight 
the objectives and approach that this standard will have, and to solicit 
input. This project is in collaboration with Mr. Jeffrey Swab and Mr. 
Michael Slavin of the U. S. Army MTL. A preliminary draft standard was 
sent to approximately 40 experts in the fractography field and some 
excellent constructive criticism has been obtained. Major revisions to 
the draft standard are now being written. General guidelines for 
fractographic analysis will be given including procedures for mechanical 
testing, specimen preservation, visual examination, optical microscopic 
and scanning electron microscopic examination. The goal of the standard 
is to develop common guidelines for the detection and characterization 
of strength limiting defects in advanced ceramics. The following Table 
illustrates the required characterization and reporting scheme, for 
strength limiting defects. It is mandatory to report the first two 
aspects of a defect; the third is optional. Very careful distinction 
must be made with respect to whether a flaw is distributed in the volume 
or the surface, and where the specific flaw was Bctuallv located in the 
particular specimen. For example, volume distributed pores may be 
located (in any one specimen) in the bulk (volume), at the surface, or 
at an edge. Thus, in characterizing a flaw, it is important to specify 
a location parameter twice as is illustrated below: 



FLAW CHARACTERIZATION SCHEME 

FLAW TYPE FLAW LOCATION FLAW SIZE 
(identity, and how distributed) (specific location (nominal diameter) 

in a sDecimen) 

Pore, Volume distributed Surface 120 pm 

Inclusion, Volume distributed Volume 

Machining Damage, Surface dist. Surface 

50 pm 

30 pm 

The original thrust to characterize strength limiting defects has 
to be modified somewhat. In older structural ceramics, strength was 
limited by gross microstructural aberrations such as pores or 
inclusions. The remarkable improvements in structural ceramics over 
the last decade have led to new materials which no longer fail from such 
defects, but from "mainstream microstructural features." This latter 
phrase (coined by Roy Rice) refers to microstructural features such as 
large grains or zones of slightly irregular structure (i.e. 
microporosity) which are part of the "normal" range of the 
microstructure. It is a matter of semantics as to whether these 
features can be considered "defects." From a fracture mechanics 
standpoint, they are; but from a materials processing perspective, they 
are not. Another issue that was uncovered (by Bruce Adams) is the legal 
ramifications of using the words "defect" or "flaw." Such words are 
avoided in the glass industry. We must consider the consequences of 
using these words if we envision using ceramics in general structural 
applications. In view of these two issues, it has been decided that the 
fractography standard will focus on characterization of "fracture 
origins", but will include a discussion of defects. 

It is now planned that the document will become a MIL HDBK (Military 
Handbook). Ultimately, it is the goal to have interrelated standards 
for mechanical testing, fractography and statistical interpretation as 
illustrated in Figure 4. The test method standards are either on the 
books or are in development. The fractography standard is targeted for 
a 1991 approval as a MIL HDBK and will then be brought into the ASTM C- 
28 forum for consideration. The Weibull Statistical Analysis standard 
is being developed in ASTM Committee C-28. 

The Weibull statistical analysis draft standard is beginning to take 
shape in the Design and Evaluation Subcommittee C28-02. G. Quinn 
prepared a strawman draft standard whose function was to propose one 
scheme, but more importantly, to provoke action by that subcommittee 
and to focus its work. The latter objectives were successful and the 
subcommittee is now industriously working towards a draft standard. 
Dr. Steven Duffy of NASA-Lewis has the lead in this initiative and a 
new draft was presented at the Philadelphia meeting in May. G. Quinn 
translated a German draft standard: "Testing of Advanced Technical 
Ceramics: 4-Point Bending Test; Statistical Evaluation; Determination 
of the Weibull parameters. " This document has already been approved in 
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Figure 4 

The mechanical testing standards, the fractography standard, and the 
statistical standards are interrelated as shown. 

MECHANICAL TEST CTOGRAPHIC STANDARD 
Flexure ASTM C1161 or <=> MIL HDBK XXXX 
Flexure MIL STD 1942 or 
Tension ASTM XXXX 

WEIBULL S TIC 
ASTM Std XXXX 

the German Standards Body DIN and assigned a number DIN 51-110 Part 3. 
It calls for a Maximum Likelihood analysis (and forbids the least 
squares regressionmethod) but also mandates that the results be plotted 
on a conventional Weibull graph with the double natural log ordinate 
axis and the natural log stress abscissa. In light of this, and also 
considering new statistical analyses conductedby Dr. C. Johnson and Dr, 
W. Tucker of G.E., (reported in Section 2.3 New Concepts of this report) 
it now appears that the Maximum Likelihood analysis should become the 
DOE and ASTM standards. 

Standardization of fracture toughness testing remains elusive. 
Pending successful progress in the above four standards, a major effort 
will be made in the current program to tackle standardization of 
fracture toughness. This is a very contentious issue since very strong 
preferences and opinions have developed over the years. There is at the 
moment, only a small amount of actual work ongoing on optimizing or 
refining the measurement of fracture toughness. The likelihood of 
standardizing a specific method within ASTM is hard to anticipate, but 
it may be a difficult process. The author is visiting DOE contractors 
and subcontractors and is assessing their needs and preferences. The 
indented flexure strength and chevron notch methods are surprisingly 
popular. 

During this interval, Mr. Quinn was appointed international leader 
of VAMAS (Versailles Advanced Materials and Standards) Technical Working 
Area #3 ,  Ceramics. This is an international collaboration of 
prestandardization research which involves cooperative work by the G- 
7 economic powers (United States, Japan, Germany, Italy, United Kingdom, 
Canada, France and the European Community.) At the moment, there is 
intensive work on fracture toughness evaluation and two round robins are 
underway. This work is relevant to the DOE programs since the new round 
robin includes include the chevron notch method. The fracture toughness 
of zirconia and silicon nitride specimens furnished by the Japan Fine 
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Ceramics Center as part of the 1989 round robin was measured at NIST. 
The methods include indentation fracture, indentation strength and the 
single edge precracked beam (bridge indentation) methods. NIST is 
currently evaluating these internal results as well as the data produced 
by four other USA participants: NASA-Lewis (J. Salem), Allied Signal- 
Garrett (Wimmer and Fang), Norton (Foley), and Worcester Polytechnic 
Institute (Bar-on). A final report on the USA results will be prepared 
in November or December 1991. 

Status of Milestones 

All milestones are on schedule. 

Publications/Presentations 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

7. 

8. 

Chapter 8H "Strength and Proof Testing," Submitted to ASM for the 
Handbook on Cexami cs and Glasses. 
G. D. Quinn and R. Morrell, "Design Data for Engineering Ceramics: 
A Review of the Flexure Test," J. Am. Cera. SOC., 74 [9] (1991) 

G. D. Quinn, "Refinements to Flexure Testing," presented at the 
second European Ceramic Society Conference, Augsburg, Germany, Sept. 
1991. 
ASTM Draft Standard: "Dynamic Young's Modulus, Shear Modulus, and 
Poisson's Ratio for Advanced Ceramics by Sonic Resonance, " by S. 
Gonczy, G. Quinn and J. Helfinstine. Submitted for ASTM Society 
ballot, May 1991. 
ASTM draft standard: Standard Test Method for Flexural 
Strength of Advanced Ceramic at Elevated Temperature," by G. Quinn, 
Draft 3, balloted at ASTM C-28.01 subcommittee level in April 1991, 
resubmitted as draft 4 for main and subcommittee ballot, June 1991. 
U. S. Army draft standard: "Standard Practice for Characterizing 
Strength Limiting Defects in Advanced Structural Ceramics", with M. 
Slavin and J. Swab, Draft 2 distributed for review, Sept. 1991. 
ASTM draft standard: "Reporting Strength Data and Estimating Weibull 
Distribution Parameters for Advanced Ceramics," by S. Duffy and G. 
Quinn, Draft 2 prepared April 1991, draft 3 prepared Sept. 1991 for 
review by subcommittee C28.02 Design and Evaluation. 
G. D. Quinn, "Flexure Testing of Advanced Ceramics: A Round-Robin," 
Presented at the Annual Meeting of the American Ceramic Society, 
Cincinnatti, Ohio, April 30, 1991. 

2037 - 66. 
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D. L. Greene 
E. E. Hoffman 
C. R. Hubbard 
M. A. Janney 
M. G. Jenkins 

40-44. D. R. Johnson 
45. W. F. Jones 
46. D. JoS l i n  
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67. G. M. Slaughter 
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71. V. J. Tennery 
72. T. N. Tiegs 
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