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ANMJAL PROGRESS REPORT OF "HE MATERIALS PROJECT OF TKE ENERGY 
CONVERSION AND - U T T L I Z ~ ~ - ~ ~ ~ & S  ( F X X E )  ~~~~~~ 

FOR F I S C A L  YEAR 1983'" 

L. E .  Morris, A .  Jordan, and J ,  A .  Cai-penter, Sr. 

ABSTRACT 

This  is the annual technical progrpss report for fiscal 
yea-- 1'333 of t h e  Materials P r o j c t t  oT the I1.S. Department of 
Energy (DOE) Energy Conversion and Utilization Technologics 
(SCUT) Program. In fiscal year 1983, the ECUT Materials P r o j e c t  
conducted research i n  four  tccbnieal areas ~ or work elements I' 

ent i t  led High Temperature Materials 
Materials by Design, and New Assessments and Tni t ia t ives  II TSie 
progress of the various t a s k s  of the work elements i s  discussed 
in this report. 

I t  

Lightweight Ma%eri,-ml s 

OVERVIEW 

The U. S . Department of Energy (DOE) ostabl islied the Energy Conversion 

and Utilization Technologies (ECUT) Program to develop and promote utili- 

zation of an expanded technology base and advanced concepts in  eracrgy con- 

version and utilization. The purpose of the Program is to meet the 

Conservation and Renewable Energy Program goals of improved productivity 

(utilization efficiency) and alternate resource u t i  1 izatinn in the mid to 

long term. 

The Materials Project i s  one o f  several projects within t h e  E C W  

Program. It is managed for  DOE by the  Oak Ridge National Laboratory 
(ORNL? i n  a lead laboratory role. The mission of the ECUT Materials 

Project j s to i d e n t i f y  and conduct base technology research and develop- 

ment t o  overcome any materials limitations impeding the achievement of t h o  

above goals o f  the Conservation a n d  Renewable Energy Program. 

I_ 

Wesearch sponsored by the OFfice of Energy Ut-ilization Research, 
Energy Conversion arid Utilization Technologies (ECUT)  ProgramJ U. S. 
Department of Energy, under contract DE-AC05-84OR21400 with Martin 
Marietta Energy Systems, Inc. 

1 
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This i s  LIu?  second annual progress  r epor t  nf the ECUT Mater ia ls  

P ro jec t .  P ro jec t  progrc*ss since FY 1982 has been chronicled i n  a previous 

r P i J O r t .  

c 3 ,  Ilie main purpose of t h i s  r epor t  i s  to chronic le  the  p r o j e c t ' s  work 

fo r  f u t i u e  reference. It i s  n o t  intended as a tiiuePy report i r ig  of clevel- 

opeents eiiicnrrat i r ~ g  from t-he work. In gene ra l ,  snch t i i np ly  report i rig of 

development from the ECUT Materials  P ro jec t  i s  done i r t  open l i t e r a t i i c e  

r epor t s  and pub l i ca t ions .  See t he  PUBLiCArrONS section fo r  a list of 

repor t s  2nd pitbl i c a t i o ~ i ~  published iil FY 1983 and the RFFERENCbS s e c t i o n  

fo r  publ ica t ions  i n  which the  r e s u l t s  of l A r o L k  coritaiaied i n  this docmerit 

L a v ~  been repor ted .  

I n  FY 1983,  the DOE ECUT Program txlevated the  sub jec t  of t r i bo logy  ( the  

sc ience  D C  friction, wear, and lub r i ca t ion )  L[> fu l l - f l edged  p ro jcc t  s t a t u s .  

111 Fk 1981 and FY 1982, t r ibo logy  ; ; I S  a work element iuid~t-  t h e  M a k r i a l s  

P ro jec i ;  pi  ogress  i n  L I i d i  a i e a  i n  P'Y 1983 WR:. r*.pcsrted i n  the* animal repor t  

of t he  Xate i - ia !s  P i o j e c t  f o r  i l la t  year .  In  FY 1953 arid beyond, progress 

i n  the ti ibology are2  w i  1 1  be repor ted  u d e r  a separatt> annual rsport  

H I G H  'i'EM16RATURE MATERIALS 

UUCTILE ORDEREII Ik\I'l'EF(i?lF.TA.IIJIC ALLOYS - C .  T. i , i u ,  A .  iiascupta 
J .  A .  f!nrtoii, R .  0 .  ltliIliaros, E .  H .  Lee (Oak Kidge National Laboratory) ,  
and N .  S .  S to lof f  (Rpnsselaer P o l y t e c h n i c  Ins1 i.1 uic)  '- l 2  

Th? ob jec i iv r  of t h i s  t a s k  i:, t o  develop and c h a r a c t e i i z e  new high- 

temperature s t r u c t u r a l  mater ia l s  based on d u c t i l e  C i i t 4 n i e d  a1 loys  and 

assesb thern f o r  energy conserval ion app l i ca t ions .  ih? v o ~ k  oil d u c t i l e  

a1iirri;aides based on N i 3 P . , 1  w2s ini t ia i :sd i l l  f i s c a l  year 1383, while work 

from f i s c -a l  year 1982 on t l uc t i l s  long-range-crdered 91 loys  bassb on 

(Fe , N i )  3 V  arid (Fe,Ni) ( V , A I  ) continued l h r  gsnera: developtncnt work 

011 each type of material i s  repcited separaLely below. 

Alurninides"' ._. . .._ .- - -- C .  'i. Liu,  ,J. A .  HorLon, and E .  H .  Lee (Oak Ridge National 
Laborator  y)  

The aluminides wer- selec-ted fo r  development because they were known 

t o  hs strong and r e s i s t a n t  t o  cor ros ion  i n  h o s t i l e  environments at e leva ted  

Work sponsored j o i n t l y  by the  ECUT Program arrd t h e  AR&'FD Fossil 
Energy Mater ia ls  Program. 
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temperatures .  Success i n  development and commercial i z a t i n n  of s t r u c t u r a l  

a.lumLni.das eauld s u b s t a n t i a l l y  reduce the  nation’s dependence an c r i t i c a l  

s t r a t e g i c  elemenks, such as chrorn.i.urn and c a b a l t ,  which are used exten- 

s i v e l y  ir. c u r r e n t  hea t - r e s i s t an t ,  a l l o y s ,  

Poor d u c t i l i t y  and fabricability had been considered t o  be the  major 

probl.om with using aluminides as structural. materials. However, r ecen t  

study sf wicsoalloyi.ng a t  OKNL had demonstrated that add i t ions  of a Pew 
lrundred p a r t s  per  m i  I1.:;srs of b ~ r ~ n  dramat ica l ly  improved the f a b r i c a b i l i t y  

and duct:i.l i t y  o f  g)olyc.rystall i n e  N:i  I Thus boron.-duped N i J A I  served as 

an at;t;ract;ive basis f o r  the develripment of duct i le  and stron 

alerminides . The deveZopment work o€ t h i s  t ask  has involved: (19 harden- 
ing, Pu:i3Al by s o l i d  solution and p a r t i c l e  s t rengthening;  (2) improving 

ox ic~a t ion  a.nd cor ros ion  r e s i s t a n c e s  a t  high temperatures ( e . g . ,  > ~ o o O C ) ;  

(3 )  improving creep rc:s istance; and ( 4 . )  prepa ra t ion  and c h a r a c t e r i z a t i o n  

o f  I;mrge h a t s  for s t r u c t u r a l  uses i n  advanced engines  and energy conwer- 

s i s n  systems. Much of t he  work f o r  the f i r s t  two of t hese  t a s k s  has been 

succe,ssful ly  acconipl.ished, and cu r ren t  work i s  concentrati.ng on improving 

h i .gh-%empara t~~e  ductil. i.ty and hoot; fabricability of hafnium-modi f i ed  

aluminides. Also, Cabot Corporatian i s  i n t e r e s t e d  i n  trying t o  scale up 

these mate r i a l s  i n  hundred-pound q u a n t i t i e s .  

Two aluminides ,  IC-32 and IC-33, were prepared based on M i , A l ,  where 

10 .6  wt %, of i r o n  and small amounts (41.2%) of manganese, t i t an ium,  and 

carbon were added for sol id -so lu t ion  hardening and carb ide  s t rengthening .  

B o t h  al l o p  were f a b r i c a t e d  . into 0 8-mm-thick s lwets  by r e p a t e d  co ld  

r o l 1 . i . ~ ~  w i t h  interrraeciate anneals a t  1008 to 1 0 5 ~ ’ ~ ~  

b i c l e s  were observed metallographically > and t h e y  were ident i f : i  ed as 

ta’.taniiam carb ide  (Tic]  with a L a t t i c e  parameter of 0 . 4 3  nm by transmission 

electron microscopy (“EM) The p a r t i c l e s  raaiged i n  size from 0 .1  t o  1 .Q pslp 

i n  d:i.amc:txr and covered about 2% oE !:tie a reas  examined, A prel iminary 

analysis o f  t h e  or.ie.ntat.i.oai r e l a t i o n s h i p  of these p a r t i c l e s  t o  the  matr ix  

sfiswed t h a t  the (08B)IsT’t: i s  parallel to t h e  (OO1),,t,ix and t h e  [2Q0]ppt 

is p a r a l l e l  to t he  [220],,t,ix. 

Second-phase par- 

Heclranical p r o p e r t i e s  o€ well-annealed H E 3 2  and IC-33 were de te r -  

mined by te-nsile. tests as functions of tempra ture .  Figure 1 compares 

the  yield s t r e n g t h  o f  IC-32 with boxon-doped N i 3 I P 1  (500 ppm 
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k ' a g .  1. Comparison of y i e l d  s t r e n g t h  as  2 funciloii of temperature of 
6 ciie 1- aliiminiile alloy IC-32 with boron doped N L , A l  2nd coinmci wroilght 
a l l o y s  Has te l loy  X and L y p  316 s t a i n l e s s  s t e e l .  

ilie commercial wroiight a1 loys Hastel loy X and type  316 s t a i n l e s s  steel. 

Unlike the commerci a1 a! 1 oys, the s t rcngi i is  of boron di, i N i , A l  arid IC-32 

increase  with i n  a t u r e ,  ie- .ching a maximitli a r o u n d  6 0 O o C .  

T h i s  e x p e r i m n t  demonstratpd t h a t  N i  ,A1 could be r f f e c t i v e l y  strcngLlic:eed 

L-. u y  I I l jacroal loying.  IC-32 d i sp lays  a y i e l d  st rcng,th a i  S O O O C  s f  830 rlPz 

(120 ,000  p s i ) ,  w h i c h  i s  over 4 t i n e s  i h a t  0: Iiastt.1 loy X and 9 t i m e s  tha i ,  

of type 316 s t a i n l e s s  s t e e l .  

'The boroli d o p d  Ni,Al sliowed l i g h t  spa11 ing during c-yc1 i c  o x i d a t i o n  

above 900°C. In  o r d c r  t o  improve the a d h c s i a n  betwrc:i a l i m i n i d r  oxide and 

base 3 ,  a small arnuuiit of hafnium (appLoximately 0 . 5  a t .  Y) bras added 

i o  n i cke l  aluminides contairi ing 2'3.5 t o  2 4 . 5  a t .  aluminum. The hafniiiko 

modified alumiilidc w i t h  2L.5 a t .  X aluninum was cracked during cold 

rolling, blit. the aluminides with 74% aluminum ( I C - 4 9 )  and 73.5% alumimui;: 

( IC-50)  w e r e  success fu l ly  fabricated inLo shects. 
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, 

The oxidation behaviors of IC-49 and IC-50 were determined by exposure 

of samples to air at 1000°C. The samples were removed from a furnace after 

each 25- to 75-h exposure. Figure 2 is a plot of weight gain due to oxida- 

tion in IC-50 as a function of exposure time at 1000°C. 

modified aluminide showed a parabolic oxidation and exhibited no apparent 

spalling. 

The oxidation rate of the aluminide was much lower than that of stainless 

steels and commercial superalloys. The good oxidation resistance of IC-50 

resulted from formation of aluminide oxide films which protect the base 

metal from excessive oxidation. 

The hafnium- 

The total weight gain was 0 . 6  mg/cm after a 571-h exposure. 

A number of experiments had been initially unsuccessful in attempting 

to raise the temperature for maximum strength. However, work on solid- 

solution hardening has indicated that hafnium is most effective in 

ORNI.-DiVG 8-3-10747 

6 

5 

4 - 
N 

-. r 3  - 
z 
a 3  
0 

I- 
I 

w 
e 
s 

2 

1 

C 

IC-50  
AIR OXIDATION AT 10OO"C 

0 100 200 300 400 500 600 
EXPOSURE TIME ( h )  

Fig. 2. Weight gain in IC-50  sample as a function of exposure time 
at ~ O O O " C  in air. 
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improving the strength of boron-doped Ni3A1 above 600OC. 

optimize the hafnium content in Ni3A1, a series of nickel aluminides was 

prepared with 0.25, 0.5, 1.0, 1.5,  2.0, and 3.0 at. X hafnium. All the 

hafnium-modified aluminides were doped with 500 ppm boron for ductility 

improvement. 

by repeated cold rolling with intermediate anneals at 1000 t o  1050°C. 

the aluminides were successfully cold rolled into 0.8-mm-thick sheet, 

except the 3.0 at. % hafnium alloy, which cracked during early stages of 
cold fabrication. 

In order to 

The alloy ingots were homogenized at 1000°C and fabricated 

All 

Tensile properties of the hafnium-modified aluminides were determined 

as a function of test temperature in vacuum. It was found that hafnium is 

very effective in hardening Ni3A1 a t  elevated temperatures. Table 1 shows 

the tensile results at 85OoC. 

Table 1. Effect of hafnium additions on tensile specimens 
of boron-doped NiJAl tested at 85OoC 

Hafnium 
concentration 

( a t .  X )  

Yield strength Tensile strength 

(MPa) (ksi) 

0 
0.25 
0.50 
1 . 0  
1.5 
2.0 

49 8 72.3 
548 79.5 
640.1 92.9 
744.1 108.0 
9 2 2 . 6  133 I 9 
788.9 114.5 

w a r  (ksi) 

660.1 95.8 
692.5 100.5 
866.1 125.7 
9 2 6 . 0  134.4 

1085.9 157.6 
788.9 114.5 

Elongation 
(%I 

7 . 1  
3 . 1  

14 .1  
5.5 
9 .6  

<0.1 

At 850°C both tensile and yield strengths increase with hafnium 

content and peak at 1.5 at. % hafnium. This hafnium-modified aluminide 

has a yield strength of 922.6 MPa (133.9 k s i )  and ultimate tensile 

strength of 1085.9 MPa (157.6 ksi). These properties are higher than 

those of commercial superalloys including cast superalloys. The alurnini- 

des show a decrease in strength (and a sharp drop in tensile elongation) 

with an increase in hafnium cootent from 1.5 to 2.0 at. % at 85OoC. 

Figure 3 graphically illustrates the effects of hafnium additions on 

strength a t  85OoC and also at room temperature. It is quite surprising 
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Fig. 3 .  Effects of hafnium concentration on the tensile properties 
,A1 at room temperature and at 85OoC. 

that the slope for the 85OoC yield strength curve is higher than that of 

the room temperature curve, indicating that hafnium is more effective in 

improving the strength at 85OoC. 

The yield strength of boron-doped Ni3A1 and hafnium-modified Ni3A1 

(1.5 at. % Hf) is plotted as a function of test temperature in Fig. 4. 
Hastelloy X and type 316 stainless steel are also included for comparison. 

The ductility of Ni3A1 is not sensitive to the hafnium content up to 

about 1% hafnium at room temperature and to about 1.5% hafnium at 85OoC. 
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Fig. 4 .  Comparison of yield strength as function of temperature of 
hafnium-modified aluminide with boron-doped Ni3A1 and commercial solid- 
solution alloys Hastelloy X and type 316 stainless steel .  

Above these levels, the ductilities of the hafnium-modified aluminides 

decrease significantly, as shown in Fig. 3 .  We are working on inpn-oving 

the high temperature ductility of the hafnium-modified N i 3 A l  by control of 

alloy stoichiometry and boron concentration. It is suspected that boron 

additions improve the room temperature ductility, but they may lower the 

ductility at temperatures above 8 0 0 ' ~ .  

A n  aluminide with 0.5% hafnium was alloyed with 10 at. % iron, which 
was designated as IC-63. This sluminide was readily fabricated into 

0.8-mm-thick sheets by repeated cold rolling. Tensile properties o f  IC-63 



9 

were determined as a function of test temperature. 

yield strength of IC-63 with the yield strengths of boron-doped NiBAl 
(500 ppm B), iron-modified I C - 1 4 ,  and carbide-strengthened IC-32. 

yield strengths of the commercial alloys Hastelloy-X and type 316 stain- 

less steel are also included in the plot for comparison. 

strengthened aluminide, IC-32, has the best strength at temperatures to 

7OO0C; above that temperature, the hafnium-modified IC-63 was the 

strongest among the aluminides at that time. 

Figure 5 compares the 

The 

The carbide- 
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Fig. 5.  Comparison of yield strength as a function of temperature of 
the aluminide alloys (IC-14, IC-63, and IC-32) with boron-doped Ni3A1 and 
commercial wrought alloys Hastelloy X and type 316 stainless steel. 
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Creep properties of the hafnium-modified aluminidt?,s were determined at: 

760°C in vacuum under a dead-load arrangement. 

in Table 2, which includes comparable data for Waspaloy, Hastelloy X, and 
type 316 stainless steel for comparison. The creep rate decreases and the 

rupture life of the modified Ni3A1 increases with increasing hafnium con- 

tent. The data in Table 2 suggest that a minimum level of hafnium is 

required in order to substantially improve the steady state creep rate. 

The minimum hafnium level appears to be 0 . 5  at. % f o r  the creep tests at 

138 MPa (20,000 p s i )  and 1.0 at. % at 276 MPa ( 4 0 , 0 0 0  psi). The creep rate 

of the aluminide alloyed w i t h  2 0 . 5 %  Hf is lover than t h a t  of Eiaste!.loy X 

by more than t w o  orders o f  rnagni-tude. 

nide alloyed with 21 at. % Nf is comparable or b e t t e ~  than tha-t: of 
Waspaloy . 

The results are summarized 

The creep resistance o f  the alixmi- 

Table 2. Comparison of creep properties of hafnium-modified 
nickel aluminidesa with those o f  commercial alloys 

Alloy composition Steady state creep Rupture life 
(at. %) rate (10--6/h) (113 

Ni. A l  91.0 
Ni3A1 + 0.2.5 HI 31 .0  

1.0 Hf 3 . 3  
3.5 Mf 3.7  
2 . 0  H f  0.5 

Type 316 stainless steel 8500 .0  
Hastelloy X 1300.0 

Ni3A1 .C 0 . 2 5  Iif 
0 . 5  Hf 

NiJAl + 1.0 H f  
1 . 5  H f  

Was pa 1 oy 

130 
130 

42 
23  

35 2 
>60& 

>500b 

6 5  
25 2 

> $ O O h  

>SO06 

aAll aluminides were doped with 0.2 at. % boron. 
bTests discontinued without rupture ~ 
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Structural features in hafnium-modified aluminides were studied by 

T E M .  Specimens were recrystallized prior to thinning by electropolishing. 

As can be seen in Fig. 6 ,  no obvious precipitation occurs in the aluminide 

with 0.5% Hf. This suggests that the hafnium added to Ni3Al remains in 

solution, rather than forming second-phase particles. 

The microstructures of Ni3Al alloys modified with up to 2 at. % Hf 
were examined by TEM. The TEM disks were prepared from the shoulders of 

tensile specimens that were annealed for 1 h at 1050°C plus 30 min at 

6OO0C, followed by tensile testing at 600aC. Dislocation networks with 

what appeared to be extended dislocation nodes were observed in the alumi- 

nide modified with 2.0 at. % hafnium, as shown in Fig. 7 .  These disloca- 

tion structures were not observed in any of the other alloys with a lower 

hafnium content, although these specimens were not all deformed the same 

amount. Possibly the hafnium addition lowers the antiphase boundary (APB) 

or stacking fault energy sufficiently for the dislocations to separate 

enough to be imaged. 

YE- 12 68 6 

Fig. 6 .  Transmission electron micrograph showing no precipitates in 
hafnium-modified aluminide (0.5 at. % Hf). Feature visible traversing 
center of micrograph is a grain boundary. 
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YE --- 1 

YE 1 26 

Fig. 7. (a) Bright-field and (b )  dark-field transmission electron 
micrographs o f  aluminide with 2 at. % hafnium, showing possible superlat- 
tice dislocations and extended nodes. The dark-field micrograph was made 
with weak beam g,3g conditions with a [ 2 2 0 ]  diffraction vector and an 
electron beam direction near [llO]. 
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The sepa ra t ion  between t h e  dislocations is appraximately 8 nm. Ttie 

separa ted  d i s l o c a t i o n s  could be e i t h e r  d ipo le s ,  s u p e r l a t t i c e  d i s l o c a t i o n s ,  

or p a r t i a l s .  Disl uca t ion  d ipo le s  are rather common in these materials 

during low-temp~ratuce deformation, but; it i s  unlikely t h a k  an intersec- 

t i o n  would occur between d ipo le s  without t he  d i s l  v c a t i a n s  annib iPa t ing .  

N o  s t a ~ k i n g  f a u l t  f r inge  con t ra s t  was observed i n  noma1 b r i g h t - f i e l d  

imaging, indicating tlrat t h e s e  d i s l o c a t i o n s  a r e  probably not p a r t i a l s .  

Several of the  n ~ d e s  appear t o  be similar to thc normal cxtanded n~de. . ;  
fnrmed from p a r t i a l  das loca t ions  in PGC metals ,  but  no corresponding 

coneracted nodes were fourid. A complete d i s l o c a t i o n  anal y s i s  of these 

d i s l o c a t i o n  a-ietwzmrkw is. i n  progress - 
n cons iderqble i n d u s t r i a l  i ~ i t e r e ~ t  i n  these aliliminides . 

To da te  more than  300 letters of inquiry have been rece ived ,  25 rsqwstjrig 

ma te r i a l  for t es t s .  UP these, we have been able to supply on%y one, The 

Cabot Corporation i s  i n t e r e s t e d  i n  t r y i n g  to scale  ILP the f a b r i c a t i o n  of 

these mate r i a l s  i n  hnndced-pound q u a n t i t i e s  

The development of these aluminides was cited f o r  a n  IR-188 award for 

I983 by Industrial Research and DevfZopm?ni: magazine. 

The National Platerials Advisory Board i s  beginning a s tudy  for the  

U.S. Uepartment of Plnfense to assess the  p s t c n t i a l .  of thew alunninidc 

mater-ials f o r  m i l i t a r y  a p p l i c a t i o n s .  

Long -I Rar,ge Ordered (1,RO) lll..----- Alloys" - C .  T. E i u ,  A .  DasGupta,  J, A .  Harton, 
N. 0 .  Williams (Oak Ridge National Laboratory),  and N .  S .  St;oloff 
(Rensselaer Polytec.hnic I n s t i t u t e , )  

The development of LRO a l l o y s  f o r  advanced hea t  engjne app l i ca t ions  

has been Focusing on the alloy system ( N i 7 0 F e J , ) , ( V , , _ x B l x T i 2 )  

vanadium atoms are p a r t i a l l y  replaced by aluminum atoms. The function 

of adding alumixtim i s  t o  inc rease  t h e  c r i t i c a l  ordering temperature (T,) 
and oxida t ion  r e s i s t a n c e  of the LRO alloys. 

where 

'The progress  of phase t ransformations with temperature has been 

s tud ied  i n  d e t a i l  in t h e  a l l o y  system (Ni70Fe30)3(V98-XA1~Ti~), with  

.r, 
"Work sponsored j o i n t l y  by the ECUT Program and the  AX&TI$ F o s s i l  

Energy Materials Program. 
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x = 0 to 8 0 ,  by using X-ray diffraction, differential scanning colorimetry 

(DSC) ,  optical microscopy, and transmission electron microscopy (TKH). 

Preliminary studies warc made on LRO-45 (x = 0), which indicated that the 

sequence o f  &.ransformat i.ons w . m  

tetragonal -p tetragonal -E. euhj-c + disordered eubic. 

In alloys wiLh aluminum additions the s;tuat. ion 07as fnund tu be more com- 

plicated, with a genera? t r c n d  toward Lhe slsbility of cubic ordered 

structure (LIZ) at 10c.r temperat lire With still higher aluminiim c:on~.ent, 

e . g -  , iu TARO-55 (x = 4 0 ) ,  the presence of  second-pilasu particles was found 

L o  complicate the transformation and microstructurc. S t  irdies by E;?d 

indicated that t h e  second-phase p a r t i c l e s  had the srdesed NiAl structure 

with a lattice parameter o f  0.283 n i d .  These par t ic les  ranged from 43.1 ta 

1.0 ~,rm in diameter and covered dn areir fraction of abcmt 5%- Analysis 

gave the following orientation relationship: 

(aO1)ppt parallel t o  (Oll)matrix, and 

[O1OJppt parallel to [Oll]matrix, 

The alloy with x 7- 20 (LRO-54) was studied next.. Figure 8 depicts 

the disordering phase transformations for L R O - 5 4 .  The microstructures of 

TAD-54 shown in Figs. 8 ( a )  and 8 ( b )  were produced by quenching specimens 

after annealing for 128 min at 990°C and 80 min at 8 6 O o C ,  respectively. 

All the micrographs are supcrlattice dark fields on the [110] ordered 

rcflectians, which show ordered regions as br igh t  areas. The specimen 

quenched from 770°C had the "Chinese script'@ structure containing ordered 

tetragonal regions. The matrix appeared to be disordered. The s t r a i n  

fields present suggest that the matrix w a s  cubic and the precipitates were 

tetragonal, The specimen quenched from 850°C [ F i g .  8 ( b ) ]  also contained 

ordered tetragonal regions with a much lower area fraction covered, 

although the precipitates W ~ P Q  larger in a cross section. These results 

suggested that the actual disordering process starts with a disordcred 

cubic phasc? , 

Figure 9 shows TEM micrographs of the disordering psocess in LHQ-55 

(x = 4 0 )  quenched from 860°C [Fig. 9 ( a ) ]  and 955°C [Fig. 9 ( b ) ] .  The 

specimen quenched from 860°C is mostly ordered, w i t h  only small disordered 

bands separating the ordered areas. The specimen qucxiched from 9hS°C has 

only a small amount of remaining area which is ordered, but these ordered 
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YE- 1 2 6 8 4 YE- 1 2 6 8.5 

Fig. 9. Dark-field ~ i c ~ o ~ r ~ p h ~  using superlattice reflections of 
LRO-55 quenched from ( a )  860"@,  electron beam direction near [112], and 
from ( b )  965'C, electron beam direction near [OOI.] ~ showlng the ordered 
regions as bright areas against a disordered (dark) background. 

areas have a well developed crystallographic shape with [ 2 0 0 ]  type faces. 

Energy dispersive spectroscopic (EDS) analysis in the TEPl of these widely 

separated ordered precipitates revealed that they are enriched by 5 at. % 

in A1 and 5% in Ni, and depleted by 5% in V and 5% in Fe as compared with 

the nearby matrix. Stereo micrographs showed tha t  these precipitates were 

usually very thin. Because of the smallness of the precipitates, the EDS 

analyzed volume will include matrix. For this reason the above quoted 

numbers are an underestimate of the actual segregations. Pt appears that 

there is a tendency for the composition to niigrate toward that o f  Ni3A1. 
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LRO-55 (x = 40), after the normal stepwise ordering heat treatment, 

contains many large precipitates with the B2 NiAl structure. These pre- 

cipitates were found by EDS analysis in the "EM to have 10 at. % less Fe, 
20% less Y, 20% more Al, and the same amount of Ni. The composition of 

these precipitates is apparently migrating toward NiA1. 

Work has clarified the steps in the transformation process for LRO-55 

(x = 40), which differs from LRO-54 (x = 20) mainly in the presence of the 
second-phase Bz particles. These steps have now been established to be 

ordered cubic (Ll,) + B2 -+ ordered cubic (Ll,) + disordered fcc -+ 

disordered fcc. 

In summary, with the gradual replacement of vanadium by aluminum in 

the (Ni70Fe30)3(VS8-XA1xTi2) alloys, there is a systematic change in the 

low- temperature (<700*C) ordered structure, beginning with a tetragonal 

structure for x = 0 through 20, and cubic L1, for x = 40 and above. 

For x > 40, the microstructure becomes complicated through the presence of 
an additional ordered phase, NiAl with a B2 structure at low temperatures. 

Oxidation behavior of the LRO alloys was determined by exposure of 

The alloy with x = 35 showed severe spalling, specimens in air at 800'C. 

while the alloy with x = 60 (LRO-64) had no spalling. The LRO-64 specimen 

exhibited a high weight gain (due to formation of protective oxide scale) 

initially, followed by a much slower rate of weight gain with exposure 

time. 

between 200 and 1000 h exposure. 

resistance. 

The total increase in weight due to oxidation is 1.1 x IO-' g/cm2 

Thus, LRO-64 has good oxidation 

Partial replacement of vanadium atoms with aluminum atoms in the 

(Fe,Ni),V alloy system is found to increase strength but lower creep 

resistance. In addition, the NiAl phase which forms in the (Fe,Ni),(V,Al) 

alloys weakens the long-range order in the fcc matrix. In order to mini- 

mize the NiAl phase and to improve creep resistance, a new series of LRO 

alloys was prepared with basic compositions of (Fe,Ni)3(V,A1,Fe) and with 

a small amount o f  hafnium and manganese added for further enhancement in 

metallurgical and mechanical properties. Hafnium at levels of 0 . 5  and 

1.0 at. % was added for creep resistance and manganese for improvement of 
fabricability. Sixteen new alloys were prepared by arc melting and drop 
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casting. 

repeated cold rolling with intermediate anneals at 1050°C. The other 

eight alloys cracked during cold fabrication. 

atoms may occupy both nickel and aluminum sublattice sites, thereby 

increasing the  iron solubility in the alloys. 

Among them, eight alloys were fabricated into sheet stock by 

In these LRO alloys, iron 

Mechanical properties of these new LRD alloys containing about 

10 at. % aluminurn were determined by tensile testing at temperatures 
to 1000°C. 

[(Ni,,.,Fe,,.,Mn,.,), (A140V35Fe20HfOMnl) -I- 0.01 wt % B -+ 0 . 0 4  wt % Ce] 

as a function of test temperature. 

grain boundary strengthener, and cerium was added as a grain boundary 

Figure 10 is a p l o t  of the yield strength of TaRO-77 

Boron was added to this  alloy as a 

ORNL-DWG 83-16174 
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Fig. 10. Comparison of the yield strength of advanced LHO alloy with 
commercial solid-solution alloys type 316 stainless steel and Hastelloy X 
and particle-strengthened alloy Waspaloy. 
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scavenger of impurities. The yield strength of LRO-77 increases with 

perature and reaches a maximum around 800'C. 

stronger than commercial solid-solution alloys such as Hastelloy X ani 

The LRO alloy is much 

tem- 

type 316 stainless steel and also is stronger than Waspaloy (a commercial 

gamma'-strengthened superalloy), particularly at higher temperatures. 

instance at 1000°C, the strength of LRO-77 is 241 MPa (35,000 psi), which 

is more than double that of Hastelloy X and Waspaloy. The LRO-77 has a 

tensile ductility of 29% at room temperature. The ductility decreases 

with temperature and reaches a minimum of about 16% at about 90Q°C. 

For 

In the development of LRO alloys for advanced steam turbine applica- 

tions, efforts have been concentrated on characterizations of fatigue and 

crack growth of (Fe,Ni)3V alloys. High cycle fatigue (HCF) data were 

obtained for the niobium-modified LRO-37, designated as LRO-49 

[(Fe50Ni50)3(VS3TibNb3)]. The testing under vacuum [6.7 x mPa 

(5 x low6 torr)] at 6OO0C was carried out on samples of two grain sizes, 

22 and 125 pm. Data in Fig. 11 clearly indicate the beneficial effects 

of fine grain on fatigue life. Comparison with earlier work on LRO-37 

reveals that LRO-49 has superior HCF resistance at lower stress levels. 

Fatigue cracking is transgranular in all test samples of LRO-49. 

L R O  49 
600 C , Vocuum 
e 2 2  p m  9.5. 
0 I 2 5 p m  9 s .  

Q-, 
-------__.___ 

c-, 

I _I-.-.- 400 
IO' io5 IO6 io7 

500 t I__ 
N f 

Fig. 11. High cycle fatigue data for LRO-49 at two grain sizes. 
Frequence = 20 Hz; CT min = 3 4 . 5  MPa. Source:  N. S. Stoloff, Rensselaer 
Polytechnic Institute. 
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Low cycle fatigue testing was also carried out on LRO-49 in argon at 

a frequency of 0 . 3 3  Hz; results are shown i n  F i g .  12. Note that, based on 

total strain, LRQ-49 falls within a scatter band of data f o r  other alloys 

tested at Rensselaer under similar conditions. Based on plastic strain, 

it appears that LRO-49 at 6OO0C is superior to P/M (powder metallurgy) 

Rene 95 and Astroloy at 6 5 O o C ,  two high-strength gamma'-strengthened 

superalloys, except at low plastic strain levels. Retesting at low strain 

is planned to verify the data shown in Fig. 12. 

Fractography performed on LRO-49 revealed intergranular surface 

cracks, but cracking shifted to a transgranular mode in the fatigue zone, 

with striations. 

Crack growth behavior was also evaluated i n  LRO-60 and -42, both 

cerium-modified LXO-37 alloys. Figure 13 shows crack growth data for two 

Fig. 12. Low cycle fatigue data for LRO-49 compared with data for 
other structural alloys, all tested at Rensselaer Polytechnic Institute. 
Source: N. S .  Stoloff, Rensselaer Polytechnic Institute. 
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I-- - 1 C=: 600°C 

-51 wooc 
10 r 

I 25"c  

L R Q  - 60 
ARGON 

- 312  ) 

Fig. 13. Crack growth da ta  for LRO-60.  Each scatter band repi-esents 
data for two samples, v = 20 Wz. 
Polytechnic  I n s t i t u t e .  

Source: N. S .  Stohoff, Rensselaer 

specimens of T,RO-~O at t h r e ~  temperatures - roam temperntisrc, S ~ O O * C ,  and 

QOOQC - i n  an argon atmosphere. 

f i t  l o w  s t r e s s  i n t + n s i t y  rangel A K >  w i t h  results P r o m  t h e  1itsratai-h-e and 

from Renssclaer orb other high-temperature alloys (F ig ,  1 4 ) .  it is impor- 

tant+ to note t h a t  the LRO a l l o y s  have distinctly higher threshold AK than 
commercial si iperal loys.  

i n  argon or  vaclmm, except f o r  [Jdimet 718  and 8-286, which were tested in 

a i r .  

The data a t  kiO0'C compare very favorably 

Most of the alloys shown i n  Fig. 14 were tested 
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...-.-_I ..__.- 
Q L R O  60, 6 0 0 ° C  
A ASTROLOY, 575" C 
x INCONEL X - 7 5 0 ,  650" C 

RENE 95, G 5 O o C  - 0 NlMONlC 901, 550OC 
U D l M E T  718, 550° C 

v A 2 8 6 ,  550° C 

2 4 6 8 1 0  20 40 GO IO(] 
A K (MN m - 3 / 2 )  

Fig. 14. Cornpaxison of crack growth data for I,Rt040 wi th  that of 
otltcr h igh- tempera ture  a l l o y s  . Ast-roloy t e s t ed  i 11 argon, R -. 0.05, 
v = 10 Hz; Inconel X-750 tested i n  vacuum, R = 0 . 0 5 ,  v = 10 H z .  Rene 95 
t e s t e d  i n  argon, R = 3 . 0 5 ,  v = 20 Hz. Nirtionlc 301, Udinet 718, and A-286 
t es ted  i n  a i r  a t  R = 0.1, v = 40 Hz. Source:  N. S.  S t o l o f f ,  Rcnsselaer 
Folyteclrriic Institute. 

Addi t iona l  c r ack  growth experiim?ntS using LRO-GO and PXO-42 were 

conducted wi th  long- range order  and tes t  environtuent, a s  experimental 

v a r i a b l e s .  Room-temperature tests cm disordered LRO-60 in argon and i n  

hydrogen gas a t  0.101 MPa (1 a t m )  pressure showed no ef€ecs_ of hydrogen 

over thr. e n t i r e  rznge sf Lidck growth (Fig. 15) .  However, ' C ~ N L S  on 

ordered mat-erial revealed a b ~ i i t  a t e n - f o l d  inc rease  i n  crack growth r a t e  

at a l l  stress levels ( F i g .  151, accompanied by a change from transgranular 



23 

E 
.d 

I c? 

'I I 67 

LRCl 60 
25°C 

ORDERED,  ARGON 
O R D E R E D ,  H2 GAS-  I a t m  
DISORDERED, ARGON 
DISORDERED,  H2 GAS - I atrn 

0 
A 

A 

m 
A 

Q 
I s9 

30 49 50 GO 7 0  R O  100 20 

Fig .  15. Crack growth d a t a  f o r  ordered and d i so rde red  LRO-60 i n  
argon and hydrogen gas .  Source : N .  S I  S t o l e f f  Remselaer Poly technic  
Znst i L u t e .  

to intergranular f r a c t u r e  (Fi-g. 16)  . Formation of long-range order slows 

eraclr. growth .i.n argon ( F i g .  15). Figure  1 7  sliows t h e  e f fec t  of testing 

environments OIL crack growth i n  T,RO-42. The rrsul t: f u r t h e r  i-ndicates 

tha t  test. i.ng i n  hydrogen. gas i.s more de t r imen ta l  t h a n  tc:sti.ng c a t h o d i c a l l y  

charged materi;zl. 

Theoretical. work on calculation of  phase r e l a t i o n s h i p s  has conceti- 

t r a t e d  on the thermodynamics o f  ordered phases i n  mu1 ticomponent ordered  

sys-t:erns based on Fe-Ni.-Co-V. Values o t  the formation energ ies  of COM- 

pounds of vanadium, i r o n ,  c o b a l t ,  and ni.ckel. were r ece ived  from the IRM 

Watscn Research Labora tory ,  al lowing progress  t o  bo made on the problem of 

t . r a n s l a t i n g  such energ ies  i n t o  composi.t.i.ona1 dependent compound models, 

s o l i d  s,oluti.ons, and t h e  1iqii:id phases .  Phase s t a b i l i t y  calculations were 
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Fig .  16. Fractographs of LRO-60  fat.igiied i n  1 a t m  hydrogen gas. 
( a )  Disordered, transgranular. (b) Ordered, intergranular. 
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0 ARGON 
A AIR 
A PRECHARGED 
6 M 2 G A S - I a t m  

LR0,42 
ORDERED 
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A 

Fig .  1 7 .  Crack  growth da ta  f o r  ordered LRO-42 in seve ra l  emviron- 
ments Source: N .  S. Stoloff, Rensselaer Polytechnic  In . s t i t i - i t e  

carri-ed out  a t  lDOQ°C an t he  E’s-Ni-Co-V sys tem where the  V contercl; was 

r e s t r i c t e d  to 2.5 a t .  %. Fi.gure 18 shows the equi l ibr ium betiweeti t h e  face  

centered  and the body centered  cubic  s t r u c t u r e s .  The t i e  l ines  shown f a l l  

approximately b u t  not exac t ly  i n  t h i s  cnt. The calc,ulations i n d i c a t e  t h a t  

t h e  s i z e  and shape of t h e  two-phase f i e l d  a r e  only  weakly temperature 

dependent at such e leva ted  temperatures .  The recent  refinements of ttie. 

s o l u t i o n  model that-. includes .the v i b r a t i o n a l  entropy con t r ibu t ion  and the 

%emperature dependei1c.e of the non randomness have n o t  ye t  been hcorporated 

i n t o  these c a l c u l a t i o n s .  Work i s  cont.i.nuing i n  t r y i n g  t o  develop models 

of ordered phases such t h a t  the calci.il.ations can be extended t o  include 

t h e  equi.librium between titc s o l  i.d so lu t ions  and the  ordered phases. 
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ORNL-DWG 33-15764 
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BCC Fe 

Fig. 18. Equi 1 i briuiii between the face centered and badly centcp-sd 
cubic structures formed i n  the (Fe,Go,Ni),V alloy system at 100QOC. 

There has been considerable interest i n  the LRO allays in industry. 

The Cabot Corporat ion has s u c c e s s f u l l y  prepared about 23  kg (50 Ib) o f  

IAR0--3/* and rolled i t  into 0.76-nm-thick (0.03-in.) sheets by using stan- 

dard r.ommercial processes commorrly used far slipera11 nys . 
been tested at ORNL and appear to have as good tensile properties as 

materjal prepared in small quantities at ORNL. The work at Cabot has been 

sponsored by the DOE Fusion Program, while the ORNL characterization work 

has been sponsored by ECUT. The Bendix Corporation is testing specimens 
provided by ORNJ, of LRO-34 and -37 for potential use as high-speed brake 

material €or m i l  i tary and commercial aircraft. 

supported by Rendix at about a one person-year level, 

i s  investigating the preparation of various LHO alloys via  powder 

metallurgical techniques for a variety of undisclosed high-temperature 

applications. 

about a t w o  person-year effort. 

The sheets have 

This work is being 

Universal Cyclops 

This work, too, is being supported by Universal Cyclops at 
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WEAR T E S T I N G  OF DUCTILE LRO AND N I C K E L  A L U M I N I D E S  - J. J. Wert 
(Vanderbilt Uni~ersity)'~-'~ 

The purposes of this task are (1) to perform initial wear tests of 

the ductile long-range-ordered (LRO) alloys and nickel aluminides devel- 

oped in the work described above and (2) to analyze the deformation- 

induced microstructures in order to elucidate the metallurgical parameters 

responsible for the observed wear behavior. Four types of  tests are run: 

(1) an abrasive wear test in which the end of a 0.32-cm-diam (1/8-in.) 

pin of the selected alloy is worn by contact with a rotating disk covered 

with fine Sic grit, (2) an adhesive wear test in which the pin is run 

against a disk either of the same alloy 03: of a hardened steel, ( 3 )  a test 

i n  which wear marks are scratched into the surfaces of foils prepared for 

observations in the transmission electron microscope (TEM), and 14) an 

erosion test in which 0- to SO-pm particles of A1,03 impinge upon the test 

specimen at about 65 m/s. 

Abrasive wear tests have been completed for all materials under con- 

sideration. Each of the LRO and aluminide materials exhibited wear rates 

similar to those of 304L and 316 stainless steels. On the contrary, 52100 

steel displayed a wear rate lower than that of all other materials by at 

least 30%. The superior wear resistance of 52100 under abrasive con- 

ditions has been attributed to the presence of chromium carbides. 

Progress in the adhesive wear testing and TEM analysis has shown that 

the LHO and aluminide materials retain their structure throughout the wear 

process. Selected area diffraction patterns taken from wear tracks in 

these materials display typical spot type lattice reflections as opposed 

to a ring pattern which may he found after deformation in many other 

materials. The behavior of the L R O  materials can be explained by the 

operatian of only one slip system which is of the type {lll) <110>. Cross 

s l i p  is strongly inhibited in the LRO and aluminide materials because of 

the low stacking fault energy and preferred ordered state, Therefore, it 

is suspected that a subcell structure which is  the basis of the stacking 

fault correlation in wear theory does not form in these materials. 

Formulation of the wear mechanism operating in these materials is in 

progress. 
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DIFFUSION STUDIES OF DUCTILE LRO AND NICKEL ALUMINIDES - Y. T. Chou 
(Lehigh ~niversity)'~,'~ 

Research was initiated at Eehigh University to study diffusion in 

ductile (Ni,FeI3V and (Ni,Fe),(V,Al) J4R0 alloys atid in ductile NiJAl 

alloys. The major activities in t-his period were assembly o€ equipment 

and the preparation of diffusion samples. Studies will be mada in both 

polycrystalline and bicrystal specimens. Analyses will be made via both 

electron microprobe analysis and radioactive tracer techniques - 

MECHANICAL ALLOYlNG OF DUCTILE NICKEL ALUN'INIDE ALLOYS - C .  @ .  Koch 
(North Carolina State IJniuersi ty) 

Work w a s  initiated at North Carolina State Ilniversity late in the  

period to determine the possibilities o€ further strengthening the ductile. 

nickel aluminide alloys by mechanical alloying approaches, Small par- 

ticles O E  a hard, second phase such as an oxide will be mechanically 

dispersed throughout- t h e  Ni,A1 microstructure by powder metallurgical 

means. 

METALLIC BRAZING FILLER METALS FOR CERAHIC-CERAMIC AND CERAMIC-METAL 
JOINING - A ,  J. Moorhead (Oak Ridge National 

The objective of this task is to develop brazing filler metals that 

will wet and bond directly to structural ceramics and metals for high- 

performance applications at elevated temperatuses, at high stress levels, 

and in oxidizing environments. The t ask  is necessary because joining i s  

one o f  the key technologies that will enhance or restrict the UST! of 

ceramic materials in such applications. There are no commercially 

available brazing alloys that will meet these needs, and, in fact, most 

commercial brazing filler metals will not wet ceraniics ~ 

An arc melter was modiiied such that 1-g buttons of experimental 

filler metals could be flattened after the final melting cycle. This 

technique has greatly reduced the amount of effort needed to produce 

alloys in a form usable €or the wetting studies. 

Three series of experimental brazing filler metals were arc melted 

and subsequently evaluated for wetting and bonding behavior on alumina 



substrates in the sessile drop apparatus. These allays consisted of 

(1) a series based on NiJA1 with varying additions of titanium, (2) Ni3A1 

with hafnium replacing some of the aluminum, and ( 3 )  a similar group with 

zirconium substituted for some or all of the aluminum. The decision to 

study these compositions was based on the impressive success in developing 

a series of structural NijAl alloys with good ductility and oxidation re- 

sistance (see the subsection titled "Ductile Ordered Intermetallic 

Alloys"). 

alloys that possesses both factors neccssary in good brazing filler metal, 

namely, the capacities for both wetting and adherence os bonding. Good 

wetting by the sessile drops has been observed in half of the compositions 

(wetting angles of 40-60O) but little or no adherence. 

samples there was an interaction layer at the interface region on the 

alumina. These samples are being examined by X-ray diffraction and the 

SEM to try to understand why little or no bonding occurred. 

However, to date no composition has been Found among these 

In some of these 

Good adherence on alumina was achieved, however, with one alloy in 

the NiAl-Ti series, but the wetting angle in this case was 90 degrees, 

which is too high for a brazing filler metal. This composition is being 

modified to try to improve wetting bchavior. Equipment is being set up 

to allow study of the wetting and bonding bchavior of all these composi- 

tions in pure hydrogen. 

Much effort was devoted to the making and testing of composite 

double-cantilever beam (DCB) specimens to measure the fracture toughnesses 

of some of the experimental brazing filler metals. It is believed that 

these fracture toughness rncasurements are the first of their kind any- 

where. The results of this work are summarized in Table 3 .  The results 

on partially stabilized zirconia ( € 5 2 )  and alpha silicon carbide (a-Sic), 

in which the fracture toughness of the braze joint exceeds that of the 

bulk ceramics, are encouraging. However, there is concern about a color 

change (from cream color t o  dark brown) that occurs in Lhe PSZ in the 

vicinity of the braze alloy. It is hypothesized that the effect results 

from oxygen being pulled from the PSZ by the filler metal. Efforts have 

begun to determine what effect this substoichiometric condition has on the 

properties of the PSZ. 
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Material  (s) K I C  
(MPa * m l  / ) F a i l u r e  

Bulk A1203 

A 1 2 0 3  TiCuBe/A1203 

Bulk A l 2 0 3 - R  

Al,O,-Pt /TieuBe/Al,O,-Pt  

Bulk PSZ 

PSZ/AgCuTi/PSZ 

BQlk sic 
SiC/NiCrTi/SiC 

6 . 7  

4 . 2  

7 . 0  

4.7 

5 . 6  

6 .5  

4.5 

5 . 0  

S t a r t ed  and continued in braze 
ma te r i a l  

S t a r t e d  and continued i n  braze 
ma te r i a l  

S t a r t e d  a t  brazeJPSZ i n t e r f a c e  
and went i n t o  6352 

Sta r t ed  and continued in braze 
mater l a 1  

Other compos i t e  DCB s p e c i m n s  were bi-amd t o  measure the fraci.iare 

toughness o f  byazements containing some of t h e  experimental brazing 

f i l l e r  metals .  

based on the Ag--Cu eutectic ( w i t h  additions uf Ni and 'Vi) i n  p a r t i c u l a r  

looked veiy  good from a welLing s tandpoint  (wet t ing angles near 0 

degrees) b u t ,  i inror tunately,  they had r e l a t i v e l y  poor adherence. 

Selected samples from t h i s  se r ies  a r e  being prepared for  ceramographic 

a n a l y s i s  t o  t r y  to asccrtairr the reason f o r  the  poor bond s t r e n g t h .  

The samples of alumina brazed at 750°C with the a l l o y  

A number of samplcs were brazed i n  a p a r t i a l  PLessiir-1: o f  hydi-ogr?~~ 

r a t h e r  than i n  vacuum a s  i n  most previous Work. This atrawphere was 

obtained i n  a vacuum Furnace, which \ T ~ B  cuaciiated to 1 . 3 3  x m ~ a  

(lo- '  mm H g )  and then brought to a low va~ii i im [ 1 .33  Pa (100 p m  Hg)] by con- 

t i n ~ l o u s  a d d i t i o n  of high-piit i Ly hydrogen. The samples cons i s t ed  o f  hot -  

pressed alumina i n  con tac t  w i t h  filler m.?tals from ,a N i . A l - l ' i  series and 

Carhorundim's'" s i n t e r e d  m SFC brazed 1i7ith compos i t i o n s  f ~ o m  a Ti -V-Cr 

series of a l l o y s .  The r e s u l t s  i n  the alimina t e h t s  were not  encouraging. 

-'r 

"The Carborundurn Company, Niagara Fa1 Is N .  T. 
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In no case did the drop adhere (even in a case where the wetting angle was 

significantly lower than in vacuum and in several of these compositions 

whe.re adherence had been achieved in earlier tests in vacuum). 

Polished cross sections of several brazed samples were examined with 

the electron microprobe. 

stabilized), and sintered u-Sic brazed with the experimental brazing 

filler metals. Preliminary evaluation of the results showed in each case 

that titanium tended to concentrate at the interfacial area, indicating 

that this element promoted wetting by lowering the interfacial energy bet- 

ween the ceramic and molten sessile drop. The titanium did not segregate 

to the surface of the braze filler, indicating that it does not influence 

wettability by lowering the surface tension of the alloy. 

The samples consisted of A1203 Nilsen" PSZ (MgO 

In order to try to determine the magnitude of the effect of active 

metal brazes on the fracture toughness of PSZ, DCB specimens were prepared 

(without a braze joint) in Nilsen PSZ material. The ungrooved surface o f  

the specimens was coated with T i H 2 ,  which was then fired for 15 min at 

lOOO*C simulating a brazing cycle. This technique apparently was at least 

partially successful in reducing the oxygen content af the PSZ because the 

material was darkened, although not as much as before when the composite 

DCB samples were prepared f o r  measurement of the fracture toughness of the 

brazements. However, when the treated specimens were tested, Ky, values 

of 5 . 0  and 6 .0  MPa*~nl/~, which are the same as those measured earlier on 

the untreated PSZ, were found. These results are being analyzed to try to 

understand why the apparently significant loss in oxygen from the PSZ to 
the titanium coating (simulated braze alloy) did not affect the fracture 
toughness of this material. 

Sessile-drop wettability studies were conducted on two new series of 

experimental brazing filler metals: (1) a series of Pd-base alloys with 

small additions of Ti, V, or Zr to promote wetting and bonding; and (2) a 

small group of (Ti-V-Cr)3Si compositions with varying amounts of Ti, V, 
and Cr. Base materials in this study were hot pressed A1203-2 wt % Cr and 
Carborundum's sintered a-Sic. The selection of Pd was made on the basis 

-1, 

"Nilsen (USA) Inc., Glendale Heights, Ill. 
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o f  oxidation resistance, ductility, and a somewhat lower coeffici-eaat of 

-thermal expansion than some other  major alloying components. The sili- 

cides were primarily considered for joining of the S i c  where problems have 

arisen due t o  mismatch in coefficients of thermal expansion. Unfor tu- 

nakely, in these tes t s  which were *TIP):L in vacuum3 none o f  the alloys wet 

satisfactorily, w i t h  wetting angles of about 90 degrees. lxese composi-. 

t.i.ons will be. evaluated f u r t h e r  by heating i n  1iyd:rogen to determine what 

effect that atmosphere has on the wetting behavior. In  addition, Pd- 

base alloys wi.Il.1 be made w i . t h  active metal add-itions greater t h a n  the 

1 wt 7; in this first series. Note that although the brazing temperature 

of  these al.J.oys (-1500OC) wou1.d be too high f o r  tli.rect brazing to metzllic 

components in an advanced d.i.ese1 engine, we are considering them because 

it may be feasible to braze a ceramic component to a metallic transition 

piece. This composite could in t u r n  be brazed, for example, to ductile 

i r o n  at a lowei: temperature. 

S e s s i  le-drop wettabi liLy studies were also condiic-ted on alumina and 

a-SiC with three new series of alloys: Ti-AI, Pd-Cr, and P t - A 1 .  One or 

more alloys from each series wet and bonded to bot11 substrates. IXL addi- 

t i o n ,  the wetting angles were good, specifically, less than 90" in all 

cases and less than 60' in most samples. 

for electron microprobe exariiiriation. 

Some samples have been subm.i.tted 

The apparent shear strengths of many of the sessile drops Prom these 

series vere measured by the Sutton puskn-i:iEf test with .the apparac;us shown 

in Fig. 1 9 .  'This has been a widely used test and, for the relatively low 

contact angles ( < 9 0 ° )  obtained i n  our experiraental braz ing  filler m e t a l s  

i s  considered to be a va1i.d mcasurs of shear strength. The resul-Ls from 

these tests and some tes-ts on PSZ are summarized in 'Table 4 .  A short- 

coming of this test is that f o r  low wetting ang:SBs, about 3 0 ° ,  the f o o t  

t h a t  pshes o f f  the drop teiids to ri.de up on the drop instead o f  pushing 

it: off. I n  some cases, a portion of the drop is eventual1.y sheared o f f ,  

and thc shear st ress  on the drop--substrate .in%erfacs is then calculated. 

For some of our best-wetting Ei.l.ler mi:tals, ~e wi.11 make sanip1.e~ for 

three- or four-point band tests to measure bond strengths. 

Table 4 a l s o  siimmar.Lzes the resi r1  ts  of t h e  repi:!a.t- o f  an earlier 

sessile-drop wettability t.esl; of MWF--SO (Ni,Al) on an alumina substrate. 
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v194.143 

Fig. 19. Apparatus for Sutton push-off test of apparent shear 
strengths of bonds between sessile drops of developmental brazing metals 
and ceramic substrates. ( a )  Overview of apparatus. (6) Close-up of 
typical test specimens. 



Table 4 .  Suimary of contact angle and apparent shear strength 
of sessile drops on Coors" AD-99 alumina and Nilsen PSZ 

(MgO stabilized) 

Applied Shear Brazing 
load strengthc range 

Filler metal 
Con t a c t 

( k d  (MPa) ( " C >  
Designa- Composition angle , Run 

tion (at. %) 

A l u m i n a  substrate 

Cr-25Pd 
Cr -39 Pd 

50 4.4 
50 22.7 

1420-1 700 
13 2 0- 1480 

21.0 
25 1 

MWF-56 
MWF-5 7 41 

247 
248 
216 
217 

MWP-62 
MWF-52 
M'd.F- 6 2 
MWF-53 

Pt-5fAl 
Pt-56A1 
Pt-56A1 
P t -4 2 A 1 

7 . 3  
60 33.3 
55 17.7 
60 29.3 

19  
64 
64 
80 

147O-I 5 80 
147 0-1 66 0 
1470-~17lO 
14  7 0-1 640 

1480-1500 250 MW9-54 Ti-48A1--3V 40 21.3 31 

256 
252 
253 
257 
254 
222 

MWF- 5 0 
MWF-65 
MWF-66 
MWF- 6 6 
MWF-6 7 
MWF-7 

Ni -25A1 90 5 . 9  
Ni-25A1-0.05C 75 1 2 . 2  
Ni- 25A1-0.1C 70 1 9 . 5  
Ni-25A1-0.1C 7 5  1 7 . 2  
Ni-2581-0.2C 75 23.1 
Cu-2OAu-18Ti 20 106.6 

24 
35 
44 
39 

111 
7 od 

1 36 0-1 5 8 0 
1360-1580 
1360-15 80 
1360-1580 
1 3 6 0-1 5 8 0 
1020-1230 

PSZ substrate 

5 2'1 

33c 

23 7 

238 

NWF-2 A.g-34Cu-14Ti 15 5 0 . 0  8 8 0-1 Q 10 

Ag-37Cu-0.8Ni- 25 1 2 . 3  
7.2Ti 

840-1 0 10  MWF-43 

aCoors Porcelain Company, Golden, Colo. 

bMrasured at room temperature. 

CSutton push-of E test, room temperature. 

+ortion of drop sheared off, 1 1 0  failure at interface. 

In ~ I i e  earlier test, in vacunm of approximately 6 . 7  mPa ( 5  x IO-" mm ~ g ) ,  

there w a s  no adherence, but, apparently as a result of bet te r  vacuum, a 

shear stress of 24 MPa w a s  achieved in run 256. We also melted a series 

of 1- to 2-g buttons of MWF-SO wiLh carbon additions aimed at improving 

wetting and bonding by reducing oxide films on the drops. 

tact angles ( 8 )  and the apparent shear strengths have been improved. 

Both the con- 



35 

TRe sess i le -drop  apparatus  was completely r e b u i l t  t o  improve t h e  

system's vacuum capabili.t .j .es and the  balance hetween t h e  inductances of 

th6? power supply and load. S i g n i f i c a n t  improvements i n  both areas were 

success fu l ,  so t h a t  a vacnum of 0.67 mPa (5 x iom5 mm ~ g )  is  quick ly  

achieved and t;ha temperature c .apabi l i ty  of t he  sys tem i s  now a t  Peas t  

1.70Q"C T h i s  one-decade impr'ovcment i n  V ~ P C U U ~  seems t o  be s i g n i f i c a n t  

because some sessile drops of compositions t h a t  had not adhere 

9: A s  t he  result of a reqliaest by personnel of: Cuminins, eva lua t ion  of 

t h r ?  wet t ing  behavior of some of t h e  experimen.tal k~aars,:i rrg f i l l e r  metals on 

PSZ  his mater ia l  i s  ~,~,-stahilized as compared 

t o  the  MgO-stabilized Nilsen ma te r i a l  studied t o  d a t e .  Sessi le-drop 

wet t ing $zests show that t h i s  mater ia l  i s  vet by both of the moc1ifi.d 

Ag-eta-Ti f i l l e r  meta1.s (wet t ing  angle  8 = 20 and 3 0 ° ,  r e s p e c t i v e l y ) .  

both cases t h e r e  was some sepa ra t ion  a t  the i n t e r f a c e  leav ing  a crater, 

with PSZ a t t ached  t o  the  bottom of t h e  drop, i n d i c a t i n g  t h a t  bonding had 

occur red  ~ 

by N G M ~  has '~eginn.. 

I n  

A ser ies  of "sandwich" type coupons were brazed i n  which elemental  

metal f o i l s  ( e . g . ,  C u  and T i  o r  Cu and T i H )  were used. t o  form an i n  s i t u  

brazing filler metal .  Brazing conditions were 5 min a t  lCaOO"C, bu t  t h e r e  

i s  p o t e n t i a l  for lowering t h e  temperature because t h e r e  is  a Ti-Cu eutec- 

t.i.c a t  S80°C. 

promising and has been submitted for ceramographic examination. 

A brazed sample of Nilsen MgO-stabilized PSZ laoked 

ORKSIiOP ON CERAMIC J O I N I N G  - J.  A .  Carpenter ,  Jr. (Oak Ridge Nab.ioria1 
Labor a t  or y 1 

A warkshc~p \gas h ~ l c l  i n  l a t e  FU 1982 to es tab l i sh  r -eseas~h said develop- 

merit issues to be addsessed by t he  ECUT Mater ia l s  Pro jec t  i n  the  area of 

ceramic j o i n i n g .  

d r a f t  of t he  workshop report were received from the  p a r t i c i p a n t s  and a 

second d r a f t  prepared.  

approval cha in .  

A workshop report was dra f t ed ,  C r 3 m r n c n t s  on tkc: i n i t  i a l  

The second d r a f t  was being reviewed i n  the 0RML 

-9. 

"Cummins Engine Company, Columbus, Tnd. 

f NKG Spark Plug Company, Nagoya, Japan, 



MODELING OF CERAMIC A'l'TACHMENTS - J. I;. Raxinonsh (Norton Company) 

Txritial approval of a sole-ssurce contract to the Norton Company to 

develop finite-element models of ceriain kypical ceramic joiiits was 

obtained during the final quarter of the year, and negotiations were in 

progress. In the initial phase of the work3 s o l i d  joints between two 

beam.; of rectangular cross S ~ C L ~ Q T I S  and t w o  rodb or disks  of circular 

cross sections are L o  be modeled in ordrr t u  be .  a b l e  to pcedjct the stress 

s t a i e s  in  and near t h e  joints arising from differences in materials prop-  

erties such as elastic mob111 i and coefficienl-s of tiierina1 expansion. c)f 

particular interest are thc effects at, singularitics such as corners and 

edges. The ultimate goal of the ~ o l - k  is to provide guidance to designers 

as to what materials should arid should not be joined in what geometries. 

ASSESSMENT OF ELECTXQMAGNETIC JOINlNG OF CERAMICS - R .  S S i  l t e ~ r g l i  tt 
(DMR, Inc . )  

The ohjectivc of this e f f o r t  is to assess the feasibility of joining 

ceramics to other ceramics or rnet-ds by usiing el ectromagnctic energy to 

heat the junction region. The research is concentrating on two key 

problems : 

1. how to induce and control the electromagnetic heating of ca,ramic 

materials and 

2. how to ensure that the joint formed will have the required proper-- 

ties, e . g . ,  geometry, strcngth, corrosion resistance. 

Thc first pi-obleni deals with electromagnet i c heating equipment design 

and application and the second with ceramic. materials scic-?inc(:. These 

probl ens m u s t  be addressed in a coordinated fashion. Consequently, initial 

efforts concentrated on the rnatcrials aspects of ceramic joining in order 

to provide necessary input to t h e  engincering design work. 

Based upon a review of recent literature on ceramic joining, incliiding 

the 1982 ECUT-sponsored workshop (see "Workshop on Ceramic Joining," above) 

and a 1982 National Materials Advisory Board (NMAR) joining study €or the 

U.S. Department of Defense (DOD), attention was focused on Lhe strnctiaral 

ceramics S i c ,  Si3Nh, ZrO,?, and A1,03  for applications s i ~ h  as high- 

performance heat exchangers, heat engines, and, perhaps eventually, fusion 
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reactors. The most important materials problems related to ceramic joining 

and h o w  they might affect the design of the electromagnetic heating system, 

as derivcd from this likerature review, are briefly described below. 

1. Thermal expansion mismatch between the materials on diiferent 

sides of the joint could induce cracking o f  the parts upon heating and/or 

cooling. This problem is very serious because an enormous temperature 

gradient will be created by the extreme localization of the electromag- 

netic energy in the joint region. Thus it will be essential to design an 

applicator system that can provide gradual and controlled heating and 

cooling. 

2. Microstructural modifications due to phase changes or decom- 

position upon heating and/or cooling can significantly affect the 

dielectric loss tangent, tan 8 ,  which determines electromagnetic absorp- 

tion. This could destabilize the coupling of the electromagnetic energy 

applicator to the energy source or the ceramic load. The presence o f  

phases with different loss tangents could also complicate the situation 

through the occurrence of runaway heating in the more lossy phases. 

S i 3 N 4  the decomposition reaction to silicon and nitrogen is a serious con- 

sideration because i t  could cause such severe property degradation that a 

perfectly joined part night turn out to be functionally useless. The 

sublimation of Sic is yet another potential problem. For these materials, 

it may prove necessary t o  incorporate a provision for joining in a 

controlled atmosphere. At present, cataloging is being done of all such 

microstructural changes which could affect the design or operation of an 

electromagnetic joining apparatus. 

For 

3 .  Bonding agents presently being used in ceramic joining could 

significantly influence the electromagnetic heating process. 

brazing compounds are unlikely to be useful in this application because 

metals are strong reflectors of electromagnetic radiation. Ceramic 

brazing compounds would be preferable (e.g., the oxynitrides used to join 

Si3N,,), but as yet data on the high-temperature dielectric properties of 

such materials have not been obtained. These data will be required for 

prediction of electromagnetic absorption in the joint region. 

Metallic 

In general, dielectric data for ceramics at temperatures approaching 

their melting points are scarce. This presents a problem because the 
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value o f  tan 6 for the material-s under consideration is very s m a l l  at KOOW 

temperature (on the order of However, as the ceramic is heated, 

tan 6 and, hence, the electromagnetic absorption can increase by several 

orders of magnitude , as evidenced by the runaway heating phenomenon 

observed by others.  At present, data for PiI2O3 up to llOO°C are available, 

but  room-temperature data only f o r  the other materials. Searches are con- 

ti-riuing f o r  this data. Without it, ext rapola t ion  throi.igh a region of high 

nonlinearity in dielectric behavior will be necessary. 

As ;A first s t e p  i~n deterrninilng the feasibility o f  this approach, power 

requirements have been estimated for ceramic joining, according to the 

calorimetric equation 

whe rt? 

P = power required in krd, 
m = mass in g ,  

cP = heat capacity in cal/g"C, 
k = heating time in min. 

?'able 5 displays the materials property data (derived from engineering 

handbooks and manufacturers' specifications) needed to estimate the puwcr 

requi red  t o  heat the desired materials to thci r m e l t i  tie p a i n t ,  assuming: 

16.387 cm3 (1 in.j) of heating volume; initial temperature of 20°C (68*F) ;  

~ i ines  of 1 ,  5 ,  or  IO min re t iuir td  t o  reach melting point<; and no losses 

and the availability of additional energy to accommodate phase changes? i f  

any. 

.L 

The results of this calculation are presented i n  Table  6 .  The pom?r 

e s t i t u a t e  f i g u r e s  shown i n  the table do r n o t  take i n t o  aiccoi~nt any losses, 

i.e., t h e y  asslime 100% microwave energy conversion efficiency. Losses iil 

microwave conversion and in the cavity circuit woia1d likely double or 

triple the power requirement S O  that for a 5-min heating tjme to the 

mcltirig p o i n t ,  microwave pwcr  input  o f  the order of 300 to 1000 W would 

be needed. Such power is well within the capability of conventional 

microwave genei ators  . 
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Table 5.  Materials properties data 

Materials 
- 

Properties Si3N4 Si3Nr, 

pressed bonded 
hot reaction sic, 

'S' ''203 s in t e red  

Heat capacity, C!, 0 . 0 9 6  0.251 0 f 239 0 * 131 0.119 
(cal/g°C) 

 ens ity ( g/cm3 ) 5.75 3.80 3.10 3.30 2.50 

Melting point ("C) 2400 2050 2500 1900 1900 

Table 6. Power requirement estimate 

Material 

Power (w) 

Time to achieve 
melting (min) 

1 5 10 

PSZ 1427 325 162 

A1203 2212 442 221 

Sic sintered 1718 3 44 172 

S i 3 N r  hot pressed 929 184 93 

Si3N4 reaction bonded 639 127 64 
__ 

Analysis of electromagnetic coupling options has begun by focusing on 
microwaves with frequencies in the gigahertz range, because they provide a 

combination of relatively good penetration and reasonable energy. 

it is ititended ultimately to investigate the frequency dependence of this 

approach from perhaps IO6 to 10" Hz. 

However, 

For microwaves, t he re  are basically two types of application options, 

a lossless applicator (waveguide or cavity) and a lossy  applicator, e.g., 

a leaky waveguide or a horn antenna. With the former approach it is much 

easier to concentrate the energy on the sample to be heated, whereas the 



latter approach could be easier to use on complicated or 3.asge striictures 

or in the field. To date, only lossless ayyl.icators have been analyzed. 

In the waveguide approach, microwave energy is transmitted through a 

channel to the material to be joined. In order to tms-urce t h a t  suCCi.cient 

energy is delivered to the joint, its impedance miist be matched to that of 

the source. This can be accomplished by adding tl.rxrLrig s t u b s  t t : ~  tihr 

microwave channel and/or providing a movable back short. In this way, any 

load can hr, matched to the source. The difficul1:y of  this approach is 

that as noted above, t a n  6 for ceranii cs  varies strongly w i t l a  tempe:raturo 

1%us, as the material is heated, the channel w i l l  require constant 

retuning. I n  addition, this will make con t~ t r l  o-f t.he tempcrntur-c? o f  the 

j0in.t; ( e . g . ,  through a feedback/servo mechanism, wlii.ch is required to 

avoid thermal shock) very d i f f i c u l t .  to accomplish. For these Y ~ M G ~ S ,  the 

microwave cavity approach is believed t u  be a tuora promising a1 ternative. 

A microwave cavity is a resonant circait t h a t  exchanges energy w i . t h  

the source. The advantage of using a cavity is that the energy returned 

to the source i s  dependent only upon the amount of energy absorbed by Lhe 

cavity. Thus, no tuning i s  required, except fo r  a back short, to excite a 

particular resonant mode [standing wave) . 'i'he resonant modes of a 

microwave cavity are a function of the wavelength and the geometvy o f  t h e  

cavity. The most desirable mode far o u r  purpose for a rectarigi1la.r cavity 

wiLl probably be the H l o l  mode (transverse electric), which produces a 

peak field at the center of the cavity. This mode can be excited by 

adjusting the back s h o r t  and measuring the f.i.eld intensity within the 

cavity. A poss ib l e  exper i.meaita1 setup u s i n g  the  cav.i:iy approach. h a s  Ireen 

desi.gned. In order to implement tihis concept we wi11 require a highly 

sensitive detector to measure the temperature at the joint. Available 

opti ons for this comporrerit are prcsoi i t ly  l>ei.ng reviewer!. 

In future work the cavity approach w;11 be refined, i.ts applica- 

bi 1.iity to tho inateria1.s and joining situations mentioned previously eva- 

luated,  and the l o s s y  applicator approach investigated. The effectiveness 

o f  treating i h e  joint regiori, either ruccharnicaJ.1.y or w i t l i  an external cow' 

poiindp will also be evaluated. 
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ASSESSMENTS OF SUPERALLOYS AND METAL FORMING - K, S .  Silberglitt 
( D H K ,  Inc.) 

Internal assessments to identify long-range energy conservation 

research and development needs and opportimnities in the area of superalloys 

and metal forming were completed. The findings are summarized below. 

Copies of the full reports, not published, are available. 

Supera1 loys 

Because superalloys are relatively expensive materials and because, 

for many energy conservation applications, lcsser materials ( e . g . ,  

chromium- and molybdenum-alloyed stainless steels) can suffice, it was 

concluded that there are few supcralloy energy conservation research 

opportunities. A further problem is t h a t  f o r  higher-tcmperature applica- 

tions (approaching 1000°C) , ceramics appear t o  be more attractive than the 

superalloys. Within these limitations, however, some research oppor- 

tunities worthy of ECUT consideration were identified. 'They include 

1. high-temperature corrosion testing and data base development; 

2. basic research on oxidation mechanisms (if the above testing 

indicates insufficient corrosion resistance); 

3 .  investigation of high-temperature hydrogen permeation, adsorption, 

and embrittlenent mechanisms; and 

4 .  development of low-cosl, iron-base and aluminum-containing 

superalloys. 

Metal Forming 

In contrast to the superalloy case, it was concluded that there is 

ample room for energy conservation in metal forming. 

research areas consistent with the ECUT mission are 

The most promising 

1. the tribology of metal forming, 

2 .  computer model i n g  of metal-forming processes and 

3 .  near-net-shape isothermal forging and shape rolling. 
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LLGHFdE IGHT MATERIALS 

RECOVERY AND REUSE OF PLASTIC SCRAP V I A  BONDING A N 0  SEPARKfION - 
COOKDlNATION - M. J. Curry, A .  Spaak, and W. L. Hawkins (Plastics 
Institute of A ~ n e r i c a ] ~ ~ - ~ ~  

The objectf.ve of these efforts i s  ta provide the base technology 

needed to recycle 01 otherwise recover value from scrap plastics, 

particular1 y those in post-consumer wastes. Research continued on the 

recycling of automobile shredder res i-dire through coordinated programs 

with the Universities oC Lowell, Lehigh, and Texas at Aust.Ln, and  the 

Polytcclinic Institcite. of N e w  Ysrk. 

each of the four general research tasks discussed below. Table 7 shows 

the sch(~01 s f2cul.t~ members , and students currently involved. Research 

resral.ts 2118 discussed i n  subsequent sections ~ 

Students have now beer, assigned to 

Two students, David M. Busby and .John S. Efargosiak, are working wi.th 

Professor  Deanin at. Lowell. These students are, collaborating on the 

development of bonding agents and processing aids t o  improve the  rjtrengt-h 

and flow properties of automobile shrddepr residue. Professor Pearce 's  

student, P. K. Mukerji, has cornyjl.et:ed his thesis program on hydrogen- 

bonding zdditives. UP. C. Do, a postdoctoral. fellow, is preparing larger  

quantities oE selected additives of this type; samples will be sent to 

LoweII for evaluat i.on as bonding agents in autoiuvbi.1.e shredder residue. 

Concentration effects will be included in this study. 

Professor Paanrce at the Polytechnic Institute o f  New York has extended 

his research on synthetic bonding agents to include block copolymers as 

bonding agents in blends of styrene and ethylene ox%de. Additi.ona1 

small amounts of the compatibilizing agents, which gave excellent results 

in improving the mechanical strength of shredder res i.due , are being 
synthesized in order to check the ori gi-nal. results obtained at Professor 

Ueanin's laboratory at the University of Lowell. 

Professor  Deanin at Lowell University has extended previous investi- 

gations of the  melt flow characteristics of masticated fluff. IIe has also 

measured mechanical strength of samples of shredder r e s i d u e  modified with 

YrofessoE- Pearce's synthetic bonding agents. 

Yilliam Crawford, under Professor Manson at Lehigh Universi-ty, is 

continuing his stiidi.es of polymerization of selected monomers within 

shredder residue. Acrylic and furane-based monomers are under 
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Table 7 .  Current DOE/ECUT fellows 

Task Faculty member Student Degree 
candidate 

Analytjcal Stevens A .  P .  Plochocki William Gripp N.S. 
and Inst it ut e 
Separation of 
Program Technology 

Bonding University R .  D. Deanin D. F1. Busby M.S. 
Agents of I,owell 

Lehigh J. A .  Manson W. Crawford M.S. 
Uni ve IS it y 

Polytechnic E. M. Pearce K .  Mukerji Ptn.D. 
Pnst  itutc? 
of New York C .  Do POSt- 

doctoral 
f e  I low 

Processing University R .  D. Deanin J .  S .  Hargosiak M.S. 
Aids of Lowell 

Fnvestigntion. Compressive strength of the composites is being measured 

and fracture sur faces  exatiiined as a lead t o  improved compositions, 

Acrylic. latexes are also being investigated as bonding agents fa r  shredder 

residue . 
Professors Paul and Barlow at the University of Texas at Austin have 

completed their investigation o f  adhesion and hulk properties for styrene- 

acrylonitrile (SAN) copolymers and polycarbonate (PC) bPends."8-3a Using 

stress measurements they have determined that the best adhesion of §AN to 

PC is obtained with t he  copolymer containing 25% of acrylonitrile ./ Poly- 

caprolactam was stindjed as a compatibilizer for SAM-PC, blends" 

Tlze Institute o f  Scrap Iron and Stee l  ( H I S )  has provided initial sup- 

port for developiilg a design concept f o r  a pilot p lan t  to clean, demetal- 

lize, grind, and modify (with bonding agents) several thousand kilograms of 

automobile shredder residue. A proposal on a "floating pilot plant'9 con- 

cept was submitted to the DOE Office of Industrial Programs and is under- 

going review. Under the proposed work, about 4,536 kg (10,000 lb) of auto 



shredder residue would be cleaned, demetallized, ground, modified (with 

bonding agents), and processed into usable items by using existing equip- 

ment at various machinery and convertiiig plants across the country. 

Dr. Pe te r  Lantos, the Plastics Institute of America consultanL on 

market outlets, h a s  visited about a dozen processing companies exploring 

their interest in cos t  and possible speciricatioas for clean shreddrr  

residue. Prodact 1 ines produced by tlnn,sn_ companies and molding techniques 

used are being revipwed in searching for inaaket oint1et.s and existing, 

applicable fabricating processes. Plow molding may be a preferred tech- 

n ique far fabricating products from shredder residue. D r  , Lantos is 

concluding h i s  phase s f  thi s market dew7 opmnt  effort II 

PREPARATION AND TESTING OF LABORATORY SPECIMENS OF COMPA%IB1LIZE~-U3NnED 
AUTO SHREDDER RESIDUE R .  D .  Deanin (University o Z  Lowel 1) 

The "clean light fluff" fraction from scrap S U I  os contains ermingh 

thermoplastic fraction so thdt it caR be compression-molded into struc- 

tural panels stronger than many curicnt building materials. Melt. flow is 

poor ant: color is mottled at best. Studies in the previous year' showed 

that masticating the f l i i f  € on a differential-speed two-roll itrill roixld 

homogenize it to a good uniform black color  and break down fibrous struc- 

tures to permit improved melt flow, but flok was still inferior to that of 

commodity thermoplastics. Further, while 1980 clean light fluff mil led  

and homogenized fairly well, "1990" material was much harder to handle, 

remaining coarse and inhomogeneous. 

The "1990" clean light fluff was more finely ground to  produce better 

homogeneity and processability. Milling was studied over a range o€ times 

from 2.5 !,(a 20 min and tempecatures from 140 to 222OC (285-432°F.) Most of 

this range produced fairly good flow and end-use properties, but over- 

heating at 131 to 222OC (376-432OF) caused thermal degradation, poor flow, 

and poor appearance and end-use properties. 

Standard process conditions were Lhsrefore chosen as follows: 

"1990 clean light fluff," finely ground, 

milling 7 . 5  min a t  163OC ( 3 2 5 O F ) ,  

molding 3.5 min at 160-17OoC (320-338OF).  



45 

Because melt flow was lower than the norm for easy-processing commodity 

thermoplastics, a number of processing aids were added in concentrations 

o f  5, 10, and 20% by weight. Results are summarized in Table 8 .  Eive of 

the seven additives improved melt flow up into the range of general- 

purpose commodity thermoplastics. In the table, they are arranged in 

order from most to least efEoctive in this respect. 

Studies during the last quarter explored a wider range of additives 

to improve melt flow and end-use properties. 

prepared by the Plastics Institute of America w a s  used i n  mast studies, 
although standard 1980 clean light fluff was used in a Eew cases. Results 

are reported in Table 9 .  The two most recent batches of residue are 

labeled F (received in February 1983) and M (received in May 1983). 

Additives were used in 5 to 20% concentrations, incorporated by milling 

7.5 min at 163OC (325OF), and compression molded 3 . 5  min at 1 7 7 O C  (350’F). 

The molded sheets were cut into test bars and tested according L o  ASTM 

procedures. Melt flow was standard Condition E. The table beeiris with 

three clean light fluff controls and then lists a series of additives used 

individually. The latter part of the table describes the use of pairs of 

additives , beginning with Chemplex 5240 polyethylene and WoInm SL IIaas 

Acryloid K-175, which were particularly promising for improving melt flow 

in the previous year, and then adding second components to imprave end-use 

propertjes  as well. 

The “199Q” clean light fluff 

Overall, Chemplex 5240 polyethylene and Rohm Haas Acryloid K-175 

remained most promising for improving melt flow, but now 61501.02 poly- 

ethylene was not far behind. Blendex 310 ABS raised flexural strength. 

Half of the additives raised tensile strength, and half o f  them raised 

impact strength. Best additives for impact strength were chlorinated 

polyethylene, ethylene/vinyl acetate, ethylene/propylene thermoplastic 

elastomers, ABS, and dicyclohexyl phthalate. 

Even these tests are far from exhaustive, but they do illustrate the 

variety of additives which can be used in modest amounts to upgrade the 

processability and end-use properties of moldings made from clean light 

fluff. 



Table 8 .  Properties 05 t e s t  plaques p ~ o c e s s e d ~  from "1990 clean light f l u f f "  
auto s h ~ e d d e r  residlle w i t h  various processing aids 

IzoC impact  s t r e n g t h  
F 1 exur a 1 Flexur a I T e n s i  le Melt index 

Amour1 t rn0dUlLS s t r erngt h strength Notched Ennot; c he d 

(" '1 (g/10 min) 
Additive condition 

( f t - l b  
in. 1 ( f t - lb  (mJom) (GPa) ( k s i )  (HPa) ( p s i )  (MPa) ( p s i )  ( r n J * m )  in. j 

Kone 

411ied ROPE 540-A 

R&F A c r y l o i d  K-175 

Chemplex HDPE MI 40 

Amoco PP YI 5ci 

Amoco I ' igb-Flow P S  

R&k Acryloid R-120-K 

R&d Exp. Prod. A 

0 

5 
10 
20 

5 
10 
20 

5 
10 
20 

5 
19  
20 

5 
1 3  
20 

5 
10 
20 

5 
10 
20 

0.19 

1 . 2  
1 . 9  

1 5 . 6  

1 . 2  
2 . 2  
5 . 9  

9 . 6 6  
1 .4  
2 . 6  

0.9S 
1 . 6  
2 . 0  

0 . 5 3  
0 . 6 2  
1 . 4  

0 . 4 7  
0.31, 

0 . 3 8  

0 . 7 7  

0 . 8 0  
0 . 4 8  

0 . 6 5  
0.5: 
0 . 3 6  

0 . 7 9  
0 . 6 1  
0 . 7 5  

0 . 8 0  
1 . 0 1  
0 . 5 4  

1 . 0 0  
0 . 9 8  
0 . 7 2  

0 . 5 0  
0 . 9 6  
0 . 8 9  

O.84 
C.72 
0 . 6 6  

112 

116 
70 

Q 5  
8 3  
52 

115 
89 

109 

116 
147 

78 

146 
143  
105 

73 
139 
129 

122 
105 

96 

5 . 9 4  861 

6 . 1 4  890 
3 . 5 6  517 

6 . 4 4  934 
6 . 5 3  947 
4 . 9 4  7 1 7  

8 . 4 3  1223 
9 . 2 4  1340 

1 1 . 0 9  1609 

5 . 5 0  797 
7 . 6 3  1106 
7 . 9 4  1151 

7 . 0 3  1020 
7 . 5 5  1158 
6 . 4 8  940 

6 . 1 3  6 5 9  
5 . 1 0  S26 

1 1 . 4 9  1667 

7 . 5 6  1099 
6 . 8 1  987 
7 . 0 5  1023 

2 . 5 2  

2 . 6 3  
2 .26  

3 .  i 6  
2 .79  
1 . 9 1  

3 . 1 6  
3 .59  
3 . 4 0  

2 . 7 9  
3 . 0 8  
4 . 7 4  

3 . 1 3  
2 . 9 2  
4 . 0 1  

2 .14  
2 . 5 2  
4 . 1 0  

3 . 3 6  
2 . 8 8  
3 . 4 2  

409 2 4 

381 24 
328 24 

45 8 29 
403 2 1  
277 1 7  

45 8 21 
522 2 1  
49 3 21 

405 1 7  
4L7 1 2  
687 21 

454 2 i  
424 1 3  
581  1 7  

311 1 7  
336 1 7  
595 1: 

527 21 
418 1 7  
496 21  

9 . 7  31 

0 . 7  24 
0 . 7  24 

0 . 6  21 
0 . 6  21 
0 . 5  21 

0 . 6  24 
0 . 6  21 
0 . 6  28 

0 . 5  1 7  
0 . 5  1 7  
0 . 6  21 

0 . 6  21 
0 . 5  21 
0 . 5  1 7  

0 . 5  1 7  
0 . 5  1 7  
0 . 5  21 

0 . 6  24 
0 . 5  2 1  
0 . 6  21 

9 .9  

0 . 7  
0 . 7  

0 . 6  
0 . 6  
0 . 6  

0 . 7  Q\ 

0 . 6  
0 . 8  

.c'. 

0 . 5  
0 . 5  
0 . 6  

0 . 6  
0 . 6  
0 . 5  

0 . 5  
0 . 5  
0 . 6  

0 . 7  
0 . 6  
0 . 6  

aProcess;ng conditions: L r i e  ground, f l u f f  mi l l ec !  witn a i d  75 nin a; 163OC ( j 2 S ° F ) ,  arid molded 3 . 5  n i n  az 160 to 
170OC (32O-338"C). 



Table 9.  Properties of test plaques processeda from "1980 and 1990 clean l igh t  fluff" 
auto shredder residue with  various processing aids 

~~~ ~~~ ~~ ~ 

k e d  impact strength 
F1 exur al F1 exural Tensile 

Amount  modulus strength strength Notched Unnot c he d Helt index 

f M t  %) (g/10 min) 
F l u f f  Additive condi t ion 

( f t - l b  
in.) 

jft-lb (mJ*m) (GPa) ( k s i )  (MPa) (psi:  (MPa) ( p s i )  (mJ.ml 
in.> 

1980 
1990 ( F)b 
1990 (H>b 

1990 Dow 2375.30 PE 

1990 Dow 5320.15 PE 

1990 Dow 61501.02 PE 

1990 DOW EAA-433 

1990 Dow CPE 

1980 Dow CPE 

Dow CPE + EVA 

1990 BW BleRdeX 310 

a 
0.19 
0.32 

5 C.18 
10 Q.26 
20 0.31 

5 0 . 4 6  
10 0.44 
20 1.31 

5 0.52 
20 0.50 
30 1.82 

5 0.32 
10 0.16 
20 0.48 

10 0.07 
20 0.02 

10 G 
20 0.03 

10 0.27 

5 0.11 
10 0.06 
20 0.02 

0.45 
0.77 
1.36 

0.95 
0.83 
0.47 

1.22 
1.06 
0.98 

0.87 
1.13 
1.00 

1.04 
0.70 
0.41 

0.21 
0.17 

0.33 
0.13 

0.12 

1.10 
1.35 
1.33 

66 
112 
197 

138 
121 
69 

1 76 
154 
143 

127 
164 
145 

151 
102 
59 

31 
25 

46 
19 

18 

160 
196 
194 

3.17 460 
5.93 860 

10.2'3 1480 

10.14 1470 
10.62 1540 
7.31 1060 

10.48 1520 
8.76 1270 
10.76 1560 

9.17 1330 
10.89 1580 
10.27 1490 

10.27 1490 
8.89 1290 
8.76 1270 

6.90 1000 
6.14 690 

4.62 670 
3.52 510 

3.45 500 

8.27 1200 
10.41 1510 
13.51 1960 

0 
2.83 
3.65 

4.83 
5.93 
4.41 

5.65 
5.65 
5.65 

3.79 
4.83 
4.34 

4.90 
5.17 
5.65 

2.69 
4.00 
5.31 

0 
410 
530 

700 
660 
640 

820 
820 
820 

550 
700 
630 

710 
750 
820 

390 
580 
770 

24 
24 
14 

17 
17 
21 

17 
17 
24 

17 
14 
1 7  

2: 
17 
28 

1 7  
35 

31 
4.5 

42 

17 
i7 
2 1  

0.7 
0 .7  
0.4 

0.5 
0.5 
0.6 

0.5 
0.5 
0.7 

0.5 
0 .4  
0.5 

0.6 
0.5 
0.8 

0 . 5 
1.0 

0.9 
1.3 

1.2 

0.5 
0.5  
0.6 

24 
31 
17 

17 
24 
28 

17 
28 
24 

14 
1 7  
21 

21 
21 
28 

1: 
1: 
28 

0.7 
0.9 
0.5 

0.5 
0 .7  
0.8 

0.5 

0.4 
0.5 
0.6 

0.6 
0.6 
0.6 

0.5 
0.5 
0.8 



Table 9 .  (continued) 

1206 impact strength 
Flexur a I flexural Tensile Melt index 

hrnout modu I GS scsength strength hotcbed UrLnorched PlLLff Addi tivs condition 
(wt %) (g/10 nir,) 

(GPa) (ksi) (MPa) (psi) (MPa) ( p s i )  imJ.mj ft-lb (mJ. m) (ft-lb 
in.) in.) 

1990 BW Illendex 336 

1990  ucc PCL-300 

1990 L'cc PCL-700 

1990 Triphenyl 
Phosphaze 

1990 3icyclohexyl 
Ph cha 1 at e 

1990 Chemplex 5243 PE 

R 6 f i  Acryioid 
K-175 

lq90 Zhhenplex + 
5 Ln i roya l  
TP R- 150 0 

Zhein?lex + 
90 Unlroyal 
TPR-1600 

5 
10 
20 

5 
10 
20 

5 
10 
20 

5 
10 
20 

5 
10 
2,3 

20 

10 

20 

0 .07  
0 . 0 4  
0 

0 . 2 3  
0 . 2 3  
2 . 0 4  

0 .45  
0 . 3 6  
0 . 5 9  

0 .12  
O.:,? 
3 

0.17 
, 3 . ? 7  
'3 

2 . 6  

I n  ,- . L 

i. 76 

2 . 2 8  

1 .05  
1 .30  
0 .72  

C . 6 4  
S.68  
0 .59  

0 . 6 3  
0 .74  
3 . 7 0  

0 .65  
0 .25  
0 . 1 3  

0 .64  
0 .29  
0 . 1 1  

0.75 

0 .57  

0 .65  

0 .51  

153 8 . 9 6  
145 1 0 . 6 2  
104 8 . 6 9  

9 3  6 . 2 1  
99 7 .03  
86 6 .14  

92 7 .10  
107 7 .79  
102 9 .89  

94 7 .65  
36 5 .17  
151 3 .17  

93 7 .51  

16 5 .17  

109 11 .10  

6 3  6 . 5 5  

42 4 . 4 8  

94 7 . 1 0  

89 7 . 3 1  

1300 
1540 
1260 

900 
1323 

890 

1030 
1133 
1290 

1110 
?50 
460 

1060 
650 
460 

1610 

950 

1030 

106C 

4 . 2 8  
5 . 0 3  
4 .62  

3 .03  
3 .17  

3 .38  
3 .93  
4 .48  

3 .79  
2 .55  
1 . 8 6  

3 . 3 i  
2 .52  
1.513 

3 . 3 8  

2 .76  

2 .48  

3.10 

620 
730 
670 

443 
160 

49 0 
570 
650 

550 
37c; 
2 70 

480 
380 
280 

490 

400 

360 

45 3 

1 7  
1 7  
31 

21 
i 7  
21 

35 
21 
24 

21 
24 
21 

21 
21 
38 

21 

21 

24 

3;  

0 . 5  
0 . 5  
0 . 9  

0 . 6  
G.5 
0 . 6  

1 . 0  
0 . 6  
3 . 7  

3.6 
0 . 7  
0.6 

0 . 6  
0 . 6  
, .  &... 

0 . 6  

0 . 6  

0 . 7  

0.9 

17  
24 
35 

17 
2 4 
24 

21 
21 
24 

2; 
28 
28 

21 
24 
38 

28 

21 

21 

35 

0 . 5  
0 . 7  
1 . 0  

0 . 5  
0 . 7  
0 . 7  

0 . 6  
0 . 6  
0 . 7  

0.5 (r, 

0 .9  
0 . 9  

0 . 6  
0 . 7  
1 .1  

0 . 6  

0 . 6  

6 

0 . 6  

~~ I ,  

* . A  
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DEVELOPMENT OF HYDROGEN-BONDlNG COMPATlBILIZEXS FOR AUTO SHREDDER 
RESIDUE .- E .  M .  Peat-ce (Polytechnic Institute of N e w  Y ~ r k ) ~ ~  

The compatibility between polymers i n  a binary or ternary system 

is a Function of several factors , especially intermolecular interaction, 
molecular weight, and molecul ai weight distribution. In previous work it 

was shown that polystyrene madif ied with tri fluorocarbin-1-01 and hexa- 

fluoropropan-2-01 exhibited strong hydrogen bonding character and was 

compatible with polyethylenc oxide whenever thc binary system was rich in 

modified polystyrene content. In fact, the 10% hexaf luoropropan-2-01 

modified polystyrene was c,ompatible with a large number of polymers (e.g., 

polyacrylates , polyesters , polycarbonntcs etc. 1 . 
Attempts were made this year to use this knowledge to develop a 

suitable compatibilizer based on modified block copolymer of styrene 

and ethylene oxide t o  s t u d y  the influence of molecular weight, mole ratio 

OF each component, and degree of modif icatiun Poly(ethy1ene oxj de- 

styrene-ethylene oxides) wi t-11 mol ecular we ight approximately 60 s 000 and 

molecular-weight distr ibutioti 1.3 were synthesized by using a-methyl 

styrene/potassiurn initiator with mole ratio of styrene to ethylene oxide 

of 1:3, l:l, and 3:1 and modified somewhat with trifluorocarbin-1-01 by 

Friedel Craft acylation us ing  trifluoroacetic anhydride followed by reduc- 

tion with sodium borohytlr ide . These modified block copolymers exhibited 

different solubility patterns and developed frothing character even at 

less than 5% modifiration. Their blending characteristics were studied. 

Preliminary experiments gave promising results such as a sharp decrease 

in crystallinity, a lowering of melting point of polyethylene oxide, and 

a single glass transition tempcraturc (Tg) in between the Tg's of the 

individual components. However, this latter aspect will be pursued further 

to reconfirm that there i s  110 overlapping of transition temperat-ures. 

Block copolymers of tha type pol  styrene-ethylene oxide) with molec- 

ular weight ranges o f  100,000 and 150,000 and molecular weight distribu- 

tion of 1.1 with itiole ratios of styrene t o  ethylene oxide of 3:l and 1:1, 

respectively, have a lso  been prepared. Whenever a-methyl styrene/potassium 

was  used as initiator, the molcculax weight could be controlled within 20% 

of the desired value. However, it was difficult to control the molecular 

weight when using cumyl potassium initiator even when cumyl potassium was 

freshly prepared just before polymerization. 



The concept w a s  extended to block copolymers because the chemical 

bond between the two segmental blocks gives the necessary restriction o f  

possible arrangements thereby tlecr-easing the entropy. This l o s s  of 

entropy increased the critical molecular weight of the bl.ocks for mkro- 

phase separation. The polystyrene blocK modified with hydroxyl groups 

should further improve the compatibility between the blocks and a lso  with 

other polymers i n  binary and ternary sys tems.  

There€ore the  block copolyiuers poly(sty~ene-~-ethylene oxide) ( A B  

type) and poly(ethy1ene oxide-styrene-ethylene oxide) ( B A B  type) were 

synthesized by a n i o n i ~ c  polymerization of d i f f e r e n t  molecular wei.ght and 

mole ratio of s t y r e n e  t o  ethylene oxide. ’l’hese block copolymers ~erp_ 

mcldif ied by trifluoromethyl carbi.no7. (-8 and -16%) . Analytical tech- 

niques were also developcd for the character i -zat ion of these :nodi f i e d  

block copolymers. 

The b i n a r y  blciids of block copolyniers with pol y s t y r c n e  showed marked 

improvcmcnL in the compositional range f o r  compatibility. The suppression 

of total crystallinity w a s  up to 90%, and the mePtj.ng po in t  depressi-on was 

significant. Mostly AB-type block copolymers consistently gave a larger 

suppressed crystallinity “Liari those of BAB-type. A si-ngle Tg was observed 

f o r  the amorphous phase. The s1ii.f t; in Tg f o r  pol ystyrene was approximately 

2 5 O C  and was most significant for BAB-type block copolymers. 

mechanical analysis s t i i d i c s  a r e  being done to confirm our observations 

regarding the single Tg. 

Dynamic 

The binary mixture w i  t h  poly(ethy1ene oxide)  gave ruixed results ~ The 

compositional range was wi.der with respect to suppress ion of crystallinity 

and shift in mel t ing  poi.ut. IIowevcr, the blends rich (-76%) in polyethyl- 

ene oxide did give 20 to 30% suppression of crystallinity. 

The fi.lm-formi.ng property of the modified block polyiiier with poly- 

styrene and polyethylene oxide was better and in general gave clearer 

films. 

On cornparing different block copolymers with regard to the ability to 

compatibi li.ze, it was found that; the AB-type polymer gave better results 

as compared with the BAB type. It was a l s o  observed that the inole ratio 

of 1: 1 €or BAB block copolymer showed improved compatibility. 
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I N  SITU POLYMERIZATION FOR BONDING AUTO SHREDDER RESTDlJE - J ,  A .  Manson 
(Lehigh U n i ~ e r s i t y ) ' ~  

Resparch is  cont inuing with a c r y l i c  and f u r  fury1 alcohol  -based 

(Furathane-FA) r e s i n  compos i t e s  ; exp lo ra to ry  experiments were also made 

with s e v e r a l  epoxy (thermoset)  sys tems.  The aim of Lhe work with t h e  

a c r y l i c s  was t o  inves t iga t e  ways of i nc reas ing  t h e  i n t e r f a c i a l  bonding 

between the  aggrtlgate and matr ix .  Work i s  cont inuing wikh the  EA r e s i n s  

t o  i n v e s t i g a t e  the  r e l a t i o n s h i p  between compos i t  i o n ,  r e a c t i o n  condi t ions , 
and mechanical p r o p e r t i e s .  A l s o ,  sevcra l  commercial epoxy sys t ems  were 

t r i e d  with cryogenical l y  groiind aggregate 

Acryl ic  Binders 

I n  i he r ecyc l ing  of automobile scrap, t h e  sc rap  w a s  i n i t i a l l y  viewed 

as a non-energy-intei ivc? filler i n  a polymeric composite. In gene ra l ,  

howevo-r, f i l l e r s  u sua l ly  supply l i t t l e  or no reinforcc?nc?nt un le s s  t h e r e  is  

good i n t e r f a c i a l  i n t p r a c t  ion between tlie r e s i n  and f i l l e r  sirrfaces.  In  

prc-vious work,' a c r y l i c  matrix systems were developed which gaw a corre-  

S~J(xidi11g decrease i n  mechanical p r o p e r t i e s  with iricreas ing f i 1 Icr con ten t .  

This i n d i c a t e s  r a t h e r  poor i n t e  a c i a l  adhesion. The rrse of t h e  aggregate 

as  a f i l l e r  would be nicclianically morc favorable  i f  coupling agents  could 

t ~ e  used t o  improve the  i n t e r i a c i a l  bond between the f i l l e r  arid the polymer 

matrix.  Besides inc reas  ing t h e  lc~veP of mechanical p r o p e r t i e s  , a coupling 

agcnt may reduce the  melt vi.;cosity of t h ~  composite sysrem and thus a i d  

considerably i n  the use of i n j c c t i o n  molding techniques.  

TiLanate coupling agents  K R 7 ,  KRTTS, and K'39nS were received from 

Kenrich Petrochemicals,  Tric. These agents  were recommended for use because 

methyl methacrylate h a s  a poor a f f  i i r i t y  for polypropylcaie which makes up 

more than 40% by weight of both t h ~  1980 and 1990 aggregates .  The t i t a -  

n a t e  coupling agent, may t i c ,  L-eprescrited as 

(IZO')),,-Ti -(O-X-K"-Y), , 

where t h c  ( K O ' )  group reacLs with protons on the f i l l e r  su r face  and the 

remainder of t h e  molecule can  then i n t e r a c t  with tlie polymer t o  provide 

coupl ing.  

The t i t a n a t e s  were added t o  t h e  monomer a t  1/4% of the  monomer 

weight, they were mixed w e l l  on a magnetic s t i r r i n g  p l a t e ,  and polymer- 

i z a t i o n s  were e f f e c t e d  as u s u a l .  The r e s u l t s  a se  presented i n  Table 10. 



Table 10.  Properties of acrylic matrix of composites using 
auto shredder residue with various coupling agents 

Compressive 
s trengthlweight 

ratio 

Compressive Piodu 111s Density 
(MPa) (g /cm3 1 

___. ............. 
strength (MPa) 

MMAa M M  ~b M M A MM I MMA MM E MI1 I 
. ..... ....... 

Bulk aggregate 2 2 . 6  28.1, 1 . 3 2 3  1 . 6 2 2  4 3 . 8  3 7 . 7  0.983 1 . 0 4 6  
f KR7 1 8 . 1  2 1 . 2  1 . 0 9 8  1 . 1 8 7  7 7 . 8  3 4 . 6  0.950 1 . 0 5 3  
I- KH'ITS 1 8 . 3  2 3 . 4  1 . 1 4 4  1 . 2 9 3  3 3 . 5  4 0 . 9  0 . 9 2 8  1 . 0 6 8  
+ K39DS 1 9 . 1  2 2 . 1  1 . 1 9 8  1 . 2 3 5  2 6 . 3  3 4 . 9  0.940 1 . 0 5 4  

Ground 1 7 . 9  1 2 . 9  0 . 9 4 3  0 . 7 1 8  3 5 . 3  1 3 . 3  1 . 0 8 1  1 .070  
+ Acrylic acid C 9 . 5  C 0 . 5 1 1  c 1 7 . 3  c 0 . 8 9 2  

%MA = poly(methy1 mei-hacrylate) . 
b M M I  = monomer mixtures containing 5% each of paly(methy1 nethacryelate) 

and trimethylolpropanc trimethacrylate. 

CSamples did not polymerize 

The KKTTS gave a modulus for the M M I  (see footnote b i n  Table 10) system 

at least equal  to that of the control [bulk), using plain aggregate, and 

the smallest decrease in compressive s)kLciigth. However, optimum con- 

ditions for improvement in strength have not yet been found. 

Samples were then prepared by changiiig the reaction conditions while 

retaining the same pcxrcentagc 01 titanate coupling agent as before. Thts 

syiithcses were carried out in a 0.5-E reaction vessel purged with gaseous 

nitrogen and equipped with a mechanical stirrer. Methyl methacrylate 

(1/4% titanate coupling agpnt by weight mmorner) was added to i t i e  aggrc- 

g a t e  (already in the vessel) and the tcmprraturr contiolled ta 55OC with 

constant stirring. T h i s  step in the synthesis should allow the titanate 

csupling agent time t o  act on the aggregate and increase the interfacial 

interaction. Once Lhe tearpt?iature tdas constant, the initiator (2% benzoyl 

proxi rip or 0 . 5 %  axobisisobutyronitrile, both based on moi~otrier weight) was 

added to t-iir system, and the reaction was allow~d to continue for apprnxi-  

mately 30 min in a 55 to 6 5 O C  temperature range. These mixtures wei-e then 

poured in to  25- by 3 5 - m m  cylindrical molds, and t h e y  w e z e  aired overnight 

in a / O ° C  water bath (to control the exothcrm) and i-hcn at, 8OC@ tor 

another 24 h. Mechanica l  data on these systems are being obtained. 

Along with treating t h e  aggreg.ite with coupling agents, cryogenic 

GI  i i t d i n g  the aggregate g r ind ing  and pIi[ treatment have been aLLeq)tc?tl. 
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might be expected to  produce SQIIE acti.ve s i t e s  on the  po lyo le f in  su r faces  

(which probably c o n s t i t u t e  t he  major component) fo r  adhesion of the 

polymer matrix.  ‘Th? aggregates  were ground on a hand m i l l  a f t e r  using 

l i q u i d  n i t rogen  t o  e m b r i t t l e  t h e  p l a s t i c  s c rap  before  grintl-i.ng ~ This 

allows t h e  sc rap  t u  be reduced t o  a much f i n e r  s i z e  with more e f f i c i e n c y .  

A broad s i z e  dJs t r i .bu t ion  was found fo r  both 1980 and 1790 aggrega tes .  

Compressive t e s t s  were completed on t h e  1980 aggregate in Lhe a c r y l i c  

systems a s  shown i n  Table 10 .  Resul t s  s h o w  a drop i n  t h e  compressive 

s t re i ig th ,  strength-to-weight r a t i o ,  and modulus f o r  both a c r y l i c  systems 

with an inc rease  i n  the  bulk dens i ty  f o r  both.  The more dramatic  e f f e c t s  

due t o  t h e  ground aggregate  came from the  a c r y l i c  system ( M M L )  consi-s t ing 

of methyl methacrylate  w i t h  5% poly(methy1 methacrylate)  (PNMA) and 5% tr i -  

me thy  1.01 propane t r ime t hacry l  a t e (TMPTMA) . 
Acid-base i n t e r a c t i o n  between the  polymer matr ix  and the  aggregate  

should a l s o  enhance both the  a d h e s i o n  and t h e  mechanical properties of‘ the 

composite. Since t h e  aggregate being used is  very heterogeneous i n  c.om- 

posi.t:ion, it would be very benefS~cial  i f  the aggregate could be t r e a t e d  t o  

gi.ve a more homogeneous type of su r face .  

‘Tile aggregate  was soaked i n  a c r y l i c  a c i d ,  and then t h e  a c i d  was evapo- 

r a t e d  from the  su r face .  I t  was intended t h a t  t1ti.s treatrilent would r e s u l t  

i n  good adhesion t o  Llie polymer and low agglomeration bet:ween p a r t i c l e s  f o r  

b e t t e r  d i s t r ibu t ior i .  throughout t he  polymer mat r i .x .  As shown i n  Table 18, 

it resill ted i n  b r i t t l e  composit:es with s i g n i f i c a n t l y  lower compressive 

st*ellgth:j i n  moduli. Al.so, f o r  unknown reasons the  polymerizat ion of 

pure polymethyl methacrylate  (MPlA) was i n h i b i t e d .  

Fur fury l  Alcohol-Based R e s i n  Binder (FA) 
.llll 

Kcsearch on the  syn thes i s  of samples from furfuryl-alcohol-based 

r e s i n s  i s  cont inriing i n  order  t o  delerminc. h o w  t he  mechanical p rope r t i e s  

behave as a func t ion  of composition and r e a c t i o n  cond i t ions .  

Samples conta in ing  an aggregatelF8 r e s i n  r a t i o  of one, 20% 

ZnCl, (ca ta lys t -based  on FA r c s i n  weight) and 2% t r i ch lo ro to luene  (TCT, 

i n i t i a t o r - b a s e d  on FA r e s i n  w e i g h t ) ,  were compression-molded f o r  15 min 

i n  rl temperature range from 80 t o  1 5 O V C .  Sheets s u i t a b l e  for machining 

samples fo r  t e n s i l e ,  f l e x u r a l ,  and Izod impact t e s t i n g  were completed. 
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After testing, pararneteLs such as t i i i i e  of compression molding, piessure,  

and ZnC12 and TCT conceritrations will be varied l o  find the optimiirn 

mechanical properties. 

The ZnC1, catalyst m u s t  be added to t h e  mixture t o  redi1c.e the pM and 

allow polymerization to proceed. It is recommended not t o  dissolve it in 

water because higher water contents i n  FA resirts have been reported to 

adversely affect the mechanical properties. If ZnC1, is added directly to 

the FA r e s i n ,  agglomeration r e s u l t s  without rcactioii.  Additioo o f  molten 

ZnC12 to the FA monomer results in violent reactions. 

It w a s  therefore dcc,ided to treat ihe aggregate with ZnC12 by first 

dissolving it i n  Mater. 'The water was then removed by drying to eonstant 

weight. 

light f luf Zy material ta a harder wore dense solid. This agglnrneratiou 

of scrap was periodically broken down during the drying period. 

The aggregate's appearance changed dramatically from that of a 

Samples of t h i s  type aggregate have been cas t  by using aggregate 

treated M i t h  60% ZnCP, (basrd on weight of FA resin) and 3% trichloro- 

toluene (TCT) initiator (based on weight of FA resin) with an aggregate/ 

resin ratio of one. The samples show a low-gloss black finish with A 

density of approximately 1.5 g/cm3. 

Iti addition, it was found possible to blend the ZnC1, witti Lhe aggre- 

gate before polymerization. To avoid a too  fast reaction, the  concentra- 

tion 01 Z r i C 1 ,  was reduced to 20% (based on thc  weight of FA resin); 2:L TCT 

initiator was used with the same aggregate/FA resin ratio. This allowed a 

longer working time. Samples were then compression-molded for C m i n  with 

3629 kg ( 8 0 0 0  lb) load at temperatures ranging from 93 .5  to 1 2 1 O C  ( 2 0 0  to 

2SOQF). 

approximately 1.15 g/cm3 and a shrinkage of approximately 4%. 

These samples showed a glossy dark finish with a density of 

Epoxy . . . . . . Resi XIS (Thermosets) 

Two epoxy system (which w o ~ k  well with cryogenically ground aggre- 

gate) have been obtained from Atlas Minerals & Chemicals, Inc. Samples of 

both resin systems were prepared  by warming the res in to approximately 

30°C (while sLirring rncchanically), adding thc hardener, and mixing in t h e  

aggregate ( 4 0 %  by weight mixture). Final cure was obtained in a 3 5 O C  oven 

for approximately 48 11 to ensure complete p u l y m c r i z a t i o n .  The viscosities 

oi each system were s u r p i  i s i ~ i g l y  low, making it e a s y  t o  prepare 
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good-looking samples in both cylindrical a n d  bar shapes. Although mechan- 

ical d a t a  have not yet been obtained, it is obvious by inspection that 

each epoxy system yroduces specimens that arcs, mechanically different; 

Epoxy A produces rather stiff (kwittle) composites while the other, 

Epoxy B ,  produces rubbery ( d u c t i l e )  composites. Epoxy B would not be used 

f o x  a building material, but o1,hsr applications such as laminates would be 

possible The addition of thc cryogenicglly ground scrap and the scrap in 

t he  bulk state will be investigated further. 

General 

1. 

2 .  

3 .  

4 .  

5. 

Future plans are 

to continue t o  explore ways of increasing the interfacial bond 

between the aggregate and the acrylic matrix through coupling agents 

and acid-base interactions, 

to cast samples with consolidated aggregate received from Lowell 

University, 

to explore [:he use of ground thermoset resins as aggregates to model 

the trend toward the increased use o f  such materials in automobiles, 

to explore the high chemical reactivity of the furan  resin as an 

opportunity f o r  high prodiiction rates at low temperatures, and 

to continue to define the  mechanical. properties as a function of 

composition and reaction condi.tions. 

SEPARATION AND ANALYSIS OF AU'TO SHREDDER RESIIIUE - A .  P .  Plochocki 
(Stevens Institute of Technology) 36-''0 

In close cooperation with the Plastics Institute of America, five 

"madel" (represesitativc) samples of p l a s t i c  shredder residue were prepared, 

four being remnants of plastics contained in 1980 cars as collected at 

different shredding facilities and one being a sample blended tu simulate 

residiic Erom a 1990  car .  A program of separations via dens i ty  gradient 

techniques, identifications of components by semiquantitative gas chroma- 

tography, and evaluations of melt flow via capillary plastometry was 

charted out. For the latter, a melt flow tes ter  (ASTMD 1238) was selected 

and its design (die) modified so a s  to generate meaningful data when 

the residues are blendcd with inexpensive thermoplastics and, possibly, 

compatibilzers. 
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Information on some European proLesses and products bastld on plastics 

scrap utilization was collected and eva lua ted  from the  standpoint of 

potential product targeting. 

In parallel, research aimed at testing the me1 t rheology "blertdirtg 

rule," required for suggestions on shredder residue/thermoplastic binary 

polyolefin systems composition, w a s  started. The isotactic-polypropylene/ 

low drri-,ity polyethylane (i -PP/LDPE) and/or i sot act ic-polypropy1 ene/ 

linear low density polyethylene (i-PP/LLDPE) were selected for initial 

screening of rompouotldbi 1 ity . It j s assure:! that rile1 fluidity synergism 

Pncoilntered in those syster~s m a y  subs tan t  i311y ( 5 2  X )  inci ease the amount 

of the shredder residue possible to incorporate over the maximum losding 

attainable with hoiaopolymers. A major p a r t  of t h e  compoundability s tudy  

coiisistcd o f  installing an3 mast-erilig thc operat i o n  o f  a Haake Fuehler 

melt (distrihiitive) mixer. The ~ , i x e r  will be i i r ~ d  in discretp composition 

sampling studies aimed at determining the high melt fluidity composition 

(HMFC) in the above listed polyblends and for subsequent compounding of 

the shredder r e s i d u e  w i  tli  HMFC po lyblends .  Morphology of the t-::sidi-ie i s  

studied with sieve analysis and optical microscopy. 

PLASTICS REUSE V I A  D E C O M P O S l T I O N  - J. F. Kinstle" (Oak Ridge National 
Laboratory and Uii ivers i  t y  of Tennessee) 

This portion of the ECUT program concerns certain options for recycle/ 

reuse of scrapped organic-: pol ymeric inateri-als v i a  methods involving the 

decomposition or rearrangement of the polymer macromolecule or even the 

monomer. Like other sections o f  the program, the polymeric scrap of con- 

cern is that; from t he  au to  shredder. In line with last year's meeting i n  

Hershey (see Ref. 1, pp. 16--17) and reinforced by further considerations 

since then ,  the auto shredder scrap is appropriate because i.t i.s available 

in great amounts at particular sites, it is not unrealistically "pure'* 

like sorted-out bottles ctc., and i t  is not  unrealistically "impiire'' like 

municipal waste, 

Professor James F. Kinstle of the University o f  Tennessee accepted a 

part-t ime position at ORNL to coortlirrat-e ECUT's ef for t;s on plastics reuse 

.'- 
"Now at Polaroid Corporation, Cambridge, Mass 



via decomposition. I n i t i a l  e f f o r t s  were centered  on organizing an i n t e r -  

na t iona l  symposiiim on Recycle/Reuse and d e l i n e a t i n g  combinations of 

m a t e r i a l s ,  p rocesses ,  and i n v e s t i g a t o r s  who should be involved i n  the  

reuse  e f f o r t .  

P a r t i a l  chemical breakdown of t h e  scrapped polymers to y i e l d  usable  

ctiemical in te rmedia tes  conserves the  g r e a t e s t  va lue ,  but  a more complete 

breakdown t o  petrochemical feedstock or f u e l  i s  a l s o  an opt ion .  TLie l e a s t  

d i scr imina tory  opt ion  f o r  ob ta in ing  b e n e f i t  from scrapped polymeric 

ma te r i a l s  i s  inc ine ra t ion  with capture  of thermal energy, which is  s t i l l  

f a r  p r e f e r a b l e  t o  j u s t  d i s r a r d i n g  tho mate r i a l s .  

L i t e r a t u r e  reviews a imed a t  i d e n t i f y i n g  t h e  knowledge gaps i n  t h e  a r e a  

of p l a s t i c s  reuse  v i a  va t-ioiis molecular decomposition approaches were com- 

p l e t e d .  

t h a t  from t h e  au to  shredder ( i n  agreement with conclusions of t h e  Hershey 

meeting).  The s t u d i e s  included ind iv idua l  “con t ro l ”  ma te r i a l s  t h a t  repre-  

s e n t  major / typ ica l  components of t h e  mixed feedstock such a s  p ~ l y p r ~ p y -  

lene  and nylon. Processes included those a l ready  s tud ied  (py ro lys i s  e t c  .) 

and new ones ( e x t r a c t i o n s  under unusual condi t ions  e t c . ) .  Inves t iga to r s  

were i d e n t i f i e d  by documeIitc:d e x p e r t i s e  i n  appropr ia te  conventional and 

unronventional a r e a s .  Ensuring knowledge o f ,  but nondupl ic i ty  with, other  

r e l a t e d  research  e f f o r t s  was viewed a s  c r i i c i a l ly  important .  

The most appropr ia te  polymeric mater ia l  t o  focus on appeared t o  be 

The i n t e r n a t i o n a l  “Symposium on Recycle/Reuse of Polymersq1 was held  

on August 31 and September 2 ,  1983,  during the  f a l l  na t iona l  meeting of 

t h e  American Chemical S o c i e t y  i n  WashiIigtcm, D . C .  The major impression 

obtained from t h e  symposium was t h a t  t h e r e  a r e  more developments i n  t h e  

r ecyc le  or reuse o f  polymer sc rap  around t h e  world than previous ly  thought .  

For example , i n c i n e r a t i o n  technology - inc luding  gaseous and p a r t i c u l a t e  

emibsions and s o l i d  c l i n k e r  cons idera t ions  - seems t o  be q u i t e  w e l l  devel- 

oped. Pyro lys is  techniqucs ( inc luding  i n e r t  gas and molten s a l t  pyroly- 

s e s )  have been s tud ied  more than  some recognize,  though f u r t h e r  work i n  

py ro lys i s  ( e s p e c i a l l y  with s e l e c t e d  a d d i t i v e s  and/or concomitant appl ica-  

t i o n  of o the r  energy such as  u l t r a v i o l e t )  probably i s  warranted. 

p a r t i a l  breakdown can be very va luable ,  and f u r t h e r  work is  needed t o  

a s s e s s  i t s  p o t c n t i a l  con t r ibu t ion .  

Se lec t ive  

A t  the Univers i ty  of Tennessee, l i t e r a t u r e  reviews and l imi t ed  experi-  

mental s t u d i e s  have heen c a r r i e d  ou t  on decomposition rou te s  with 



hydrolysis and nonaqueous solvolysis. These studies illustrate t h a t  

hydrolysis o f  polymers - withoi i t  added aci.d, base, or other catalyst -- 
offers a viable method for reclamation of niat;cxial s f r o ~ ~  scrapped poly- 

mers. The utility of the approach is not limited to polymers w i t h  

obvicjus1.y 1iydrolyzabl.e structures 3.ike the polyesters or  polyurethanes, 

but also includes more "resistant" materials like the styrene-crosslinked 

unsaturated polyes te r  systems For the sinrp1.e segregated systems , the 
science is relatively complete, and the process engineering appears to be 

available. For the more resistant and, therefore, complex systems the 

science is not complete nor are key variables defined sufficient.ly to 

allow processes to lx! forroalixi.1. Further work is nt?cessa-iy on the latter 

systems and is continuing on the styrene-crosslinked urisat,urated pol.yesta:r 

sys t i em anti 01-1 t he  mixed pol.ymer material obtained from t he  auto shredder. 

Treatment of polymers with nonaqueous solvents can lead t o  dissolu- 

tion and/or reacti.on. Therefore , such t rca tn ien t  has potential utility irr 

extraction/separation or in chemical modification/degradation O K  - in the 
ideal case - perhaps in both. Mul.ti~olymer/single solvent extractions aad 

single polymer/single solvent reactions have been investigated in prior 

work and in the present studies. Scouting work on multipoly[~er/multi- 

solvent schemes has been carried out. Certain problems have become 

apparent such as non-ideal solubility behavior, i . a . ,  dissolution o f  one 

species even t o  a t-elati-vely minor extent often affects the ability o f  

that solvent to dissolve or react with another species. it shou1.d be 

possib1.e to use thi.s "problem" to advantage. While combination systems 

will have t o  be treated indi-vidually and additional physical and analyti- 

cal chemistry may have t u  he adapted t o  the study of such systems, it 

appears t h a t  this area has tremendous potential. 

ASSESSMENT OF ECONOMIC POTENTIAL OF PLASTICS REIJSE - T. R. Curlee (Oak 
Ridge National Lab~ratory)~'-~' 

The initial effort was a literature review and an assessment of the 

long-range economic potential o f  plastics feuse. All plastic waste streams 

were considered, not just those in automobile shreds. Techmica1 and eco- 

nomic data were collected on expected wastc streams, costh of various 

recycle technologies, and projected costs o f  competitive products. Results 
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indicated an abundance of preconceived notions (mostly negative) about the 

economic potential of plastics reuse, but a dear-t-11 of hard supporting 

data. The results of this assessment should be o f  great value to the area 

of plastics reuse in general and t o  the ECUT Pro-ject in particular in 

guiding i t s  efforts in this area. 

Further work was aimed a t  two major objectives. F i r s t ,  projections 

of the quantities and qualities of plastic w a s t , c b s  in the 1985 to 1990 time 

frame were made. These projections were made in terms of specific plastic 

resins and the forms in which the wastes are expected to enter the waste 

stream. Form implies either manufacturing nuisance plastics or one o f  

eight pnstconsumer categories of goads. The projections indicated that 

the largest plastic waste category will be packaging. Considering all 

future waste projections, it was concluded that about 25%.  or  about 3 . 3 9  

billion kilograms ( 7 . 4 8  billion pounds) per year, of the t o t a l  quantity 

of plastic wastes can bc, easily diverted; about 79% is expected to be 

thermoplastics. 

The second major objective was to review the available cost and reve- 

nue data concerning tlic various plastics recycle and disposal technologies. 

Three major conclusions were drawn from this part of the work. F i r s t ,  the 

availablcb cost and revenue estimates are not sufficient in terms of 

quality or quantity to make any definitive statements about thc economic 

viability of any of the  technologies. Second, given the available data, 
preliminary conclusions indicate that several recycle processes are com- 

petitive with currently used disposal processes. Third, the available 

data  intlicate that recycle processes Lhnt utilize municipal wastes are not 

clearly inferior to recycle processes that require relatively uncontarni- 

nated wastes. Additional work is required to make more definitive 

conclusions. 

AGING OF RIGID URETHANE FOAM INSUIATION - L.  Glicksman (Massachusetts 
Institute of Te~hnology)"~-~~ 

Tale overall objective of this task is the development of experirnen- 

tally verified models to predict thermal characteristics from measurable 

material properties in order to predict: the reduction with time of the 
insulating qualities (R-value) of rigid urethane foam insulation and, 

if possible, to suggest ways of mitigating it. The R-value o f  this type 
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of insulation i s  thought to decreasc over t i m e  by as much as 40% as the 

blowing gas (Frcon 11) trapped in the cells of the foam diffuses out and 

is replaced by air. The work in this t a s k  involves t.he mxleling of heat 
transfer and gaseous diffusion; accordingly, progress is reported below 

under those t opics I 

Heat Transfer 

The study of heat -t:-r-ansfer in foam insillat ions entailed the develop- 

ment of simplified procedures for material properties measurement including 

the thermal conductivity of both the solid polymer ;and entrapped sases 

the mod.ified extinctivni coefficient, and the fractional distribution of 

polymer in the struts vs the fraction in the cell walls. Very siniple 

procedures were developed for the determination of bokh the modified 

extinction coefficient and the thermal condiictivity of Lhe so4 i d  polymer. 

I-t was foi.md that the modified ext i-nction coefficient may be deliermined 

directly by using a spectrometer fitted wi. t ln  an integraLtid hemispherical 

collector. A finite difference program siinulating the absorbing and scat- 

tering processes that occur in the spectrometer was used to veri.fy t he  

validity of the test. For the polyurethane foam arid fiberglass i.t was 

determined that t lw  error increased with the amoun t  of backscatter and 

increasing albedo. T h i s  error  is usually within 10% for normal phase 

functions and a modest albedo, and always less than 15% even in the 

estreine case of high albedo and highly back-oriented phase funct i.on. 

extinct-ion coefficient is not constant for all thicknesses, and minimum 

error is achieved i.n the range of o p t i c a l  thicknesses o f  0.75 to 1.5 

(approximately 40-20% transmiss i-on) . For polyurethane foam, the el-ror was 

found to be 3%.  Considering the fact t ha t  radiation accounts for  approxi-. 

m a t e l y  2.5% of the total heat flux, this simplified procedure should cause 

a total heat flux error of less than 1%. The procedure was a l s o  verified 

fo r  fiberglass iisi~ng measured phase functions. 

The 

4 search o €  the Literature on the thermal conductivity of solid poly- 

urethane has shown that reported valiies vary  by more than a factor of 2, 

from 0.166 W/m---OC (1.16 9tii-”Ln/ft2--h--oF) to 0 . 3 4 7  Y/m-’C ( 2 . 4 2  R t u -  

in./ft‘-hr-OF) . 
might bc due to two factors: variations in polyiriel- chemistry and t h e  thes-- 

mal history of the foaming proi;ess. The thermal history oE a foam affects 

It was postulzted that the variation in conductivity 
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the amount of crosslinking in the polymer as well as the amount and type 

of gas that may be dissolved in the solid polymer. 

measure the. thermal conductivity of a solid polymer in the as-foamed state 

was developed during the past year. 

A simple test to 

This test is a transient, hot-wire, thermal conductivity test. The 

measurement procedure involves embedding a small-diameter heater wire 

between foamed polyurethane samples, which a m  then crushed to nearly the 

s o l i d  density under a pressure of about 345 MPa (50,OQQ p s i ) .  e crush- 

ing cylinder arrangement i s  shown in Fig. 20. 

enixapped gases on the conductivity, two tests were performed: one on foam 

that is only crushed, therefore containing freon as well as atmaspheric 

gases; and one an foam that is granulated before crushing, therefore can- 

taining only atmospheric gases. 

To measare the effect of 

DIMENSIONS IN INCHES 

Fig. 20. Schematic of apparatus for crushing plastic foam samples 
and measuring the thermal conductivity of the crushed foam plastic. 
Source: L. Glicksman, Massachusetts Institute of Technology. 
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A cur ren t  i s  produced i n  t h e  wire,  causing t h e  temperature of t h e  

wire t o  ihcrease.  The thermal conduct ivi ty  of t h e  mater ia l  surrounding 

the  w i r e  may be i n f e r r e d  from the r a t e  of temperature inc rease  of t h e  

wire. 

The heat  t r a n s f e r  from t h e  wire has been modelled as a constant  l i n e  

heat  source i n  an i n f i n i t e  mediiim. A w e l l  known s o l u t i o n  f o r  t h i s  problem 

e x i s t s ,  from whi.ch the  t i i e r ~ ~ ~ l  conduct ivi ty  of the surroundi-ng medim: is 

e a s i l y  e x t r a c t e d .  Because the  method of measu.ci.ng t he  temperature o f  t h e  

wire i s  by monitoring i t s  change i n  r e s i s t a n c e ,  t he  s t r e n g t h  of t h e  power 

generat ion must change a s  w e l l .  'I'his d i f f i c u l t y  was overcome by nimeari- 

c a l l y  generat ing c o r r e c t i o n  f a c t o r s  u s i n g  t h e  general  t i m e  varying power 

s o l u t i o n s .  I t  was found t h a t  the co r rec t ions  a r e  5 t o  10% of the  measured 

thermal conduc t iv i ty  f o r  t he  amoiin.t, of power v a r i a t i o n s  observed. 

Samples of t h ree  urethane Eoams (Owens Corning B 8 7 ,  Dow 33-4B,  

and Dow 3 4 - S A )  were crushed a t  t o t a l  pressures  below about 345 MPa 

(50,000 p s i ) ,  a f t e r  which the  thermal c o n d u c t i v i t i e s  of t h e  crushed com- 

pac t s  were measured. The r e s u l t s  a r e  shown i n  F i g .  2 1 .  They c l e a r l y  

show t h a t  pressures  above 240 MPa (35 ,000  psi.) a r e  needed to achieve 

the  t r u e  c o n d u c t i v i t i e s  of t h e  foamed p l a s t i c .  

Also shown i n  P ig .  2 1  a r e  r ep resen ta t ive  s o l i d  urethane thermal 

conductiuit i .es previously reported i n  t h e  l i t e r a t u r e .  Nota the wide 

v a r i a t i o n .  Note, too, t h a t  a l l .  t h r e e  foam p l a s t i c s  t e s t e d  tend t o  y i e l d  

e s s e n t i - a l l y  the  same ulti.mate value.  

An a n a l y s i s  of t h e  u n c e r t a i n t i e s  involved i n  the t e s t i n g  r e s u l t e d  

i n  ac o v e r a l l  t es t  experimental unce r t a in ty  of approximately 8%. T h i s  

includes the unce r t a in ty  due t o  the power deviati-on of the  hot  wire ,  t he  

nonuniformity of the ternperatut-e of t h e  wire due t o  conduction along i t s  

l eng th ,  e l e c t r i c a l  noise  and o f f s e - t s ;  and t h e  u n c e r t a i n t i e s  Ln t h e  mea- 

sured temper:ature c o e f f i c i e n t  of r e s i s t i v i t y  and the  measured length o f  

the hot  wire.  Considering t h a t  conduction through t h e  s o l i d  accounts f o r  

approximately 25% of t he  t o t a l  hea t  f l i ix through t h e  foam, an 8% uncer- 

t a i n t y  i n  pillyriesr condnctivi.ty reduces t o  only a 2% unce r t a in ty  i n  the  

e f f e c t i v e  R-value of t h e  foam. This i s  q u i t e  acceptable .  

The ca1ibrat.i-ons of t hc  experiment were checked by  t e s t i n g  a sample 

of gum rubber whose thermal conduct ivi ty  WRS previously measured by 
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Fig. 21. Plot of measured thermal conductivity of samples of commer- 
cial polyurethane foam thermal insulations vs crushing pressure. Also 
shown (dashed lines) are thermal conductivity values for s o l i d  urethane as 
reported in the literature by other workers. Source: L.  Glicksman, 
Massachusetts Institute of Technology. 

J.. 

Dynatech Corporation.'' 'Ten samples, tested by the method described above, 

resulted in an average K of 0.173 W/m-OC (1.34 Btu-in./ft2-hr-'F) with a 

standard deviation of 4.8%, which compares favorably with Dynatech's 

measured value of 0.165 W/m-'C (1.28 Btu-in. /ft2-hr-'F). 

A major problem in this test was confirming that it is actually the 

polymer conductivity that is measured, because some of the gases trapped 

in the closed cells remain i n  the sample after crushing. The trapped 

gases cause a contact resistance between layers o f  the foam, arid they may 

cause the measured conductivity to be lower than the solid polymer conduc- 

tivity. The effect of entrapped gases was evaluated by testing two types 

Cambridge, Mass. 9: 
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of foam samples. Fsesh foam, primarily containing Freon, was crushed axid 

tested. Secondly, foam was granulated in a kitchen blender, and the foam 

fluff was tested. In the first; case, Freon is the t rapped  gas, whereas in 

the second case, the majority of the Freon is released on blendin.g, and 

air is the Lrapped gas. Freon has a substantia1l.y lower conductivity than 

air, so comparison of the test results should indicate the magnitude o f  

the contact resistance problem. The resixl-ts showed essentially t he  same 

conductivity- for both whole and granulated foam, indicating that the 

entrapped gases , and hence contact .t:e?sist;ance , have little effect when 

. testing the  foam at 290 MFa (65,000 p s i ) .  

The test repeatability was also checked by perforining t e s t s  on th3 

saae foam sample a week a p a r t .  The results were idmtical. 

Thermal. conductivity tests of 24 samples of polyurethane yielded a 

mean p ~ l p e r  conductivity of 0.261 W/m.-OC (1.82 R t i i - i  I-(. /S t2-hr-oP)  h7i.t.h a 

standard dev ia t ion  of .5 .2x.  A total of  260 tests were conducted. “Re 

maximum deviations from the mean are 10%- Considering t h a t  the exgerim-acx~- 

tal. unce r t a i  n ty  j ~ s  approximately l o%,  no measurable variation in poJ.ymer 

condiictivity was observed. The value of 0.261 W/m--’@ i s recommended for 

use in the heat transfeir model. Testing o f  each foam is not-. required. 

During the next y e a r  attempts w i - l l  he made to fully characterize 

several foam samples. This will serve as a check on both the material 

property rneasnrewents and the  heat transfer model. 

Diffusion 

Initial results fsom experimental sectioning of four polyurethane 

foams were obtained. Measiircwmnts of foam eel 1 wal l  thickness, strut cross 

sectional area, and surface-to-volumc ratio were obtained from optical and 

scanning electron photomicrographs. These geometrical factors are needed 

in both the diffusion atid heat  transfer p a r t s  o f  the overall aging model. 

The sectioning of the polyurethane Cc?ams with dens i ties of 0 . 6 2 8 3 ,  

0 . 0 3 0 4 ,  8 . 0 4 3 2 ,  and 0.0447 g/cm3 (1.77, 1.90,  2.70, arid 2 . 9 9  Ib/ft3) was 

completed. It was found that the cell size and the striat cross sectional 

area decrease as the foam density increases. Mass distribution measure- 

ments indicated t ha t  only 33 to 30% of thP polymer material is in the 
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walls, while the rest is in the struts. This important observation was 

used to modify the original model, which assumed that 100% of the polymer 

is in the walls and thus was predicting much lower permeability than the 

data were indicating. Permeability predicted by the madified model ( i * e . ,  

by using the correct wall thickness and mass distribution) was found to be 

within 10 to 20% of the actual measurements. 

"fie effect of the low-viscosity resin, which was used for scanning 

electron microscope photographs of the foam, was tested. No significant 

change at- tho strut cross section was noticed, but it was found that wall 

thickness does increase from 30 to 50% when the resin is used. It was 

corncluded that the resin affects only the surface of the polymer and there- 

fare changes the thickness of the thin walls, while the much thicker struts 

are unaffected, 

Permeability measurements by using foam samples of 0 .635 ,  0.95, and 

1.27 cm (1/4, 3/8, and 1/2 in.) were performed. The samples were exposed 

to a pressure difference of 14 to 96.6  kPa ( 2  to 14 p s i )  of 02, C02, or Nz. 
The temperature influence on the permeability was also studied. Data were 

taken for carbon dioxide and oxygen in a polyurethane foam sample. It was 

found that the permeation rate at 60'C increased 6 times for the oxygen and 

3 times €or the carbon dioxide; therefore, it was concluded that the 2- or 

3-month accelerated aging test might not adequately simulate the actual 

aging" 

Reverse flow was observed during the polyurethane foam permeability 

test: whenever the low pressure (downstream) s ide  of the permeability test 

apparatus was flushed, the slug in the capillary tube moved toward the cell 

indicating that the gas volume at the low pressure side is decreasing. In 

order to get reliable data, the sample was exposed to a relatively high 

pressure drop for  several weeks and flushed. Following this, data were 

taken and a constant permeability was obtaincd in the pressure range from 

10.3 to 82.75 kPa (1.5 to 12 psi) (provided the cell had not been flushed 

at least 1 h before the data were taken). The results obtained for dif- 

ferent temperatures are as follows: 
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0 . 0 3 0 4  g/cm3 ( 1 . 9  lb/ft3)91 foam; 

a t  25OC, permeability ( P e l  = 4.17 x 1 0-7 ~ r ~ ~ ~ ~ ~ ~ - h ~ t i i / c r n ’ - - S - c r n ;  

I& with range 5 8 . 3 % ;  

at 35’@, Pe = 6.03 x lov7 with range $3.87;; 

at 5 f j a C ,  Pe = 11.5 x with range .t9.7:4. 

( In  the Pe u n i t s ,  S is  the effective solubility of 

the gas in  tho solid polymcr expressed as cm3/cm3--stma) 

At tcmpIs  werp made to measure the permeability of the solid material. 

Bubbles formed on the free-rised foam surface were used as test samples. 

Because it was observed under the microscope that smal l diameter bubbles 

have IFSS cracks or holes, only small bubbles were cut out and glued to a 

rubber ring. Then C 0 2  and Fieoil at atmospheric pressure W P I  v app1 icd to 

the opposite side of the samples. A l l  samples wcre examined under the 

microscope, and all were found to have some cracks.  

Fol 1 owing these  t e s t s  two chaiigcs were macle : the apparatus was 

improved to bring down the initial CO, a d  Freort p r e s s u r e  shock on elnc 
sample, and rigid Plexiglass was uscd instead of the rubber ring to make 

sure that the glued bubbles did not experience mchmical s t r e s s ,  With 

these changes the fiist rionleaking sample was obi ained, but, whenever the 

@02 s i d e  of the apparatus was fliished, reverse flow was still observed 

similar to the reverse flow observed during the foam tests. 

Because the tiny f i l m  does not have any capacity to absorb or emit 

gases, it was concluded for some time that some other part of the appasatms 

was absorbing and emitting gases. It is now felt that, after flushing, 

the Plexiglass and rubber are acting as sinks for pure C02 and as SOUKC~S 

for the ather gases. 

add volume to the permeatpd gas. This could explain the previously 

obtained nonlinear relation between the permeation r a t e  and pressure drop. 

Further modifications on the apparatus are being made. 

Euery Epoxy adhesive could be expected to outgas and 

At the same time, more data were taken to quantify the permeation 

rate at the foam/foil interface. Samples, outer diameter. 22.86  c m  (9 in.) 

and inner diameter 5.08 cm (2 in.), were cut and exposed to overpressure 

at the outer diameter. The permeation rate w a s  measured at thc jnner 

diameter. The same very high permeation rate data were taken w i L h  a 
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sample with a plastic facing. The only sample that exhibited no flow rate 

at all was one with a heavy steel facing. 

PLASTIC-COATED LOW-TEMPERATURE HEAT EXCHANGERS - P .  D .  Rr>ach 
(Argonne National Laboratory)" 

The objective of this task is to test plastic coatings for applica- 

tions in waste heat recovery systems which must extract lieat from gaseous 

waste streams containing potentially corrasive gases such as S Q 3  at tem- 

peratures below 20OoC. The work attempts to identify plastics which are 

thin enaiigh not to impede the heat flow excessively yet thick enough to 

protect the underlying heat exchanger material. In addition, costs must 

be held within commercial feasibility. Primary emphasis is an developing 

materials that will withstand the hot sulfur-bearing flue gases generated 

in industrial furnaces and boilers. 

Four new sample pieces consisting of very thin [0.00254-cm (0.0Ol-ia.)] 

p l a s t i c  coatings on carbon steel tubes were tested primarily to explore 

the feasibility of very thin coatings. The plastics used were Xylac poly- 

ethersulfone (PES),  Dykor polyvinylidene fluoride (PVDF), Ryton polypkicny- 

lene sulfide (PPS), and Lectrofluor 604P (proprietary). 

Testing w a s  relatively b r i e i  because all samples showed quite rapid 

deterioration in the hot  sulfuric acid vapor. The samples showed severe 

corrosion of the underlying metal tube i n  about 100 h O F  testing. Such 

very thira coatings are not adequate protection becaiase the acid vapors can 

reach the metal through small defects or porosity of the coating. 

Extended testing of a quitc, thick plastic coating has led to an 

unexpected failure. The coating was a 0,076-cm-thick ( 0 . 0 3 0 - i n , )  spray 

coating of polyphenylene sulfide (PPS). After more than 3600 h of 

testing, metallic corrosion developed at one spat under the coating. This 

led to local swelljng and cracking of the coating and perforation of the 

underlying stainless steel tube. Thinner coatings of PPS performed well 

after comparable test times. 

The failure of the thick coating can probably be attributed to 

excessive stresses caused by differential thermal expansion between the 

plastic and the metal. Thinner coatings can more easily stretch to 

accommodate this expansion. This result also confirms the value of 
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extended t e s t i n g .  T t  cannot be assumed t h a t  a sample t h a t  surv ives  1000 

or  2000 h o f  t e s t i n g  w i l l  then surv ive  i n d e f i n i t e l y .  The emphasis i n  the 

cu r ren t  program i s  long-term t e s t i n g  of t he  samples t h a t  have performed 

well f o r  thousands of hours. 

Two other samples, i d e n t i f i e d  hy t h e  vendor a s  XYLAC 4600 and XYLAC 

4400 were a l s o  cor ros ion  t e s t e d .  Although coating th icknesses  of approxi.- 

niately 0 , 0 0 5  c m  (0 .002;  i n . )  were promised by t h e  vendor, t he  a c t u a l  th ick-  

ness WRS rnueh l e s s  (by a f a c t o r  of 3 to  1 0 ) .  'l'hese new samples w-~se 

i n s t a l l e d  i n  the  cor ros ion  t e s t  apparatus fo r  cx~msure  to hot  s u l f u r i c  

ac id  vapor. A f t e r  relat.i.ve1.y sho r t  exposure ( 4 0  and 90 h ,  r e spec t ive ly )  

t h e  samples showed severe metal .1 . i .c  corros ion  I These are s i m i l a r  r e s u l t s  

t o  those observed wi!:h o ther  very t h i n  p l a s t i c  coa t ings .  E i t h e r  of these 

p l a s t i c s  may be e n t i r e l y  s a t i s f a c t o r y  i n  adequately t h i c k  (0.013- t o  

0.025-cm) coa t ings .  

Several plasti.c-coa-ted heat  exchanger tubes have now accumulated over 

5000 h i n  t h e  cor ros ion  t e s t  apparatus .  The perfl.uoroalkoxy (PYA) sample 

i s  now b a d l y  b l i s t e r e d ,  i nd ica t ing  cor ros ion  of thp_ underlying metal tube .  

However, both samples of Rytoii PPS (polyphenylene s u l f i d e )  have withstood 

the  su l fur ic ,  a c i d  vapor environment v e r y  w e l l .  These coa t ings ,  of 

th ickness  0.0127 and 0 . 2 5 4  cm (0.005 and 0.010 i n . ) ,  a r e  e s s e n t i a l l y  

unchanged a f te r  5070 and 3760 h ,  r e spec t ive ly ,  i n  the t e s t  appara tus .  

Ryton i s  the only p l a s t i c  t h a t  has  s u r v i v e d  t h i s  long. 

MATERIAIS BY DESIGN 

The o v e r a l l  ob jec t ive  of t h i s  newly i n i t i a t e d  work element i s  t o  

e s t a b l i s h  the  t echn ica l  feasibility of inodeljnx p rope r t i e s  of r a t e r i a l s ,  

e s p e c i a l l y  i n t e r f a c i a l  and su r face  p r o p e r t i e s ,  by using c a l c u l a t i o n s  of 

the e l e c t r o n i c  s t r u c t u r e s  o f  many atoms i n  order  t o  design,  opt imize,  and 

c o n t i o l  various phenomena important t o  energy comerva t ion .  The scope D C  

t h e  e f f o r t  was expanded beyond s u r f a c e  c a t a l y s i s  phenomena to include 

su r face  phen~mcna i mpwtatit i n  ti ibol ogy and g r a i n  boslndary and adhesion 

phenomen? important i n  the ma te r i a l s  s c i e x s s .  

I t  was determined t h a t  ~ ~ S ~ S S ~ M X I ~ S  ~ i i o ~ l j .  be Condlacti.ii i 11 Lhres areas 

t o  determine the s t a t e s  of the  a r t s  and the  y ~ t ~ n t i a l  f o r  f l i t  tire 
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applications to practical modeling of the above phenomena. These three 

areas to be addressed are electronjc and molecular theory, computer tech- 

nologjr, and experimental techniques. 

The power o f  the experimental techniques would determine how well the 

predictions of the models could be verified. A potential subcontractor to 

carry out the assessments f o r  molecular theory and computer technology was 

identified. However, the attempt at a sole-source procurement for the 

assessment was rejected by UCC-ND Purchasing (now Martin Marietta Energy 

Systems, Xnc.); therefore, procedures for competitive bidding were imple- 

mented. An announcement of the Request for PrQpQsal (RFP) for the 
assessment appeared in page 31 of the September 2, 1983, issue of Conmerce 

Business D a i l y .  Copies of the KFPs were mailed to about 90 prospective 

bidders on September 2 6 ,  1983. Proposals were due on November 21, 1983. 

A review panel of QRNL researchers was named. 

NEW ASSESSMENTS AND INITIATIVES 

The objective of this work element is to explore, to a limited 

extent, conceptual ideas as they arise during a fiscal year in order to 

assess their potential for further funding in the future. 

CUBIC BORON NITRIDE ANI) DIAMOND-LIKE CARBON COATINGS BY CVD - 
D. P. Stiwton (Oak Ridge National Laboratory) 

A small effort was initiated to explore the feasibility of producing 

cubic boron nitride (BN) and diamond-like carbon coatings via the chemical 

vapor deposition route. Diamond and cubic BN are, respectively, the hard- 

est and second hardest substances known. 'I7ney are produced in bulk form 

through high-temperature and high-pressure processes but tist as coatings. 

It is believed that if such coatings could be produced, they would find 

myriad uses as bearing and wear-resistant surfaces. The approach being 

taken for this task is to use activation of the process gases via either a 

plasma or a hot filament prior to deposition on the substrate. 

Several attempts were made to produce diamond-like carbon coatings 

from methane and hydrogen by the hot-filament activation technique - 
attempts resulted in oxidation of the tungsten filament and deposition of 

All 
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metallic tungsten on the reactor walls and substrate. Oxidat,ion of the 

filament continued to be 2 problem even after several modifications tu the 

coating system. Potential soiwces of oxygen contamination are f rom a i r  

leaking into the system or contamination of t h ~  coating gases with oxygen. 

The solution to these problems is  the use of an ultra-high-vacuum system 

and the use of devices t o  remove oxygen from the gas streams. Because 

limited firnding precludes sach efforLs at the yrescat  time, the hot fila- 

ment activation work was tcrminated. 

Development of a system that employs plasma activation lor the depa-- 

sitioxi o f  ciibic BN coatings is continuing. For tbjs system, t.he coating 

gases are activated in a plasma before coming into contact with tho 

substrate. The chieS adwantage of t h i s  technique i s  the ability to depos i t  

films at unusually l o w  subs%rate temperatures. A s  a result, metastable 

matrrjals and Films which are mismatrlrcd in thermal expansion with the  

substrate can be deposited without severely slrassing t he  f i l m  as the 

coated substrate cools to room temperature. 

The system consists of an RF (radio frequency) genesstor inductively 

coupled I;(> a quartz reaction chamber, coating gas metering equipment, 

vacuum pumping equipment, and an off-gas handling system. 

range Lepel generator i s  used to produce an argon plasma This generator 

was received and installed, 

A 20-k”nl variable 

Thc reactions which are being used t o  explore the production of cubic 

BPI are as follows: 

An argon plasma was eskablisbed in this sys&.m at the r ~ d u c r d  pressure 

of 0.67 kPa (50 torr). A very st-able p l a s m  coiild be estab1 isired w i t 1 1  

proper control o f  t h t !  gas flow, generator pover, and f i n e  tuning of L ~ P  

generator to the load. However, sma?] flows o f  hydrogen or other coating 

gases were found to cxt ingi l i sh  the argon plasm. The plasma was extin 

guished because very little of t h e  RF power was coupled w i t h  th* plasma. 

Numeroils madifications to the induction coi 1 and coating chamber failed tics 

transfer significani amenirrts of energy to the plasma.  A co;imerc ha8 vendor 

(TAFA) has been located that prodlires plasma torches to operate  v i t h  RF 
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generators. 

of power from the generator. A 2.54--cm-d.iam torch is being purchased that 

should capture 90 to 95% of the power when attached to our coating chamber. 

Their design has been optimized to obtain the maximum amaunt 

Radio frequency plasmas have been ernphas i zed in t h j  s work instead 

of dc arc. plasmas because the absence of electrodes should reduce con- 

tamination. Thermal plasmas of t h i s  type should operate at, 8000 to 9000 K 

and have relatively gradual thermal gradients. 'P'he velocity of gases 

through a thermal plasma is cons iderably lower than for a dc are plasma, 

resulting in an increased residence time of from 5 LO 20 r n s ~ c . .  Onc dis- 

advantage of an RF plasma is that it is difficult to get coating gases to 

thorough1.y mix with thc denser plasma. Distributor designs become very 

important to ensure that coating gases pass through the plasma. 

plasma torch which is being purchased has a distributor design that has 

proven to thoroughly mix the coating gases with the plasma. 

method to g e t  good gas mixing uses a water cooled CO~PCK probe which c.an 

be introduced directly into the plasma. Coating gases can then be intro- 

duced into the plasma through the cooled probe. A second advantage of 
such a probc is that gases can be introduced into the tailflame o f  the 

plasma by inserting the probe through the plasma to the tailflame. This 

will very likely be necessary in this work because the introduction Q[ 

NHJ into an argon plasma will very likely extinguish the plasma. The 

energy necessary to ionize appreciable quantities of hydrogen gas is 

greater than the energy available from the RF generator presently used. 

Introduction o f  gases into t he  tailflame should dissociate the NH3 but not 

affect the argon plasma. 

The TAFA 

An additional 

CERAMIC COMPOSITES - G .  C .  Weif; (Oak Ridge National Laboratory)" 

A small effort was initiated to explore the possibility of using Sic 

whiskers to improvc mt:chanical perlormance of ceramics. This is a joint 

effort with ARCO, Inc., which is supplying the whiskers. Tn order to 

fabricate net-shape, large specimens (-76 x 12 x 6 mm) for evaluations, 

graphite dies with cheek pieces and square punches were prepared for 

uniaxial hot pressing. I n  principle, hot isostatic pressing can also be 

applicable if proper materials can be identified. 

-9. 

"Now at ETE Sylvania Laboratories, Waltham, Mass. 
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Specimens of ARC0 Sic whiskers i n  AlL03 matrix, mullite matrix, B,C 

matrix, Zr02 matrix, or Si3Ni ,  matrix were fabricated to high densities by 

uniaxial hot pressing. Thc Sic whiskers appear cotnpatible with A1203, 

mzlllite, or B a C  matrix materlals at hot-pressing t eapcratures as speci- 

mas o f  over 99% theoretical density have been successfully fabricated. 

On the other hand, Zr02 or Si3N,, appear to react with the: Sic whiskers 

resulting i n  bulk densities less than 95% o f  theort?tical. Optical micros- 

copy of the Sic-whisker, A1203-matrix, mil  lite-matrix, and B4C-ttlatrix 

materials revcnled that the whiskers were preferably aligned perpecdicular 

to the  hot-pressing direction. 

Many samples were sent for determinations o€ modulus o f  rupture and 

critical fracture to r rghess ,  KI,. II was found t h a t  the Sic-whisker 

Al,03-tnatrix material had reraarkable and significant improvement.h i n  KI(_. 

over conventional hot-pressed or s i n t c r e d  A 1  r D 3  ceramics For cracking in 

the direction perpendicular to the  orientztion af the whiskers at, tan- 

prhi-atcces up to l Z O O ° C  i n  air. 

and whisker lengths will be preyared via various p r c ~ e s s i ~ g  techniques for 

mechanical test ing i 11. order to understand the toughening and strengthening 

mechanisms. 

Mort- specimens of different compositions 

A different t y p e  o f  alumina povder with a finer particle size than 

t h a t  of the alumina powder previo-usly used was ennpioyed. In addition, an 

ultrasonic homogenizer was used for mixing the whiskers with the powders. 

These two process modifisaLions greatly improved L h e  uniformity of the 

Kicrostructure  of t h e  hot-pressed  sample^ . Metallographic examination 

showed the preferred orientation of Sic whiskers, but  with a much more 

uniform distribution, qualitatively, i n  planes orthogonal or parallel to 

the hot-pressing axis. As a result, statistically, the modulus of rup- 

ture of these samples waq increased by about 274 Q V C ~  that of the previous 

samples. 

Analyses of the transient densificat-ion curves (linear shrinkage vs 

time) of the whisker-powder mixtures during hot prcssj og revealed several 

interesting features. First, most (-30%) of the densification was com- 

pleted at l,r?mpratures as low as 1 6 O O O C .  Second, 1 he Cinal densification 

ra te  (from -90% density to 100% density) was temperature dependent with an 

activation cnergy of only 2 eV. Third, the densification rate in the 
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final stage was proportional to the hot-pressing stress to the 1 . 6  power. 

The 2-eV activation energy and the 1 . 6  stress power dependence of the 

final stage o f  the hot pressing suggest a boundary mechanism controlled 

with plastic flow. Therefore, attention must be directed at ways of 

enhancing boundary transport and deformation for further development of 

pressureless-sintered whisker-reinforced alumina. 

in summary, under this task, a new material has been successfully 

developed, namely, Sic-whisker-reinforced alumina possessing improved 

toughness and strength. Further development of this material, including 

optimization of the whisker content, pressureless sintering, etc., is 

expected to be continued under the sponsorship of the DOE Ceramics 

Technology for  Advanced Heat Engines Project.. 

AGWETRQN-SPUTTERED AMORPHOUS METAL WEAR-RESISTANT COATINGS - 
S .  K. Khnnna (Jet Propulsion Lab~ratory)~','~ 

A sm,zll effort was initiated at the Jet Propulsion Idmratory (JPL) 

to assess the wear resistance of amorphous metallic coatings produced by 

magnetron sputtering. It is known that amorphous metallic alloys with 

their homogeneous microstructure and lack of long range order tend to be 

much more resjstant to chemical corrosion than the same alloys in their 

crystalline forms, and there is some evidence that the same applies to wear 

resistance. However, such alloys are usually produced in either powder or 

narrow ribbon form by liquid quenching. Clearly, it is impossible to use 

them in this form for protective purposes as most attachment processes 

involve heat treatments which would cause the amorphous phase to crystal- 

lize. 

metallic coatings can be deposited onto a steel surface by magnetron sput- 

tering, thereby improving the wear resistance of the steel dramatically. 

In this present; work it was shown that hard adherent amorphous 

A sputtering target of (Wo.6Reo.o)76B2b was fabricated by hat pressing 

at 120Q'C and 20.7 MYa (3000 psi) thoroughly mixed powders of W, Re, and 13 

into the desired composition. 

size required. W-Re-B films were deposited on microscope glass slides 

using a dc sputter "S-gun" (Sputtered Films, Inc.) for characterization 

studies. Typical sputtering parameters w e r e :  base vacuum about torr; 

The target was finally machined to the exact 
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carrier gas, argon at 5 vm pressure; power fcd to thc, run at about 700s) \+I; 

substrate to target distance about 12 I 7 c m  (-5 in.) ; substrates maintained 

at room temperature. 

Films were checked for crystal sl i-nc%ure by using X-ray difEractinn 

The presence of only a broad diffuse halo pattern instt:ad of (Fig. 22). 

sharp diffraction peaks roilfirmed the amorphous structure of the as- 

dt:posited films" 

To obtain an accurate  value for the crystallization tempera%11~~, a 

film deposil-ed on q i i a r & ~  was heated in argon atrnosphcre, and i L s  resistam.. 

was monitored as a function of temprature (Fig. 23). The sendden drop in 

t h e  resisLanice at about 1275 K (-1000°C) indicated film crystallization at 

that temperature. It should be noted that tl-ni s high c r y s t a l  1 j zation tem- 

perature opens the possibility of using these coatings f o r  high-te 

applications not previously thought possible. 

The depth profile of the chemical coaposition o f  a f i l m  was stintlied 

with a Cancra  secondary ion mass spectLometer (SIMS). Figure ?& shows the 

remarkable uniformity of the cornposit i n n  over the film thickness. 

Films WYIC: depos i ted  on 52100 steel discs and pins for the hardness 

and wear resistance measurements a To ob; rin good adhesion and hzrdnr?ss of 

the films on the steel substrates, sputtering parameters were systemati- 

cally varied. 

was about  10 lini of argon. The steel substrate temperature was maintained 

at 3 5 Q a C ,  and the substrate w a s  subjected to a light sputter e t c h  just 

p r io r  to the film deposition. Microhatdne3ss of the hard adherent films 

(measured by indentation technique) vs Lhe load is shown in Fig. 25. The 

hardness value of 2400 kg/mm2 is about that for silicon carbide. 

The best results were obtained when t he  sputtering pressure  

Wear resisLance was measured by the pin-on-disc method. Figure 26 

shows the wearlsliding distance vs load .  It is clear from t h e  figurt? 

that there is about three orders of magnitude improvement in the  mapi 

behavior of 52100 steel coated with amorphous metallic (W0.6Re0.4)76B2,, 

over the uncoated 52100 steel. 

INSTRUMENTS FOR HARSH ENVIRONMENT - K. 6 .  Kreider (National Bureau of 
Standards, Gaither~burg)~~ 

The objective of this task is to supply critical generic background 

on high-temperature thin-film devices For use in noncontinuous combustion 
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~ I I V ~ X O K ~ K U ~ L I ~ S  I The thin-f ilm devices are for application i iz internal 

combust,ion engines on moving parts, such as valves and pisturrs, where 

knowledge of surface temperature? anti strains will help i n  the design 
of ef fec ie ra t  engines. The program will supply information on methods of 

signal generation and construction i n  practical thin-film devices. 

Solid sI,ate and surCace physics studies of the films have been undertakers 

to understand the preferred methods of coirstrr-uctiiig durable thin-Tilm 

devices. 

The existing method of high--temperature thin-film coristriicti on uses a 

thermally grown metal oxide t,n elcctrically insuJ ate the sensing elewnni, 

from the substrate. The development of practical surface scnsocs for use 

i n  harsh environments is primarily cicpenderzt on tltc development of a 

coating which is  compatible with the substlate material and capable of 

growing useful insulating surface oxide layers. For automobile engine 

alloys, the iron base alloy Fe--25 Cr-5 A1-0.1 Y has been selected f r m  the 

group of M-CP-A1-Y high-temperature alloys which form adherent aluminum 

oxides during oxidation. An extensive investigatiun o f  the electrical 

properties of the aluminm oxides grown on these alloys led to the initial 

selectinn of Ee-Cr-hl-Y. The dielectric strengths of oxides grown on this 

alloy (5  x lo4 V/cm at 1 0 9 3 O C )  are high, and the rlectsical resistivities 

are relatively high (-IO8 ohm en at 1093OC). In addition, the zlloy 

has desirable mechanical propertics throughout the operating range of the 

sensors arid devices using this alloy are unusual ly diirahle 

Each element o f  the sensor is chosen for its specific electric, 

chemical, or mechanical properties, and, as a i-es1iI.t, it is necessary to 

combine materials with widely varying Lypes o f  chcmical bonding. The 

metal oxide i s  ail insulator w i - t h  strong ionjc bonds, the coatiiLg is a 

high-temperature metal alloy, aut1 the sensing elei~emnt is usually a noble 

metal alloy. Therefore when the temperature of Lhe assemlily i s cLanged ~ 

thermal mechanical st raj lis develop b ~ i  t h i n  the assnwbly . 
In an automobile engine, the m o s t  probsbJ:% areas of application are 

the measurement of teerripibratiAres and strains on valves, the engine ryl indrr  

walls, and areas of thn, pistons anti c ings .  Acco~4ingly, this t a s k  w ; l l  

develop a substrate/coat i ng/oxidejelectrsde system t h a t  withstand the 

thermomechanical s t r a i n s  and the ens-; ronment of t h i q  componc~t s u r f ~ c e a  e 
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Because of the difficulties that industrial developers have had with 

the adherence, dielectric breakdown, and reliability of thin--film sensors 

on turbine engine hardware, it is felt that an important contribution that 

can be made relates to the understanding of the fundamentals o f  the alumi- 

num oxide-sensor interface. In the first year of this project, a basic 

study of the rhodium, aluminum, and oxygen reactions at the interface was 

undertaken. The system selection has been made partially because rhodiurn- 

containing platinum a 1 loys have been f oi-tnd more ;idherent than pure plati- 

num. Studies of t h e  platinum/oxygen system have indicated the difficulty 

in bonding oxides tu platinum and suggest the use of extremely thin tran- 

s i t i o n  layers to enhance bonding o f  metals such as rhodium. 

Surface analytical txchniques have been used to study the initial 

stages of aluminum oxide growth on rhodium. By characterizing the fan- 

darnental processes occurring at aluminum oxide-rhodium interfaces, these 

investigations help to define the best procedures for fabricating tem- 

perature sensors and demonstrate the stability of the interface region. 

Low-energy electron diffraction (LEED) and Auger electron spectroscopy 
(AES) were used to characterize, as a function of temperature and covesage, 

individual overlayers of aluminum and oxygen an a Rh(l1l) crystal and 

interaction between these species during coadsorption experiments. 

Aluminum oxide formation rates were observed to depend both OR the over- 

layer coverages and on the surface temperature. 

Activities have included preparing the 4340 and cast-iron test 

coupons, coating these coupons with Fe-Cr-A1-Y, metallographic studies, 

thermal Oxidation, vacuum reactive sputtering of AlzOs, platinum thin- 

film sputtering, and evaluating thin-film coating quality. An 18:8 stain- 

less steel (347 )  has been added to the substrate alloys of 4340 and 1177 

c a s t  iron. The 4340 alloy is used in engine valves for its high strength- 

to-weight ratio in combination with its toughness. 

These two alloys are being studied with and without a coating of 

Fe-Cr-AI-Y (Fe + 18 Cr, 11 Al, 0.7 Y) approximately 100 pm thick. The 

coating provides oxidation resistance and a proven base for the oxide 

dielectric insulating layer of A120,. The native oxide of the Fe-Cr-A1-Y 

is A120J; not only is this oxide a superior base for the sputtered A1203 



82 

layer but experience i.n using this combination for turbine blade tea- 

perature sensors indicates that good adherence of the A I , O J  layer to the 

platinum and the pl.atinum---lO% rhodium layer is possible. 

The native oxide on the Fe-Cr-Al-Y can be used in the as--received 

condition, which is very thin, or it can be matured by oxidation i n  air at 

elekated temperatures as in the fabrication of turbinas al.loy sensors.  

in:E..t.i.al experiments on thermally oxidizing the Fe-Cr-Al-Y were quite sue- 

cessful in developing the oxide on the coati.iig, but  disastrous oxidation 

OC the substrates precludcs the  use at the high temperatures (>1075FC) 

used i n  the turbl.ne sensor technology. The second oxidizing heat treat- 

ment has been performed at 76OoC, wbi.ch is below t h e  ailstt.,miti.z.i.i?g tcm- 

perature o f  843°C (1550°F). 

An alternative to growing the A1203 layer is t;o directly sputter it 

onto the substrates. Both 4340 and 1 1 7 7  alloys have beer? reactively sput-  

tered with A l , 0 3  to form the dielectric insulator. Good adherence k7m 

observed d i r e c c t l y  on the Fe-Cr-Al-Y. These Pe-Cr--hl-Y coatings were made 

by vacuiim sputtering at an outside facility according to standard pro- 

cedures used for nickel and cobzlt alloys. The coatings are fortt~ed a b  

high ternyeratures (approximately 800’C) and have large grains (10-20 urn) 
on the surface. Finishes used include as-received arid w i t h  a 600-mesh 

polish. Cleaning is accomplished in an ultrasonic bath of acetone 

followed by methyl alcohol. 

T h i s  technology is si.m.i.lar t o  that i.ised to fabricate thermocouple 

sensors on aircraft turbine blade and vane alloys. After sputtering af 

the A1203 layer, which should be approxiiiiately 2 \.rm t h i c k  to ensure good 

insulating and good dielectric breakdown properties, an anneal is used to 

convert the amorphous A1203 to the elpha phase. Then tho sample i s  ready 

to receive the two thermocouple legs of plat.inlmm and platinum-10% rhodium. 

Two samples have been fabricated, one o f  each alloy with platinum film 

thermocouple legs ; t h e  adherence appears adequate. 

To test; -the adherence and insulating properties, two tests have been 

desi-gned for the sirnulisted thermacoupie f i l m  sensor. Both tests are per- 

formed on the  test coupon, which is approximately 1.5 x 1.5 x 0 .5  cm, of 

4340 or 1177 alloys. The coupon has the sputtered aliirninnurn caxidi? insula- 
tor on top of the Fe-Cr-A1-Y wi-th its oxide, The thermocouple films of 
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platinum and platinw--lO% rhodium are sputtered 0.4 cm wide with 0.4 em 

overlap and are ready to he tested for adherence, insulating properties, 

and dielectric strength. 

test in which the coiipon is cycled between <IO0 and >1000'C ten times with 

a 3-min cycle time. 

with a brazing torch. 

the resistance to ground (substrate) and resistance through the ther- 

mocouple element while heat ing  to 9QO'C in a n  air furnace. 

have beeti used previously for  the turbine hardware coupons and are a strong 

indication of the durability and stability of the fi.h sensor, 

Considerable effort has been expended in optimizing the A1,Q3 sput- 

The adherence tests include a thermal cycling 

T h i s  is accomplished by directly heating the films 

The electrical properties are tested by following 

These tests 

tering procedure to ensure good adherence and good stoichiometry of the 

coating. 

in an sxldizing (7-10% oxygen in argon) atmosphere at a partial pressure 

of 2 mm. The sputtering gun is a commercial planar magnetron which per- 

mits a deposition rate of 0.1 to 0.2 mm/s at a 10-cm standoff distance 

using 300 W. 

The best procedure appears to include RF sputtering of aluminum 

After the fabrication conditions for these test; coupons a r e  optimized, 

a thermocouple test in a furnace is planned. 

long enough to maintain a large thermal gradient between ends of the  film 

thermocouple. The test coupons will be bas i ca l ly  similar, but they will 

be 15 cm long, and evaluation will be compared to standard Type S thermo- 

couples to elevate accuracy a d  stability. 

This test coupon must be 

Scanning electron microscopy (SEM), energy dispersive X-ray analysis 

(EDX),  and electron spectroscopy for  chemical analysis (ESCA ar XFS) will 
be used to optimize and analyze t h e  morphology, composition, and contamina- 

tian of the oxide films arid interfaces in the film sensors. 

SUPERCRITXCAL FLUID EQUATIQNS DE" STATE - J. F. Ely  (National Bureau of 
Standards, Boulder) 

An interagency agreement was completed for this work. It is part of 

a joint effort with other government funders to develop separation tech- 

niques utjlizing supercritical Zluids. 



COATINGS FOR H l G H  TEME’EKATURE ENERGY C O N V M S T O N  SYSTEMS - A .  V .  Levy 
(Lawrence Berkeley J,aboratory) 

The ob jec t ives  of t h i s  e f f o r t  a r e  (1) t u  a s s e s s  the  s t a t e  of t h e  a r t  

of plasma-sprayed and chemically vapor-deposi ted cerani-c coa t ings  and 

( 2 )  t o  t es t  t h e  f r i c t i o n  and wear c h a r a c t e r i s t i c s  and analyze c e r t a i n  

thermal b a r r i e r  and wear r e s i s t a n t  coat ings being considesed f o r  use oti 

t h e  p i s t o n  r i n g s  and cy l inde r  walls of t he  adi-abatic d i e s e l  engi-ne. 

Plasma-sprayed coat ings t o  be t e s t e d  include Y 2 0 3 - Z r 0 2 ,  ‘riC-Co, C r 3 C 2 ,  

A1,03-Ti0,, TiB, and T ic ;* .  The coat ings a r e  t e s t ed  t o  determine the  

f r i c t i o n  and wear r a t e s  i n  a Falex 6 washer-on-disk wear t e s t e r  modified 

t o  achieve 760°C (140Q0E’) i n  a i r .  Coatings a r e  analyzed before and a f t e r  

t e s t i n g  t o  determine compositions, mi~crostructure ,  su r f ace  t e x t u r e ,  wear 

mechanisms and wear r a t e s .  

Gdork i s  c u r r e n t l y  focused on msdifying t h e  Fal.ex 6 t o  exzend t h e  

tes t  i.ng temperature range from room temperature to  760°C ( t400’E) .  Stlear 

tes.t; specimens have a l so  been s e n t  t o  Cummins Engine Eo. f o r  appl i -cat ion of 

ceramic coa t ings .  The modif icat ions of the Falex 6 t e s t e r  w i l l  b a s i c a l l y  

replace the  e x i s t i n g  upper t e s t i n g  sha f t  wi th  a sp1i.t s h a f t  incorporat ing 

a thermal r e s i s t a n c e  b a r r i e r .  This b a r r i e r  w i l l  be composed of a l t e r n a t i n g  

ceramic and s t a i n l e s s  s t e e l  washers t o  i n t e r r u p t  and d i s s i p a t e  heat con- 

ducted up the  shaf t .  from the tes-Ling zone. The lower specimen t a b l e  

design w i l l  a l s o  be a l t e r e d  t o  reduce hea t  flow and provide a base t o  

support  t h e  furnace s t r u c t u r e  surrounding t h e  testi .ng zone. The bas i c  

furnace design uses a hea te r  core  powered by c a r t r i d g e  h e a t e r s  t o  provide 

t h e  necessary hea t  i npu t .  T h i s  core will be surrounded by alumina in sn la -  

t i u n  within a s t a i n l e s s  s t e e l  furnace cover.  The temperature of var ious  

eleiilients i n  t he  t e s t i n g  system w i l l  be monitored by tcmpera’iure sensing 

elements located a t  s t r a t e g i c  p l a c e s .  The hea te r  output wi I.? be cori t rol led 

accordingly.  

The furnace,  when cons t ruc t ed ,  w i l l  IIC? subjec ted  to tes t  runs p r i o r  

t o  mounting on the  Falex machine. After t h i s ,  t he  furnace w i l l  be mounted 

on the machine i t s e l f ,  and seve ra l  tests w i l l  be conducted t o  determine the 

temperature behavior of t he  system and t h e  corrosion behavi-or of the t e s t  

specimens. 



LASER SURFACE MODIFICATIONS OF CERAMICS - J. Narayan and K .  F .  Davis 
(North Carolina S t a t e  U n i v e r ~ i t y ) ~ ~ , ~ ~  

A small subcontract has been let to the North Carolina State 

University to investigate the nature and implications of surface modi- 

fications induced by driving or diffusing certain metal ions into ceramic 

surfaces by laser irradiation. T h i s  work w i l l  be performed at North 

Carolina State University under the guidance of Narayan and Davis. Thin 

layers of Cr, Fey or Ni will be deposited o n L o  flat surfaces of a- or 

B-SiC, S. i3No ,  or A1203 and then irradiated by lasers. Fracture strength 

and toughness, friction and wear behavior, fatigue resistance, microstruc- 

ture, and compositional variations will be determined and compared with 

similar properties of uncoated samples. The aforementioned properties 

will also be related to the wavelength of the laser radiation, the pulse 

duration, and the energy density. The major output  expected from this 

research is an initial determination of the effects of such treatment. 

I O N  IMPLANTATION OF ZIRCONIA - J. K .  Cochran, Jr. (Georgia Institute of 
Techn~logy)~"~~ 

Subcontract action has been initiated for work at the Georgia 

Institute of Technology, the objective of which is to determine if it 

is feasible to toughen the surface of partially stabilized zirconia by 

implanting excess Zr'  ions. The surface of cubic-Zr02 (stabilized with 

mole % Y,03) will be implanted with 200 KeV Zr" ions at doses of 1.5, 

3 ,  and 6 X 1Ol6 ions/cm2. The implanted spscirnens are heat treated in air 

for 4 h at 1200, 1300, and 14Q0°C in order Lo oxidize the implanted 

zirconium. RHEED, microhardness, fracture toughness, and wear measure- 

ments are made before and after heat treatrnerik to determine if tetragonal 

or monoclinic ZrQ2 precipitates have formed from the implanted zirconium 

and to determine any resulting changes in t h e  properties measured. 

1. D. N. Braski and S. A .  David, "Weld Microstrucutre oE (Ni,Fe),(V,TI) 

Long-Range Ordered Alloy," Metoll. Trans .  A 14A, 1785 (1983). 

2. S. Ashok, K. Kain, J. M. Tartaglia, and N. S .  Stoloff, "High Cycle 

Fatigue of (Fe,Ni,Co),V Type Alloys," Metall. Trans A 14A, 1997 

(1983). 
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G. C. h i ,  "Beta-Silicon Carbide Powders Produced by Carbothermic 

Reduction of Si1 i.con i ~ r i  a FIigli-Teiupe1-atnr~ Ro ta ry  Furnace , J .  Am.. 

Ceramic .  SOC. 6 6 ( 7 ) ,  C11l---C113 (July 1983). 

J. W .  Barlow and D. I < .  P a i l l ,  "Mecharxical Compatibilization oE 

Immi-scible Blends," paper presented at International Symp~siurn on 

Phase KelaLionships and Properties of Multicomponent: Pol.yined: Systems, 

bnacarpi, Italy, May 30-June 3 ,  1983, available through authors at 

Department of Chcmi.caJ. Engi~neeri.ng , Center for Polymer Reseurch, The 

University of Texas at Austin, Austin, T X  78712. 

T. D. Taugott, "Mechanical Properties and Morphologies of HDPE-PET 

Blends , master's thesis , The IJrri-versity o f  Texas December 1982. 

M. A .  Schuetz ,  "Heat T r a n s f e r  i n  Foam Insulation," master's thesis, 

Massachusetts Institute of Technology, December 1.982. 

P. 1). Roach and H. E. Iloltz, P l a s t - i c  Heat Exchangers f o r  IYr7sLe Bmt 
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