
r 





ORNL/TFI-10468 

Metals and Ceramics Division 

ANALYSIS OF ADHESION TEST ME:TIIODS AND THE 
EVALUATION OF THEIR USE FOR ION-REAM-MIXED 

METAL/CERAMIC SYSTEFZS 

J. E .  Pawel 

Date Published: Ju ly  1988 

NOTICE : T h i s  dociinient contains i n f o m a t i  on of 
preliminary n a t u r e .  I t  i s  subject t o  r ev i s ion  
or correctj  or)  and t h e r e f o r e  docs not; r ep resen t  

a f i n a l  report ,  

Prepared for  the 
Ass i s t an t  Sec re t a ry  for Conservation and Renewable Energy, 

O f f i c e  of Tranrspnsr.-t,ation Systems ~ 

Advanced Materials Development Program 
EE 04 00 00 0 

Prepared by the 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 
opera ted  by 

MARTIN MARIETTA ENERGY SYSTEMS, I N C .  
for the 

U.S. DEPARTMENT OF ENERGY 
under contract; DE-ACO5-840R21460 





CONTENTS 

LIST OF F I G U R E S  . . . . . . . . . . . . . . . . . . . . . . . . . . .  V 

L I S T O F T A B L E S  . . . . . . . . . . . . . . . . . . . . . . . . . . .  i.x 

ACKNQWEEDGMEhTS . . . . . . . . . . . . . . . . . . . . . . . . . . .  xi 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

CHAPTER I .  INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . .  3 

CHAPTER 11. LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . .  5 

TF. ST I NG METHODS . . . . . . . . . . . . . . . . . . . . . . . .  5 

T h e S c r a t c h T e s t  . . . . . . . . . . . . . . . . . . . . .  5 

The A c o u s t i c  E m i s s i o n  T e s t  . . . . . . . . . . . . . . . .  1 7  

The P u l l  Tes t  . . . . . . . . . . . . . . . . . . . . . . .  21 

ION-BEAM MIXING . . . . . . . . . . . . . . . . . . . . . . . .  23 

In t roduc t ion  . . . . . . . . . . . . . . . . . . . . . . .  23 

E f f e c t  on A d h e s i o n  . . . . . . . . . . . . . . . . . . . .  23 

CHAPTER 111. EXPERIMENTAL PROCEDURE . . . . . . . . . . . . . . . . .  25 

SUBSTRATE MATERIALS . . . . . . . . . . . . . . . . . . . . . .  25 

SUBSTRATE CLEANING PROCEDURE . . . . . . . . . . . . . . . . . .  25 

F I L M  DEPOSITION . . . . . . . . . . . . . . . . . . . . . . . .  26 

SPECIMEN CHARACTERIZATION . . . . . . . . . . . . . . . . . . .  28 

S C R A T C H T E S T  . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

ACOUSTIC E M I S S I O N  T E S T  . . . . . . . . . . . . . . . . . . . . .  30 

P U L L T E S T  . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

ION-BEAM MIXING . . . . . . . . . . . . . . . . . . . . . . . .  31 

CHAPTER I V .  RESULTS AND D I S C U S S I O N S  . . . . . . . . . . . . . . . . .  33 

THE SCRATCH TEST . . . . . . . . . . . . . . . . . . . . . . . .  33 

S y s t e m s  Analyzed . . . . . . . . . . . . . . . . . . . . .  33 

A n a l y s e s  . . . . . . . . . . . . . . . . . . . . . . . . .  43 

THE P U L L  TEST . . . . . . . . . . . . . . . . . . . . . . . . .  56 

E F F E C T S  OF ION-BEAM MIXING . . . . . . . . . . . . . . . . . . .  60 

A d h e s i o n  t o  Sapphire Substrates . . . . . . . . . . . . . .  60 

A d h e s i o n  t o  S i l i c o n  C a r b i d e  and S i l i c o n  
N i t r i d e  S u b s t r a t e s  . . . . . . . . . . . . . . . . . . .  64 

Scratch C h a r a c t e r i s t i c s  . . . . . . . . . . . . . . . . . .  34 

iii 



CHAPTER V .  CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . .  7 7  

T H E S C R A T C H T E S T  . . . . . . . . . . . . . . . . . . . . . . . .  77 

THE PULL T E S T  . . . . . . . . . . . . . . . . . . . . . . . . .  79 

E F F E C T S  O F  ION-BEAM M I X I N G  . . . . . . . . . . . . . . . . . . .  79 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  81 

iv 



LIST OF FIGURES 

Fig. 1. Forces at the lip of the stylus indentation as 
assumed by Benjamin and Weaver. Source: Benjamin, P . ,  and 
Weaver, C., "Measurement of Adhesion of Thin Films," Proc. 
Royal Soc. London A 254. (1960) 163 . . . . . . . . . . . . . . .  10 

Fig. 2. Schematic view of the stylus on the surface. The 
radius of the circle of contact is a ,  and the stylus travels in 
the positive x-direction. Source: Hamilton, G. M., and 
Goodman, L. E . ,  "The Stress Field Created by a Circular Sliding 
Contact," J .  A p p l .  Mech. 88 (1966) 7 1  . . . . . . . . . . . . . . . . .  12  

Fig. 3. Points of maximum yield parameter below the stylus 
for various coefficients of friction. The stylus travels in the 
positive x-direction, and the x-axis lies in the plane of the 
surface. Source: Hamilton, 6 .  M . ,  and Goodman, L. E . ,  "Ttie 
Stress Field Created by a Circular Sliding Contact," J .  A p p l .  
M e c h . 8 8 ( 1 9 6 6 ) 7 1  . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 

Fig. 4 .  Stretching of the  film during indentation. This 
stretching results in tensile stresses in the film under the 
stylus . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 . .  . 14 

Fig. 5 .  Typical scratch profile made with a 0.2-mm-radius 
stylus tip. Source: Laeng, P., and Steinmann, I?. A . ,  "Adhesion 
Testing of Hard CVD Coatings Using the Scratch Test,'' p .  723 in 
Pi-oc. 8th Intern Conf . on Chem ice2 Vapor Deposition, 
John M. Blocher, Jr., Guy E. Vuillard, and Georg Wahl, eds., The 
Electrochemical Society, Inc., Pennington, NJ, 1981 . . . . . . . . . .  15 

Fig. 6 .  Schematic representation of the crack formed ahead 
of the stylus moving from left to right. 
been passed over by the stylus. Source: Je, J.  H., Gyarmati, E . ,  
and Naoirrnidis, A . ,  "Scratch Adhesion Test of Reactively 
Sputtered TiN Coatings on a Soft Substrate," Thin $ d i d  F i l m s  
136 (1986) 57 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

Other cracks have 

Fig. 7 .  Height profile across the end of the channel 
showing the crack formed ahead of the stylus, Scratching is 
from left to right. Source: Je, J. H . ,  Gyarmati, E., and 
Naoumidis, A . ,  "Scratch Adhesion Test of Reactively Sputtered 
TiN Coatings on a Soft Substrate," Thin Solid F i l m s  
136 (1986) 5 7  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

V 



Fig. 8. Model of failure by the scratch test. Elastic 
energy st~r t?Pr l  just ahead o f  the stylus causes de-adhesion, 
which propagates ahead of the s t y l i i s  and is stopped by 
cohesive cracking of the film. Movement of the stylus on the 
detached film causes microcracking in the scratch path. 
Source: Je, J. H., Gyarmati, E., and Naoumidis, A . ,  
“Scratch Adhesion Test of Reactively Sputtered TiN Coatings 
on a Soft Substrate,” Thin Solid F i l m s  I36 (1986) 57 . . . . . .  . 18 

Fig. 9. Electron beam power as a function of time for the 
depositions of the zirconium film . . . . . . . . . . . . . . . . . . .  27 

Fig. 10. The scratch tester. The follawing parts are labeled: 
( a )  drive shaft, ( b )  movable stage, (c) load platform, ( d )  strain 
gage, (e) axis of lever arm rotation, (f) carpenter’s level, 
( g )  balance weight, ( h )  motor, (i) horizontal plane adjusters 
for stage, (j) stylus. Actual length: 50 cm . . . . . . . . . . . . .  29 

Fig. 11. Stylus skipping caused by system vibrations. 
Scratch made on aluminum/glass system under a normal load of 
0.45 g. The speed of the stylus travel was increased to 
exaggerate the skipping efrect. Scratch direction i s  from 
left to right . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 

Fig. 12. Scratch made on aluminurn/glass system under a 
normal load of 2.0 g .  Scratch direction is from left to 
right . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35 

Fig. 13. Typical scratch profiles. . . . . . . . . . . . . . . . .  37 

Fig. 14.  Scratch made on zirconium/sapphj.re specimen under 
a normal load of 30 g. Scratch direction is from left to 
right. Scanning electron micrograph, 1400X . . . . . . . . . . . . . .  38 

Fig. 1.5. Scratch made on zirconium/sapphire specimen under 
a normal load of 40 g .  Scratch direction i s  from left to right. 
Scanning electron micrograph, 1650X . . . . . . . . . . . . . . . . . .  38 

Fig. 16. Scratch made on nickel/sapphire specimen under a 
normal load o f  150 g .  The white streaks signify film removal. 
Scratch direction is from left to right. Scanning electron 
micrograph, 1430X . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

Fig. 17. Scratches made on aluminum/glass specimen under 
a normal load of 0.45 g .  Scratch direction i s  from left to 
right . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39 

Fig. 18. Scratches made on aluminum/glass specimen under 
a normal load of 1.0 g .  Scratch direction i s  from left to 
right . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

V i  



Fig. 19. Full-length view of scratches in Figs. 17 and 
18 before ultrasonic cleaning. Scratch direction is from 
lefttoright. 42X . . . . . . . . . . . . . . . . . . . . . . . . .  . 4 0  

Fig. 20. Thinning of zirconium film under normal stylus 
loads of (a) 10 g and ( h )  200 g. 128X . . . . . . . . . . . . . . . . .  41 

Fig. 21, Effect of surface flaw on scratching of 
zirconium/sapphire system. Scratch direction is from left 
to right. Scanning electron micrograph, 1600X . . . . . . . . . . . . .  41 

Fig. 22. Transverse profile of a scratch showing ductile 
extrusion af nickel film on a sapphire substrate . . . . . . . . . . . .  42 

Fig. 23. Transverse profile of a scratch showing 
absence of ductile extrusion of a chromium film on a 
sapphire substrate. . . . . . . . . . . . . . . . . . . . . . . . . . .  42 

Fig. 24.  Scanning electron micrograph of a 250-g 
normal load scratch on a chromiumlsapphire specimen. 
Scratch direction is from left to right. lO00X . . . . . . . . . . . .  43 

Fig. 25. Two regions of compressive failure caused by 
a 450-9 normal load scratch on a zirconium/sapphire specimen. 
Scratch direction is from left to right . . . . . . . . . . . . . . . .  45 

Fig. 26. Tensile failure behind the meaning stylus 
caused by a 400-g normal load QKI a zirconium/sapphire 
specimen. Scratch direction is from left to right . . . . . .  . . . .  . 4 6  , 

Fig .  27. Theoretical line of constant maximum tensile 
stress acting in the plane of the surface for a friction 
coefficient of 0.25. The stylus moves in the positive 
x-direction, and a is the radius of the circle of contact. 
Source: Hamilton, G. M., and Goodman, L. E . ,  “The Stress 
Field Created by a Circular Sliding Contact,” J .  Appl.  
Mecfi. 88 (1966) 371 . . . . . . . . . . . . . . . . . . . . . . . . . .  47 

Fig. 28. Theoretical and experimental values of the 
radius of the circle of contact for scratches on aluminum/ 
glass specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53 

Fig. 29. Original 30-nm zirconium film on silicon 
carbide. The bright spots are electron discharges from the 
substrate, revealing the pares in the film. Scanning 
electron micrograph, 300X . . . . . . . . . . . . . . . . . . . . . . .  65  

vi i 





LIST OF TABLES 

Table 1. Shear stresses calculated using the plastic model 
analysis for scratches on zirconium/sapphire . . . . . . . .  49 

Table 2. Shear stresses calculated u s i n g  the plastic model 
analysis for scratches on chrornium/sapphire . . . . . . . .  50 

Table 3 .  Shear stresses calculated using t he  p1asti.c model 
analysis for scratches on nickel/sapphire . . . . . . . . .  50 

Table 4 .  Shear stresses calculated using the plastic model 
analysis for scratches on aluminurn/glass . . . . . . . . . .  52 

Table 5.  Shear stresses calculated using the elastic model 
analysis for scratches on zirconiumjsapphire 
comparing the results obtained for different values 
of Young’s Modulus, E . . . . . . . . . . . . . . . . . . .  54 

Table 6 ,  Radial and shear stresses calculated using the 
elastic model analysis for scratches on chromium/ 
sapphire.. . . . . . . . . . . . . . . . . . . . . . . . .  55 

Table 7. Radial and shear stresses calculated using the 
elastic model analysis for scratches on nickel/ 
sapphire.. . . . . . . . . . . . . . . . . . . . . . . . .  55 

Table 8 .  Pull test resiilts for specimens with gold release 
layer . . . . . . . . . . . . . . . . . . . . . . . . . . .  58 

Table 9. Stresses recalculated assuming reduced area under 
the pin by omitting area over the gold release 
layer . . . . . . . . . . . . . . . . . . . . . . . . . . .  59 

Table 10. Comparison of critical shear stresses calculated 
using the plastic model analysis for scratches on 
chromiumjsapphire . . . . . . . . . . . . . . . . . . . . .  51 

Table 11. Comparison of critical shear stresses calculated 
using the elastic model analysis for scratches on 
chromium/sapphire . . . . . . . . . . . . . . . . . . . . .  62 

Table 12, Pull test results for ion-beam-mixed specimens . . . . . .  64 
Table 13. Pull test strength of aluminum film on silicon 

carbide substrate . . . . . . . . . . . . . . . . . . . . .  67 

Table 14. Pull test strength of zirconium film on silicon 
carbide substrate . . . . . . . . . . . . . . . . . . . . .  70 

ix 



Table 15 . Pull test strength o f  515-nm z:i.reonium film on 
silicon nitride substrate . . . . . . . . . . . . . . . .  74 

Table 16 . Pull test strength of 530-nm zirconium film an 
silicon nitride substrate . . . . . . . . . . . . . . . .  76 

Table 17 . Analysis methods useful in the determination of 
critical values for film de-adhesion for tho 
systems investigated . . . . . . . . . . . . . . . . . . .  78 

x 



ACKNOWLEDGMENTS 

This report is a thesis presented for the Master of Science Degree, 

The University of Tennessee, Knoxville, in June, 1987. 

m e  author would Like to express her gratitude to her major 

professor, Dr. C .  J ,  McHargue, for his support and guidance throughout the 

course of this research. Appreciation is also extended to 

Dr. J. E". Wassermon for his technical and professional guidance and to 

D r .  R .  A .  Buchanan €or his many worthwhile suggestions. 

This material i s  1zast.d upon work supported under a National Science 

Foundation Graduate Fellowship. Financial support provided under the 

Ceramic Technology €or Advanced Heat Engines Project, Metals and Ceramics 

Division, Oak Ridge National Laboratory (ORNL), administered by 

Dr. D.  R .  Johnson, is gratefully acknowledged. 

The author is grateful to Mr. n.  S .  Easton and MI-. C. K .  I%. DuBose 

for technical assistance needed for thin-film evaporation; to 

Dr. S. P. Withrow, Dr. T. P. Sjoreen, Dr. M. B. Lewis, and Mr. S. W. Cook 
for assistance with the ion-beam mixing procedure; and to Dr. C. S .  Yust 

for his advice on scratch testing. Technical assistance with scanning 

electron microscopy provided by Dr. T. F. Page and additional microscopy 

and photography by the Metallography Group of the Metals and Ceramics 

Division, Mr. R .  S.  Crouse, Mr. T. J .  Nenson, Mr. E .  C. Leslie, 

Mr. J. W, Nave, and Ms. C. I,. Angel, are gratefully acknowledged. 

Thanks are also extended to Mr. A. V. Blalock and Mr. J. S. Kinsley 

for their assistance in operating and maintaining electronic equipment. 

The author would also like to acknowledge Mr. Blalock's contributions to 

equipment design and experimental procedure. 

Special thanks go to Mr. J. J. Campbell and Mr. D. S. Easton for 

their help  with laboratory equipment and procedures. 

The reliable and patient efforts of the departmental secretaries, 

Ms. Eunice Hinkle and Ms. Berdie Parsons, and particularly the author's 

ORNL secretary and typist, Ms. Lou Pyatt, are most gratefully 

acknowledged. 

xi 





J. E. Pawel 

ABSTRACT 

Several thin film adhesion tests have been examined to 
determine which provides the most reliable method for the 
measurement of the adhesion of thin metallic films to ceramic 
substrates. 
described to measure adhesion changes caused by ion beam mixing 
for a variety of metal/ceramic systems. 
analyzed were the scratch test, the acoustic-emission test, arid 
the pull test. The major variables of the scratch test include 
film thickness, substrate hardness, and stylus radius, but it is 
not known precisely what effects changes in these have on the 
measurement of adhesion. The scratch analyses methods discussed 
in the literature, each describing a load or stress on the 
system that is presumed to cause de-adhesion, do not always hold 
because none of the analyses account f o x  both plastic and elastic 
deformation or incorporate many of the importanb parameters. 
The scratch test was much more likely to reveal a critical value 
for de-adhesion for relatively brittle films such as chromium 
than for ductile films such as nickel. 

The acoustic-emission test did riot work for the  scratch 
testing equipment used in this research atever specimen 
emissions might have occurred were overshadowed by those of the 
drive motor, which could not be adequately isolated from the 
system. 

under a portion of the test film, was developed because the 
adhesion o f  the test films was greater than the strength of the 
epoxy used in the standard test. Because this nonadherent layer 
served as a reproducible crack, the analysis was analogous to 
that used i n  fracture toughness testing. Comparison of film 
adherence was based on the calculation o f  the stress intensity 
factor necessary to cause film de-adhesion. The results of this 
modified p u l l  test were very  promising and involved fewer param- 
eters than the scratch test. 

Scratch test data for most of the systems exhibiting criti- 
cal values for de-adhesion revealed that ion-beam mixing signifi- 
cantly improved the adhesion of the films to their substrates. 
Ion-beam-mixed films also withstood a greater applied tensile 
stress and a greater stress-intensity factor without de-adhesion 
than unmixed films with similar flaws. 

An attempt was made to use the testing techniques 

The techniques 

An adaptation o f  the pull test, utilizing a thin gold layer 

Wbsearch sponsored by the U . S .  Department of Energy, Assistant 
Secretary for Conservation and Renewable Energy, Office of Transportatian 
Systems, as part o f  the Ceramic Technology for Advanced Heat Engines 
Project of the Advanced Materials Development Program, under contract 
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 





CHAPTER I 

INTRODUCTION 

Thin films can be used to make a monolithic material suitable for 

special requirements in a variety of applications. Such films can be 

used to provide resistance to wear, corrosion, abrasion, erosion, galling, 

tarnish, radiation damage, or high-temperature oxidation, as well as to 

reduce electrical resistance and friction. They also can provide lubrica- 

tion, prevent sticking, and provide special magnetic or dielectric proper- 

ties.' 

an important area. Specifically, the films in this research are used as 

electrical contacts for semiconductors and as intermediate layers to 

enhance the adherence of thermal barrier coatings. The effectiveness, 

durability, longevity, and strength o f  a film all depend intimately on the 

degree of adhesion between the film and its substrate. One of the goals 

of this research is the determination of a reliable method for  the 

measurement of the adhesion of thjn metallic films to ceramic substrates. 

Measurement of adhesion of ductile metallic films on brittle ceramic 

substrates poses a problem, however, because the "cotton-bud" test 

(removal of a film by rubbing with a cotton swab) and the ""3" test 

(removal of a film by plastic tape) are highly qualitative; the widely 

used quantitative tests, though, have found the most  success with brittle 

films on ductile substrates. Also, adhesion tests often yield no clear 

separation between the film and its substrate, and different testing 

methods give different values of adhesion. 

The u s e  of thin metallic films on ceramic substrates represents 

One method of improving the interfacial bonding between a film and 

its substrate is by a form of ion implantation called i o n  beam mixing in 

which the film is bomlJarded with heavy i o n s  of sufficient energy to 

penetrate the film and enter the interfacial region. A second goal of 

this research is to investigate the adhesion change as a function of ion 

beam mjxing for several systems. 

3 
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The testing methods analyzed and discussed in this paper are the 

scratch test, the acoustic emission test, and the pull test. The various 

aspects and parameters of each test must be recognized and understood 

before any significance can be given to the data. A brief introduction to 

ion-beam mixing and its effects on t h i n  film adhesion is included in t h e  

literalure review, and an attempt is made to use the testing techniques 

described to measure adhesion changes caused by ion-beam mixing for a 

variety of systems. 



CHAPTER I1 

LITERATURE REV I EW 

c 

TESTING METHODS 

The Scratch Test 

Introduction. The scratch test was developed by Benjamin and 

Weaver' from a technique originally described, but not  analyzed, by 

0. S .  Heavens in 1950. In this method, a smoothly rounded stylus point 

i s  drawn across the film surface. The vertical load on the stylus is 

increased until the film is stripped from the substrate. The critical 

load is defined as that load on the stylus at which the coating i s  

stripped cleanly from the substrate. 

By varying substrate materials for  the same film material, Benjamin 

and Weaver found that the critical load did depend on the nature of the 

substrate but saw no direct relationship between the critical load and the 

substrate hardness or elasticity. The critical load also varied with film 

material (on the same substrate) but did not correlate with a specific 

film property such as hardness. Furthermore, for films exceeding a cer- 

tain thickness, the crit*ical load became constant; a continuous variation 

with thickness would be expected i f  the load depended on some mechanical 

property of the film. From these results, they cotieliided that the criti- 

cal load is determined by the interfacial properties of the system. 

Analysis of the horizontal forces led Benjamin and Weaver to the 

following proposal. When a rounded point is drawn across a coated surface 

and the adhesion of the point to the coating is good, shearing must occur 

at the weakest point, either at the coating/substrate interface or within 

the substrate. Assuming that the cohesive forces within the substrate are 

greater than the adhesive forces of the interface, the shearing should 

occur at the interface, and, thus,  the force should be less than the 

shearing found when the stylus is passed over the uncoated substrate 

material arid only cohesive shearing is possible. When the adhesion of the 

point to the coating is poor, the stylus slides over the film for 

5 
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increasing normal. loads until the deformation of the substrate is suf-  

ficient to loosen -the film. Because the substrate is plastically 

deformed, the metal film is also deformed to the indentation shape. This 

causes the film to stretch and a shearing force to develop between .the 

film and the substrate. This shearing Eorce increases with increasing 

load until the adhesive bonds between the substrate and film are broken at 

the lip of the i-dentation, where the shearing forces are maximum. Once 

the de-adhesion occurs at -the lip of the indent, the shearing extends over 

the whole indentation, The stylus cont:i.nues to deform the substrate as it 

travels, shearing adhesive bonds over the advancing profile and pushing 

the sheared mat:erial aside. The authors found, experimentally, that the 

former i s  not the case but that the latter analysis involving the defor- 

mation of the substrate is in close agreement with the experimental evi- 

dence, especially because plastic deformation of the substrate was 

observed in every case. 

Benjamin and Weaver developed an equation relating the shearing force 

per unit area to the stylus load, stylus radius, and substrate hardness. 

Comparison of this equation using experimental data with calculations of 

the force required to overcome van der Waals forces at the interface shows 

that the former gives numbers of the same order of magnitude as  the 

latter. Further experiments revealed that the critical load increased 

with stylus radius but that the shearing force, as calculated from their 

equation, remained reasonably constant. 

Complexities of the Scratch Test. Since Benjamin and Weaver's work 

in 1940, many other researchers have investigated the scratch test and 

have concluded that it is much more complex than the original analysis 

Even Benjamin and Weaver' admitted that their theory was 

based on an idealized indentation shape and that they had neglected 

elastic deformation. 

Butler, Stoddart, and Stuart3 found that detached film could be 

pressed back into the path by the stylus or that a film could be thinned 

to transparency without detachment, and, thus, the criti-cal load could slot 

be determined on the basis of a clear stylus track. They also indicated 

that a much larger number of film parameters, such as yield stress, sur- 

face condition, density, arid grain size, also are factors in apparent 

adhesion differences. In addition, they pointed out that the sequence of 
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yield in the film, interfacial region, and substrate may be conkrolled by 

many factors. These remarks have been verified by others.',' 

In. 1375 Charles Weaver' concluded, using scanning electron 

micrographs of the scratch path that showed hillocks ahead, and to the 

side, of the stylus, that the original theory of detachment by shearing 

could not he valid. 

Laeng and  Steinmann6 painted out the importance of the failure mode: 

not only t h a t  it affects the value of the critical load, but also that 

some modes do not show a straightforward track clearing and do involve 

local flaking. They advised careful examination of the scratches. Je, 

Gyarmati, and Naorimidis" a lso  xeported that the mode of coating failure 

varies with the substrate material, film material, film thickness, and 

film production method. 

%augier7 showed friction to play a critical and complex role  in the 

film stripping process. This is discussed in more detail in a later 

section. 

Partial elastic recovery of the substrate was noted by Ferxy,' and 

ana ~interrnann' pointed out that substrate su r  face rough- Perry, Laeng 

ness may be a factor. 

and conclitded that the relationship between the critical load and the 

actual adhesion strength is not yet understood. 

Perry13 later reported a dependence on shear modulj 

I n  1386 Valli, Makela, and Matthews" noted that adhesion may seem 

to be improved in an inferior film because a film that is porous can more 

readily accommodate deformations. They also reported a dependence of the 

data on indenter material, film surface finish and geometry, coating sur- 

face condition and geometry, and air humidity during testing. 

In spite of all o f  the ambiguities and complexities of the scratch 

test, many researchers consider it to be the best of the many adhesion 

t e ~ t s ~ ~ ' ~ , ' ~  and realize that it has great value as a comparative test, 

particularly for films on the same substrate6s'4 or the same 

film/substrate s y s t e m s . 3 , 4 , 1 2 , 1 3 , 1 s , 1 6  Weaver and Parkinson' used the 

scratch test to study the diffusion of gold and aluminum layers on a 

substrate and obtained such consistent results that this experiment i s  

considered convincing evidence that the critical load is determined pri- 

marily by the adhesion between film and substrate.' Mehrotra and 
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Quinto" pointed out that for their work the CKieiCal load values from 

duplicate scratches were almost identical. 

However, critical loads determined from the scratch $est are often 

reported as being within some scatt.erband or using histograms because they 

can vary significantly for identical systerns.'0,'3,'9 

low measurements of adhesion can be easily explained as  weak spots and 

suggested that the highest values are closest to the true adhesion. 

Perry," on the other hand, used the criterion that the onset of loss is 

decisive because this is soon followed by general failure in practice. He 

also reported that the criterion of taking the first local loss of film as 

the critical load or the regular loss along the scratch path makes little 

difference within the scatterband. 

Weaver' noted that 

Variations in Film Thickness. I There has been some C O I - L ~ K ~ V ~ ~ S ~  over 

Benjamin and Weaver2 
..._. 

the effect of film thickness on the critical load. 

repsrtc?d that the criti-cal load became constant fox films exceeding a 

certain thickness, The initial. sloping part of the load vs film thickness 

curve, Benjamin and Weaver stated, is not due to a defect of the method, 

but, rather, due to film structure, which may not be continuous at small 

thicknesses 

Chopra,20 after reviewing the work of Benjamin and Weaver, noted 

that their conclus.i.on is only valid for peeling of the film under the 

critical load. Because in practice the stylus scratches the film, the 

critical load is determined by the mechanical properties of the film, as 

well as by adhesion. 

strong dependence on film thickness for film thicknesses greater than 

about 200 nm. From his data, Chopra concluded that for f:ilm thicknesses 

less than 200 i i m  the critical load is a reasonable measure of adhesion. 

Choyra's experimental results do i.ndeed show a 

The work of Butler, Stoddart, and Stuart3 also showed that a 

greater load was required to thin a thick, soft film to transparency than 

f o r  a thin, soft film. In addition, different detachment modes were 

observed for the thick and very thin fi.lms. 

results by using the analysis of Hamilton and Goodman" for a sphere 

impressed on a semi-infinite flat surface. For this case, plastic defor-  

mation can f i r s t  occur within the body rather than at the surface and at 

a distance on the order of the film thicknesses studied here. Thus, a 

very thick film may contain the initial yield point, but plastic defor- 

mation may occur first in the substrate under a thin film. 

The authors explained their 
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Perry,13,22 like Chopra, found that the critical load increased 

with coating thickness. In his analysis, the scratch test involves the 

inducement of a shear stress at the interface as a result of deformation 

of the system; therefore, a thicker layer may require a greater surface 

load to attain the same shear stress at the interface. Je, Gyarmati, and 

Naoumidis" concurred with Perry's results and conclusion. 

PulkerZ3 noted the same phenomenon and also the fact that the behavior of 

large film thicknesses was less reproducible because of the effect of 

mechanical stress in the film on the adhesion. Laeng and Steinmann' and 

Hammer et a1." also reported the increase of the critical load with 

increasing film thickness. 

Perry and 

In contrast, Kikuchi, Baba, and Kinbara" found that for the 

systems studied in their work, the mean value of adhesion was almost 

independent of film thickness. 

Variations in Substrate Hardness, Stylus Hardness, and Stylus 

Radius. The critical load has been found to increase with substrate 

hardness * 9 l 3  and stylus hardness" although Hamersky" found it to be 

indirectly dependent on stylus hardness. Also, Hamersky obtained repro- 

ducible results only wile using a stylus radius larger than 0,2 mm; Laeng 

and Steinmann6 verified Hamersky's conclusion of critical load dependence 

on stylus radius. 

Analyses of the Scratch Test. Benjamin and Weaver2 found the 

shearing force per unit area F based primarily on the classical equations 

of Hertz describing the deformation of a flat surface under a hard sphere. 

For purely elastic deformation, the radius of the circle of contact is 

given by 

where z- is the radius of the sphere, E l  and E2 are the moduli of elastic- 
ity of the sphere and the surface, and W is the load. 

Benjamin and Weaver assumed the forces on the tip are as shown in 

Fig. 1, where F is the shearing force per unit area, W is the stylus load, 

r is the radius o f  the ti.p, P is analogous to a hydrostatic mean pressure, 

and a i.s the radius of the circle of contact, given as 
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Fig. 1. Forces at the lip of the stylus indentation as 
assumed by Benjamin and Weaver. Source: Benjamin, P., and 
Weaver, C., "Measurement of Adhesion of Thin Films," Proc. 
Royal Soc. London A 254 (1960) 163. 

Once full plasticity around the sphere is reached, the mean pressure 

over the contact area remains constant and equal to the indentati-on 

hardness. From this, 

F = P tanQ = [a/(r'-~')~'~] P . 

This shear force is a direct measure of adhesion because it is assumed 

that it moves an atom of one layer from one equilibrium position to the 

next. If x is the distance between symmetrical equilibrium positions, 

then the height of t h e  potential barrier is (1/2) F x ,  which is con- 

sidered to be the ener'gy o f  adhesion. 
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Butler, Stoddart, and Stuart,3 like Benjamin and Weaver, found that 

the scratch path involved deformation of both the film and the substrate. 

Load, film thickness, and relative physical properties of the film and 

substrate all affected the results. The scratch was usually a groove with 

a smooth center and raised sides. Often, a layer of the. film remained i n  

the center. 

Two modes of film detachment were nat-ed by these authors. The film 

could be cracked and partially detached after the stylus passed, perhaps 

because of failure of the film and interface to support the stresses 

resulting from high substrate dcforrnations. Alternately, the film became 

detached in an  annulus around the stylus. Movement of the stylus left 

folds at the track edges although the film sometimes did not tear or 

become carried away. In some cases, even when high loads distorted the 

system, no detachment was observed. 

In this study, it was shown that separation of the film and substrate 

usually did not take place directly under the stylus but, rather, ahead of 

the stylus. This is in agreemcant with the theoretical results of Hamilton 

and Goodman" who in 1366 obtained equations for the stress field caused 

by a loaded spherical tip moving over a flat surface. Their yield param- 

eter was defined using the von Mises criterion, which is the square root 

of the second invariant of the stress deviator, which in Cartesian form is 

Yield occurs when the square root of J 2  is equal to the material yield 

point in simple shear. 

the paper. Evaluakion of the above equation in the xz-plane (Figs. 2 

and 3) for a coefficient of friction equal to zero reveals that the maxi- 

mum yield parameter occurs on the centerline of the tip (z-axis) at a 

distance below the surface equal to one-half o f  the circle of contact 

radius. As the coefficient of Eriction is increased, the maximum yield 

parameter moves toward the surface and in the positive x-direction; 

however, a second maximum develops on the surface at a point behind the 

stylus, and this second maximiim supersedes the first for a coefficient of 

friction of 0.5. 

The Cartesian stress components p-ij are derived in 



Fig .  2 .  Schematic view of t h e  s t y l u s  on 
the  su r face .  The r a d i u s  of t h e  c i r c l e  of con- 
t ac t  i s  a, and t h e  s t y l u s  t r a v e l s  i n  the  
p o s i t i v e  x-direct ion.  Source: Hamilton, G.  M . ,  
and Goodman, L .  E . ,  "The S t r e s s  F i e l d  Created 
by a C i r c u l a r  S l id ing  Contact, lq J .  Appl'. 
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F i g .  3 .  Poin ts  of maximum y i e l d  parameter 
below the  s ty lus  f o r  var ious  c o e f f i c i e n t s  of f r i c -  
t i o n .  The s t y l u s  t r a v e l s  i n  t h e  p o s i t i v e  x- 
d i r e c t i o n ,  and zhe x-axis l i e s  i n  t h e  plane of t h e  
su r face .  Source: Hanilton, 6 .  M.,  and 
Goodman, L .  E . ,  "The Stress F i e l d  Created by a 
Ci rcu lar  Sl iding Contact," J .  Appl. Mech. 88 
(1956) 7 1 .  

. 
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Laugier7 suggested a model of t h e  scratch test that included the 

coefficient of friction as a parameter. From str<?Fis equations of a hard 

sphere pressed against. a flat surface developed by Hertz,  Timoshenko, and 

Goodier,25 and Hamilton ;and Goodm:m,21 he derived an expression for the 

total radial. compressive stress acting at the leading edge of the moving 

indentor : 

G = (P/27ra2) { ( 4  f V 1 ) ( 3 T l f / 8 )  -- (1 2w1)) , 

where v 1  is Poisson's ratio for the flat surface, w is the normal load, 
E? is the radius of contact, and f is the coefficient of friction. 

This total compressive s-t:ress .is a combination of the radial tensile 

stress present at the Zip o f  the indentation caused by stcetchirng of the 

film dur ing  deformation (Fig. 4 )  and the radial. c,ompressive stress 

generated by the movement of the stylus. From this expression for the 

radial stress - and assiming that the radius of the indentor r is much 

greater than the radius of the c i ~ ~ l e  o f  contact - Laugier found the 

shear stress to be approximately 

Letting v 1  = 0.3, the expression for the compressive stress baecomes 

u =: (Wg/2n472)(0.Sf - 0 . 4 )  . 

The coefficient of friction f is seen to be very important: for a low 

coefficient of friction, the stress at the leading edge is tensile, and 

the film will not "lift" from the substrate even if sufficient force to 

cause detachment has occiirred. T h i s  would account for thinning of the 

film in the scratch path without material removal. 

Laugier contended that his equations for conditions ahead of the 

stylus remain valid in spite of their dependence on elastic parameters 

because the onset o f  plasticity occurs at the trailing edge of the sty- 

lus for higher friction coefficients (from the analysis of Hamilton and 

Goodman, Fig .  3 ) .  
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Fig. 4 .  
This stretching results in tensile stresses in the film 
under the stylus. 

Stretching of the f i . l m  during indentation. 

In 1975 Weaver5 admitted the scratching process was more complex than 

originally thought and tried to reconcile the observations with the pre-  

vious successful use of the test. Because vacuum-deposited films are 

almost always in a state of tensile stress, he postulated that once the 

perimeter of the contact area is detached, the loosened edge of thc. film 

would tend to lift and peel away from the substrate, creating cracks. As 

the stylus advanced, i t  would push down the loosened edge, creating a 

hillock ahead OS the s t y l u s .  I f  the stress i s  insufficient to produce 

crack extension, the loosened film would fold up in front o f  the stylus or 

be pushed aside until the stylus reached the end of t l w  crack, at which 

point the process would be repeated. Evidence of this mechanism w a s  found 

in electron micrographs that showed a periodic folding along the edges of 

the Lrack, the spacing of which corresponded to the distance at which film 

was detached ahead of the stylus. Weaver attributed translucency without 

detachment to insufficient friction between the stylus and the film to 

transfer the force to the interface. 
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Other r e sea rche r s6 , '  a l s o  found t h a t  t h e  edges of t h e  channel 

were subjec ted  t o  gross p l a s t i c  deformation a n d  t h a t  hjgh wal ls  

devcloped. 

l u s ,  and t h i s  may exp la in  why t h e  sc ra t ches  were wider and shal lower than 

t h e  s t y l u s  geometry would i n d i c a t e  - * 
shown i n  F ig .  5 .  Cracking of thc coa t ing  a t  the l i p  of t h e  

as  wel l  as f l a k i n g  of t h e  coa t ing  ahead of t h e  s t y l u s , "  has been noted. 

Detachcd fragments were pressed back onto t h e  s u b s t r a t e  i n  s e v e r a l  

Extensive c l a s t i c  recovery followed t h e  passage of t h e  s t y -  

A t y p i c a l  s c r a t c h  p r o f i l e  is 

Micrographs from the  work o f  Je, Gyarrnati, and Naoumidisl1 

c l e a r l y  show cracking  ahead of the  moving s t y l u s  (F ig .  6 ) ;  a p r o f i l e  of 

t h e  end revealed t h a t  t h e  c rack  was not  formcd by bending (F ig .  7 ) .  

Takadourn e t  a1.'6 s tud ied  the  topography of s c ra t ches  on f i lms  and 

observed cotitiniious r idges  along the edges o f  t h r  channel and sometimes 

i n s i d e  the  channel; t h c s e  r idges  were a t t r i b u t e d  t o  s u b s t a n t i a l  p l a s t i c  

deformation of t h e  s u r f a c e .  

substraLe used i n  t h e i r  work was h ighly  damaged dur ing  f i l m  removal. 

Perry and Pulke rZ3  a l s o  noted t h a t  t h e  

F ig .  5 .  Typical  s c r a t c h  p r o f i l e  made with a 0.2-mm-radius 
st;ylus t i p .  Source: Laeng, P . ,  and Steinmann, P .  A . ,  
"Adhesion Tes t ing  of Hard CVD Coatings Using t h e  Scra tch  
Tes t , ' '  p .  7 2 3  i n  Proc. 8 th  Intern. Canf .  an Chemical  Vapor  
f l epos i t ion ,  John M .  Blocher,  J r . ,  Guy E .  Vu i l l a rd ,  and 
Georg Wahl, e d s . ,  The Electrochemical  Soc ie ty ,  I n c . ,  
Peonington, N J ,  1981. 
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Fig. 6 .  Schematic representation of the 
crack formed ahead of the stylus moving from 
left to right. Other cracks have been passed 
over by the s t y l u s .  Source: Je, J. H., 
Gyarmati, E., and Naournidis, A . ,  "Scratch Ad- 
hesion Test of Reactively Spiittered TIN Coatings 
on a Soft Substrate," Thin So l id  F i l m s  134 
( 1 9 8 6 )  5 7 .  

Fig .  7. Height profile across the end of t h e  
channel showing the crack formed ahead of the stylus. 
Scratching is from left to right. Source:  Js, J. H., 
Gyarmati, E., and Naoumidis, A . ,  "Scratch Adhesion 
Test of Reactively Sputtered TiN Coatings on a Soft 
Substrate," Thin  S o l i d  F i l m s  136 ( 1 9 8 6 )  5 1 .  
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Laeng and Steinmann6 found Benjamin and Weaver's model to be invalid 

for the hard coatings used in their work. 

a dimensionless parameter 

They included in their analysis 

x = L/(r2 K) , 

where L is the critical load, r is the tip radius, and H is the substrate 

hardness, but found this to be, itself, dependent on the coating thickness 

and tip radius and, thus, failed to obtain quantitative values of the 

adhesion strength. 

In 1984 L a ~ g i e r ~ ~  proposed the following analysis of the scratch test 

by using an energy description o f  the film removal. This method was 

suggested by the unsatisfactory fact that interfacial shearing, assumed by 

many to be responsible f o r  de-adhesion when a critical load was reached, 

did not always result in film removal. Also, a necessary condition for 

coating removal ahead of the stylus is that the film must be under 

compression. Laugier concluded that for ductile films the material 

expands and lifts from the substrate to relieve the elastic energy stored 

in the compressively stressed region ahead of the stylus when this energy 

is sufficient to provide the work of adhesion and the work to deform the 

coating. This building up and relieving of stress produces folds along 

the edges of the scratch path. In the case of brittle materials, fragmen- 

tation or spalling of the coating occurs ahead of the stylus when the 

elastic energy is sufficient to provide the work of adhesion for detach- 

ment and work of fragmentation. It is assumed that f o r  both types of 

films, the work of adhesion is much more significant. Figure 8 shows the 

de-adhesion caused by energy stored ahead of the stylus. When this de- 

adhesion propagation was stopped, a cohesive crack formed between the 

detached and undetached material. Microcracking may occur as the stylus 

passes over the detached film. 

The Acoustic Emission Test 

Introduction and Analysis. A scratch testing system can be equipped 

with an accelerometer, usually mounted just above the scratching stylus, 

that acts as an acoustic detector. Many researchers have reported good 

correlation between the acoustic-emission signal and loss of film 

adheSion.6,8,10,11,13,18,22,28,29 
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Fig. 8. Model of failure by t h e  scratch test. 
Elastic energy stored j u s t  ahead of the stylus causes 
de-adhesion, which propagates ahead of the s t y l u s  and 
is stopped by cohesive cracking of the film. Movement 
of the stylus on the detached film causes microcracking 
in the scratch path. Source: J e ,  J .  H., Gyarmati, E., 
and Naoumidis, A., “Scratch Adhesion T e s t  of 
Reactively Sputtered TiN Coatings on a Soft Substrate,” 
T h i n  Solid F i l m s  136 (1986) 5 7 .  

When a material undergoes deformation or fracture, some of the 

elastic energy induced by the local stresses can be released in the form 

of stress waves,30-33 which produce small displacements that can be 

detected on the surface by a sensor. One theory for metals is that stress 

waves are generated from expanding plastic zories--the small area at the 

tip of a crack that undergoes plastic deformation as  a result of stress 

concentration.30 Change in the amplitude distribu-Lion of the acoustic. 

signal has been observed as a precursor to failure, and it is believed 

that this is due to the beginning of local cleavage at the crack tip as 

instability begins.31 

emission only occix‘s when the previous maximum stress level is exceeded, 

indicating that the acot1sti.c emission i.s dependent on plastic strain.30 

It has been observed for metals that acoustic 

Acoustic em.i.ssion signals are very dependent on the type of Liiaterial, 

specimen size and geometry, previous stress in the specimen, and type of 

deformation processes.30 

lead to correct; conclusions.3’ 

The data must have statistical. strength to 
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A .  A. Pollock3' proposed a relationship between released energy 

and the amplitude of  the acoustic emission. Referring to a model of a 

mechanical instability for which the change in stored energy is propor- 

tional to the incremental deformation, 

@ = A x ;  

the kinetic energy released is proportional to the instability, 

and, therefore, the instability is proportional to the incremental defor- 

mation, 

he devised an analogous description o f  an acoustic emission event. In 

the first stage, the crack tip disrupts the equilibrium of the local 

material stresses as it moves forward rapidly. In the second stage, 

propagation of a stress wave restores the mechanical equilibrium. 

this analogy, the amplitude of an emission would be expected to be pro- 

portional to the incremental specimen deformrPtjon: 

Using 

A = A x ,  or A = k l  A x  . 

According to classical wave theory, the energy should be proportional to 

the square of the amplitude: 

AE = A 2 ,  or CE = k,(k, Ax)' = k, Axz . 

From this, the author concluded (and verified with experimental evidence) 

that the energy released as acoustic emission rises in proportion with 

the magnitude of the deformat ion event rather than remzining a constant 

proportion of t h e  total elastic strain energy: 

AE Q AX' . 

Thus, larger yields of acoustic emission result from larger deformation 

events . 
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Use in Scratch Testing. In 1971 Wilshaw and Rothwel13' described an 

instrument, which they called an amychometer (Prom the Grrek word for 

"scratch"), that measured both the normal force QTI a stylus and the 

acoustic emissions generated by microcracking of a glass surface as the 

stylus passed. They found an exact correspondence between the acoustic 

emissions and direct observation of the microcracks in an optical 

microscope. 

Perry et a1.8y22 have investigated the relationship between acoustic 

emissions and loss of coating adhesion for several systems. From these 

data, it was concluded that acoustic emissions are associated with lateral 

crack propagation under a shear stress. No emissions were generated when 

the coating cracked perpendicular to the surface. Perry used his resiilts 

as a measure of the load-bcaring capacity of the coating, which could be 

due tu cohesive and/or adhesive failure. 

concluded from their work that there was no acoustic emission when the 

coating cracked perpendicular to the surface. 

Like Perry, Laeng and Steinmann6 

Perry' recorded acoustic emission as a function of stylus load and 

found more than a hundredfold increase in the emission at the same load 

where microscopic examination revealed a change in surface morphology and 

some local l o s s .  In spite of his good correlation between film damage and 

emissions, Perry cautioned that experience is needed to attribute an 

increased acousLic: signal to adhesive or cohesive loss o r  to film 

cracking. 

Je, GyarmaLi, and Naoumidis" compared an optical micrograph of a 

scratch track with the associated acoustic emissions. These data indi- 

cated that each crack formatjon results in an acoustic signal peak. 

U s e  in Other Tests. Acoustic emission has also been used i n  adhe- 

sion tests other than scratch tests. In 1975 C u r t i s 3 '  used acoustic 

emissions derived from stressing adhesively bonded lap joints to conclude 

that (for the adhesives tested) more emissions will be released during 

failure for a weaker bond. Kooum and Rawlings3' investigated layered 

automobile finishes and found that loss of adhesion, rnacrocracking, and 

microcracking all resulted in acoustic emission for which there was good 

correlation between the emission and the degree of damage. Different 

failure mechanisms were characterized by emissions centered on specific 
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amp1 .i tudes 

and 

parallel to 

microscopy. 

For scale cracking during high- temperature oxidatj on, Penkins 

believed the soiircc of the emissions to be cracks running 

the specimen surface , revealed by scanning electron 

Bunnell, Crowe, and Hart36 found the monitoring of acoustic 

emission events to be extremely sensitive to surface damage effects in 

ceramics. 

The Pull Test 

Introduction. The pull test is a direct measure o f  t h e  tensile force 

required to pull. tho f i . 7 . m  off normal to the substrate surface. Pins o r  

s tuds  of some kind are attached to the film surface a n d  then pulled off hy 

a calibrated instrument such that the force of removal is known. The 

major difficulties of this method are in applying to the film a t r u l y  nos- 

mal force rather than a peeling force. caused by misalignment and in the 

attachment of the pin to tlhe film without grossly affecting the f i 1 . m  under 

investi-gation or the interface between the f i l m  and the substrate." The 

limit of the t es t .  is the strength of the adhesive used to secure the pin 

to t:be film. 9 "  , 3 8  , 3 9  
complex manner irivolving several o.f the in.tesfaces i n  the  system 

(pin/epoxy/fil~/substrate) rather than being confined to a single 

i.nt e r face . 3 ' O 

Another difficulty is that failure can Qcciir in a 

Consistent results by a number of researchers,3*," as well as the 

straightforwardness of thi.s method, imply that it is a viable means of 

investigation. Varchenya and Upit" reported a mean spread of less 

than 20% for their data. 

Variations in Cement Thickness and Bond Strength. Tn 1976 

Jacobs~on'~ analyzed the pull Lest in great detail and found the test to 

be dependent also on variatjons in cement thickness and homogeneity and on 

bondjng strength variations. The stress will be higher than the average 

stress at a region where the cement is thinncr. Eecause this higher 

stress is transmitted to the film, first failure will occur at the loca-  

tions of minimum cement. In practical cases, no new equilibrium is 

reached after this first failure, and, thus, total f ,a i lur-e  occurs. Using 

a simplified model with a uniform cement thickness distribution, Jacobsson 

and K r u ~ e ' ~  showed that the force of adhesion measured for a nonuniform 

cement thickness FB' is lower than the force o f  adhesion measured for a 
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perfectly uniform cement thickness FB and is approximately given by 

where hmaX and h,in are the maximum and minimum cement thicknesses. 

In cases where the film adhesion strength varies, first failure may 

or may not lead tu total failure, depending on the relative values of 

the maximum and minimum adhesive strengths.38 

Fracture Energy I Analysis. Cannon, Fisher, and Evans" proposed a 

fracture mechanics analysis to describe the de-adhesion of a film under a 

normal tensile force. Cracks tend to extend normal to the maximum tensile 

stress, and crack extension is driven by the strain energy release rate G: 

G (-dW/dA .t diJ/dA) , 

where W and II are the external free energy and internal strain energy, 

respectively, and A is the crack area. One criterion is that extension of 

the crack occurs at a critical strain energy release rate G,. The crack 

extension path is modified by variations in growth resistance, including 

those as a result of prior crack extensions and external atmospheres. 

Variations in film thickness may also influence G, because the plastic 

zone size at the crack tip may be limited by the dimensions of the film. 

Experimentally, measurements and substrate cracking showed that maximum 

values of the fracture energies, obtained €or clean, well-bonded systems, 

are similar to those of t he  substrate. 

The work of adhesion Wad i s  the difference in equilibrium energies of 

the metal and ceramic surfaces created and the metal/ceramic interface 

destroyed and would be G, if interfacial fracture were a reversible pro- 

cess. 

and any plasticity in the system. Fracture energies can be much lower 

than the maximum values, however, as a result poor bonding between the 

film and the substrate. 

G, exceeds Wad because the irreversible behavior of crack growth 
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I O N -  BEAM M I X I N G  

Introduction 
-.__I_ 

Ion implantati-on originated in the early 1960s when semiconductor 

researchers began usi.ng beams o f  energetic ions to control the niinibes and 

depth of the dopant atoms.45 

physicists and nuclear chemists in thei.r fundamental resc?arc.li into the 

nature of crystals and the changes caused by atomic collisions. The high- 

energy dopant.. ions  originate at one end of an accelerator and are driven 

arid Eocused by an electric fie1.d until they enter the target chamber and 

collide with the target material.45 In ion  beam mixing, the ion energies 

a.re adjusted such that most of the damage is done at the interface. Atoms 

from the f i l m  may be forward-sputtered i n t o  the substrate, and atoms from 

the substrate may be back- sputtered into the film = l'his traiisfer creates 

a transition l a y e r  at the i .nterfaee,39 eliminating the narrow interface 

through which a fracture may more easily propagate. 

this process as "stitching" the coating to the substrate. 

however, an abrupt interface 

The techtii.que had previously been used by 

Basta4' referred to 

In some cases, 

Effect on Adhesion 

IIondros" attempted to explain the increase in adhesion strength 

after ion beam mixing with a discussion of the thermodynamic work of adhe- 

sion and the surface free energy of materials. H e  asserted that a pro- 

cess, such as ion  beam mixing, that reduces the interfacial energy 

increases the work of adhesion. 

Many researchers16,19,47,4g-s3 have reported an improvement i n  f i l m  

adhesion as the r e s u l t  of ion beam mixing. However, t h e  apparent increase 

in adhesion may not be due solely to better adhesion. Ion beam modifica- 

tion can increase the hardness of the and decrease the fric- 

tional forces,16,57 which may be important parameters, depending on the 

testing mode. 





CHAPTER 111 

EXPERIMENTAL PROCEDURE 

SUBSTRATE MATERIALS 

Four different substrate materials were used in this study. 

Sapphire (Al2O3) single crystals, 2 5 . 4  mm in diameter and 1.0 mm 

thick, were supplied by Crystal Systems, Inc., Salem, Massachusetts. 

These crystals had been cut to within 2 O  of the basal plane and polished 

by the supplier. The crystals were annealed for 120 h at 1450 to 1500°C 

in air to remove any residual defects. Each crystal was cut into qunr- 

ters such that the pieces could fit into the ion beam accelerator 

chamber. 

Glass plates 25 .4  by 12.7 mm were cut from standard glass micro- 

scope slides that had been precleaned and displayed few scratches when 

viewed optically. 

Bars ( 3  x 6 x 52 mm) of reaction-bonded silicon nitride (RBN) and 

sintered alpha silicon carbide (SASC) were supplied by Garrett Gas 

Turbine Company, Phoenix, Arizona. After being polished to a 

metallographic finish, the bars were coated with either 15 or 30 nm of 

aluminum or zirconium and ion beam mixed to various doses by personnel 

of the Solid State Division of Oak Ridge National Laboratory. These 

specimens were then used for adhesion testing. 

SUBSTRATE CLEANING PROCEDURE 

The following cleaning procedure was used for the sapphire and 

glass substrates preceding film deposition: 

1. ultrasonically cleaned in Micro laboratory cleaning sollition 

(15 min for each side), 

rinsed thoroughly in distilled water, 2 .  

3 .  ultrasonically cleaned in acetone (10 min for each side), 

4 .  

5.  ultrasonically cleaned in ethyl or isopropyl alcohol (5 min 

rinsed thoroughly in distilled water, 

for each s i d e ) ,  

25 
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6 .  r i n sed  with a l coho l ,  and 

7 .  oven d r i e d  a t  1 0 0 ~ ~ .  

This  technique,  however, removed t h e  30-nm aluminum f i lm  on t h e  RBN and 

S A X  and was, t h e r e f o r e ,  not  used on any of t h e  o the r  specimens t h a t  

a l r eady  had a f i l m .  De ta i l s  a r e  provided i n  a fol lowing s e c t i o n .  

FILM DEPOSITION 

Two apparatus  were used f o r  t he  f i lm  depos i t i on .  

The f j r s t  system was an NRC Vacuum Coater c o n s i s t i n g  of a 

10.16-cm-di.am d i f f u s i o n  pump and 35-cm-diam, 60-cm-high h e l l  j a r  and 

us ing  e l e c t r i c a l  r e s i s t a n c e  t o  hea t  e i t h e r  a tungsten basket  f i l l e d  with 

the  deposit i .on metal or a tungs ten  wire coated with .the ma te r i a l  t o  be 

depos i ted .  

most depos i t ions  took p lace  a t  a base pressure  of about 2 . 7  x l o - ‘  Pa. 
Film th ickness  was judged o p t i c a l l y  through t h e  b e l l  j a r .  

Lowest vacuum pressures  were approximately 1.1 x l o - ’  Pa ;  

The second system was an Airco Temescal t r i - g u n  e l e c t r o n  beam evap- 

o r a t i o n  system with t h r e e  sepa ra t e  and independent e l e c t r o n  beam 

sources  and a 15.2-cm-diam d i f f u s i o n  pump. I n  t h i s  system, bulk 

ma te r i a l  was heated by an  e l e c t r o n  beam i.n a water-cooled copper CTU- 

c i b l e  while t h e  s u b s t r a t e  specimen remained sh ie lded  by a movable 

s h u t t e r .  

c r y s t a l  i n  the chamber. This  c r y s t a l  provided a feedback system t o  

adjust t he  power t o  maintain t h e  depos i t i on  r a t e  and t o  shut  t he  power 

o f f  when t h e  c o r r e c t  th ickness  had been a t t a i n e d .  Af te r  the  depos i t ion  

r a t e  reached a p r e s e t  value of 1 nm/s, t h e  s u b s t r a t e  was exposed, and 

t h e  depos i t i on  proceeded under e l e c t r o n i c  c o n t r o l .  

approximately 1 . 3  x Pa, but  pressures  d u r i n g  depos i t i on  ranged up 

t o  1 . 3  x P a .  Although t h e  s u b s t r a t e s  were not  i n t e n t i o n a l l y  

hea ted ,  radi-ant- hea t ing  of the  chamber r a i s e d  the  s u b s t r a t e  temperatures 

t o  approximately 5 O o C .  

Deposit ion r a t e  and f i lm  th ickness  were monitored by a qua r t z  

Base pressures  were 

The di.agram i n  F i g .  9 shows t h e  e l e c t r o n  beam power a s  a func t ion  

of t ime.  During the  r i s e  and soak t i m e s ,  t h e  bulk depos i t i on  mater ia l  

and the  chamber were heated t o  t h e  depos i t i on  temperatures  t o  degas t h e  
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melt and drive of f  any surface oxides. The predeposit time allowed the 

deposition rate to reach the preset value before the specimen substrate 

was exposed. 

Films of chromium, zirconium, nickel, and aluminum were deposited 

by one of these methods. Thicknesses of 100, 200, and 500 nm were 

deposited. 

SPECIMEN CHARACTERIZATION 

Hardness tests were performed using a Leitz Miniload Hardness 

Tester to determine the Vickers hardness. Substrate hardnesses were 

Pound by using a 100-g  load f o r  30 s .  Filrn/substrate hardnesses were 

found by using both a 100-g load f o r  30 s and a load such that the 

indentation depths were of the order of the scratches made during 

scratch testing. 

Substrate and film surface characterizations were made by using a 

Tencor Alpha Step 200 profilorneter fitted with a 0.22-ym-radius diamond 

stylus under a load of 2 to 4 m g .  Scan lengths of 400 and 2000 prn were 

made. Arithmetic average surface roughness values, calculated by the 

instrument ( A N S I  Standard A46.1--1978, graphically determined), were 

taken as a measure of the  surface roughrir?ss of both the substrate and 

film, and the step height at the edge of the film was used as a measure 

of the f ilrn thickness. 

SCKATCH TEST 

The scratch tester used for this project (Fig. 10) consisted pri- 

marily of a balanced lever arm with a diamond stylus and a load platform 

directly above the stylus. The stylus, a spherical diamond or steel 

penetrator for Rockwell Hardness testing, was a separate piece with 

adjustable extension below the load platform. To begin testing, the 

lever arm was exactly balanced in the horizontal position with the tip 

of the stylus just touching the specimcn surface when the specimen was 

mounted on the movable stage below. The stylus and load platform 

mounted on t h e  lever arm were rigidly attached to a strain gage such 

that a l l  tangential [horizontal) forces on the stylus were measured. 
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Fig. 10. The scratch tester. The following parts 
are labeled: ( a )  drive shaft, (b) movable stage, 
(c) load platform, (d)  strain gage, (e) axis of lever 
arm rotation, (f) carpenter ' s level, (8) balance 
weight, ( h )  motor, (i) horizontal plane adjusters for 
stage, ( j )  stylus. Actual length: 50 cm. 

The strain gage was adjusted to read zero in the no-load configuration. 

A load was then placed on the load platform. The stage with the speci- 

men rigidly mounted was moved under the stylus at a constant speed of 

1.6 mm/min by a gear ratio motor. 

output to an analog recorder that plotted tangential force on the stylus 

The signal from the strain gage was 
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vs time (which corresponded to length of the scratch). 

the specimen was aligned so that the scratch began at least 0.5 mm 
before the edge of the film and continued approximately 1 mm across the 

film. 

In each case, 

Although there existed some vibrations of the system caused by the 

gear ratio drive motor, unpredictable vibrations were eliminated by 

operating the equipment on a Vibraplane inertia isolation table. 

ACOUSTIC EMISSION TEST 

In the current investigation, an accelerometer was mounted to the 

side of the stylus on the load platform. This was then connected to a 

shock amplifier and the amplifier connected to a strip chart recorder. 

More than fifty scratches were made with varying film materials, normal 

loads, chart sensitivities and speeds, amplifier sensitivities, and fre- 

quency filters. 

emerged; in fact, no difference could be detected between when the sty- 

lus was running on the bare substrate and when it crossed onto the film. 

It is suspected that whatever specimen emissions might have occurred 

were overshadowed by those of the drive motor, which could not be ade- 

quately isolated from the system. 

However, no patterns that signified loss of adhesion 

PULL TEST 

The pull testing was done using a Sebastian I Adherence Tester 

manufactured by the Quad Group. 

supplied by the Quad Group were attached to the film surface by clips 

and then oven cured. Much experimentation was done to determine the 

cure cycle that would deliver the maximum epoxy strength and adherence 

to both the film and the pin. 

ramp to 15OoC, 1 .5  h at 150°C, and then oven cooled to room temperature. 
The specimens were then allowed to sit at room temperature for at least 

24 h before testing. The tensile stress required to remove the pin was 

indicated on a digital display, and the accuracy was specified as being 

&lo%. 

force vs time plot was also generated, thus allowing the calculation of 

the energy to failure. 

In this test, pre-epoxied bonding pins 

This was found to be a 0.5-h temperature 

An analog recorder was also attached to the equipment so that a 

4 

4 

* 
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Other commercial epoxies were also used in conjunction with the 

Sebastian Adherence Tester studs that did not have a precoat of epoxy. 

None of these had a greater bonding strength than the pre-epoxied pins, 

and, thus, no data are reported for these trials. 

ION-BEAM MIXING 

The ion beam mixing was performed on all of the sapphire and glass 

specimens by using the Oak Ridge National Laboratory 5-MeV Van de Graaff 

accelerator supplying Fe’ ions at 1 MeV to a fluence of 1 x 10” ions/cm2. 

A portion of each specimen was masked to preserve a virgin region. 
The computer code E-DEP-1 (version 5)  supplied by the Naval 

Research Laboratory’ 

deposited into elastic collisions as a function of heavy-ion penetration 

depth into an amorphous material. 

ion beam was penetrating the film and mixing was occurring in the inter- 

facial region. 

was used to calculate the distribution of energy 

These data gave assurance that the 





CHAPTER I V  

RESULTS AND DISCUSSIONS 

THE SCRATCH TEST 

"he scratching of a thin, ductile film on a brittle substrate is a 

very complex phenomenon. 

The final judgment of the film's integrity in this study was based 

on the transmission of light through the specimen: because the 

substrate was transparent and the film opaque, transmitted light 

signified film absence. There are drawbacks to this method, as noted in 

the literature review, because ductile films may be thinned to 

transparency by sideways extrusion and some films, although nonadherent, 

may be pressed back into the scratch path under the passing stylus. 

attempt was made to distinguish between film loss and film thinning. 

Also,  the total stress state of the film, including inherent stresses 

developed during growth and thermal cycling, and applied stresses caused 

by normal loading and friction, may be sufficient in preventing the film 

from pulling away from the substrate, and, thus, de-adhesion will not be 

detected. Small por- 

tions of film removed may be due to flaws (either inherent or created 

during handling) and may or may not be considered important, depending 

on the purpose of the experiment. In  this work, only regular or con- 

tinuous, easily detected stripping was considered significant. 

An 

Some judgment must be used in defining film loss. 

Systems Analyzed 

Aluminum Films on Glass. Difficulty in the analysis of very 

adherent films led to the use of aluminurn films on glass substrates 

because this system proved to have very low adherence. The films did 

not pass the tape test (were removed by plastic tape), and optical 

microscopy using a light source below the transparent substrate revealed 

the critical load (defined as that normal load at which the film is 

stripped from the substrate) as being less than 1 g (0.0098 N). The 

aluminum Eilms were 120 nrn thick and had an average arithmetic surface 

roughness of 5 nm. Although no noticable differences in the film 

33 
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surfaces were found from surface profilometry, large differences in the 

coefficients of friction under the stylus, at the same normal load, were 

recorded. 

Nickel and Chromium Films on Sapphire. Based on some earlier prom- 

ising results, chromium was chosen as a film material. 

observed that nickel had relatively poor adhesion to sapphire, and it 

was felt that this system had good promise for measurable improvement by 

ion-beam mixing. Nickel films and chromium films on sapphire substrates 

proved to be much more adherent than the aluminum films to glass. 

Typical critical loads, although inconsistent, were of the order of 

50 g .  These films were approximately 200 nm thick. 

Hondros4' 

Zirconium Films on Sapphire. Two of the zirconium films were 

extremely adherent to their sapphire substrates. Even scratches made 

under a 300-g load did not cause de-adhesion of the film. Scratches 

made using normal loads less than 150 g were not visible in an optical 

microscope at a magnification of 40X. Other scratches were barely 

visible even under a magnification of 7OOX. However, another o f  these 

specimens had relatively poor adherence: the critical load for it was 

approximately 10 g. 

Scratch Characteristics 

System Vibrations arid Noise. System vibrations as a result of the 

gear ratio drive motor were apparent for the very low normal loads used 

to investigate the aluminum/glass systems. Figure 11 shows a scratch 

made under a 0 .45 -g  normal load but at a speed 50 times faster than used 

for actual testing to exaggerate the skipping effect. Figure 12 shows a 

similar pattern obtained during an actual test under a normal load of 

2 g. This skipping was not apparent at higher loads because the change 

in loading caused by this vibration is such a small percentage of the total 

loading for the more heavily loaded scratches. 

Noise generated by the strain gage, strain gage analyzer, analog 

recorder, and connecting cables lowered the resolution of the tangential 

force measurement. The lack of sensitivity to very subtle changes in 

the tangential force may have prevented a more accurate description of 

the stress state of the film. 



(a) Transmitted light. 42X. (b) Reflected light. 450X. 

Fig. 11. Stylus skipping caused by system vibrations. Scratch made on aluminum/glass system under 
a normal load of 0.45 g. 
Scratch direction is from left to right. 

The speed of the stylus travel was increased to exaggerate the skipping effect. 

YP4800 

m 

YP4801 
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(a) Transmitted light. 68X. (b) Reflected light. 68X. 

Fig. 12. 
from left to right. 

Scratch made on aluminum/glass system under a normal load of 2.0 g. Scratch direction is 
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Because of the combined effects of system vibrations and noise, the 

scratch test can be considered to have a lower limit. 

below this limit cannot be adequately measured. 

Adhesion levels 

Characteristics of the Scratch Path. Typical scratch profiles are 

shown in Fig. 13. 

depending on the deformation mode. 

are quite common. 

The ridges beside the path may or may not be present, 

Ridges in the center of the track 

The scratch path is, in general, neither uniform nor symmetrical, 

even at loads higher than the critical loads. 

the profiles of Fig. 13 and the micrographs of Figs. 14-16. For the 

aluminum/glass systems, some of the film material pushed out of the path 

of the stylus remained attached to the side of the channel. These pile- 

ups often immediately preceded a section of narrow track or a skipped 

region, indicating that material had piled up ahead of the stylus, suf- 

ficiently increasing the resistance to motion to cause the stylus to 

rise onto the film surface to keep on moving. Many of these flakes were 

not removed in an ultrasonic bath, denoting that the film was not broken 

from the side of the channel. 

before and after ultrasonic cleaning. 

the system vibrations made to this skipping. 

implied that the vibrations were not the most significant aspect. 

Figure 19 shows the full length of the scratches in Figs. 17 and 18, 

and it can be seen that the skipping is not regular. 

This is evident from both 

Figures 17 and 18 show two such regions, 

It is not known what contribution 

The irregularity, however, 

Thinning of the film under the stylus was particularly apparent for 

the zirconium films on sapphire, possibly because of a stress state 

unfavorable to film removal, even if de-adhesion has occurred.' 

thinning under both 10- and 200-g normal loads can be seen Fig. 20. 

Occasionally, significant scratching was initiated by the presence 

Film 

of a surface flaw. This is illustrated clearly in Fig. 21. 

Deformation Modes. Comparison of the scratches made by the diamond 

stylus on the chromium and nickel films on sapphire substrates revealed a 

significant difference in the deformation modes. 

the scratches made on nickel/sapphire systems showed hillocks all along 

Transverse profiles of 
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(a) Nickel film on sapphire. 

(b) Aluminum film on glass. 

Fig. 13. Typical scratch profiles. 
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Fig. 16. Scratch made on nickel/ 
sapphire specimen under a normal load of 
150 g. 
removal. Scratch direction is from left 

The white steaks signify film 

to right. Scanning electron micrograph, 
1430X. 

m795 

(a) Before ultrasonic cleaning. 450X. 

YP4790 

(b) After ultrasonic cleaning. 450X. 

Fig. 17. Scratches made on aluminum/glass 
specimen under a normal load of 0.45 g. 
direction is from left to right. 

Scratch 
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(a) Before ultrasonic cleaning. 450X. 
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1 
(b) After ultrasonic cleaning. 450X. 

c 

Fig. 18. Scratches made on aluminumjglass 
Scratch specimen under a normal load of 1.0 g. 

direction is from left to right. 

YP4788 
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Fig. 19. Full-length view of scratches in 
Figs. 17 and 18 before ultrasonic cleaning. 
Scratch direction is from left to right. 42X. 
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Fig. 20. Thinning of zirconium film 
under normal stylus loads of ( a )  10 g and 
(b) 200 g. 128X. 

YP4804 

Fig. 21. Effect of surface flaw on 
scratching of zirconium/sapphire system. 
Scratch direction is from left to right. 
Scanning electron metallograph. 1600X. 
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Fig. 22. Transverse profile of a scratch 
showing ductile extrusion of nickel film on a 
sapphire substrate. 
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Fig. 23. Transverse profile of a scratch 
showing absence of ductile extrusion of chromium 
film on a sapphire substrate. 
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Fig. 24. Scanning electron micrograph of a 
250-g normal load scratch on a chromium/sapphire 
specimen. Scratch direction is from left to 
right. lOOOX. 

quantitatively compared unless the failure mode differences are accounted 

for by determining the actual stress states of the film at the location of 

failure. This example points out the necessity of microsopic examination 

to determine the failure mode because testing parameters may have a great 

effect . 
Analyses 

Variations in Styli and Film Thickness. The scratch test was used 

only to compare the adhesion of similar systems. 

evident that variations in styli and film thickness are both very important 

variables. 

Theoretically, it is 
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the edge of the scratch channel (Fig. 2 2 ) .  This is indicative of ductile 

extrusion under the stylus. Scratches made on chromium/sapphire systems, 

however, showed no evidence of extrusion in either profiles or micrographs 

(Figs. 23 and 2 4 ) .  

the channel, but the irregularity of its occurrence indicates that the 

film was broken and then pushed aside by the passing stylus rather than 

extruded from underneath the stylus. 

Figure 24 does show some material along the side of 

The scratches in Fig. 25 were made on an ion-beam-mixed 

zirconium/sapphire system. These show a compressive failure in the form 

of "bubbles" to the side of the scratch path, which has only been thinned: 

film removal occurred only in the "popped out" regions to the side of the 

channel. 

sion, the compressive stresses were most likely generated ahead of the 

moving stylus in both the film and the substrate. Also, if it were the 

film alone that failed, de-adhesion would have initiated immediately next 

to the path where the film was weakened rather than away from the track as 

it appears to have done. 

Because evaporated films are almost always in a state of ten- 

The analysis of Hamilton and Goodman'' describing the tensile 

stresses behind the moving stylus is supported by Fig. 26.  Theoretical 

lines of constant tensile stress acting in the plane of the surface are 

shown in Fig. 27 for a coefficient of friction of 0 . 2 5 .  The line of 

constant maximum tensile stress lies in almost an identical location for a 

friction coefficient of 0.50. 

the cracks of Fig. 26 almost exactly propagate along the theoretical lines 

of maximum tensile stress. 

micrographs are regions stripped of the film. 

the lack of symmetry in the scratch path and the fact that the cleared 

portion actually changes sides (both micrographs of Fig. 26 are from the 

same track). 

Comparison of Figs. 26 and 27 reveals that 

The dark lanes in the scratch paths of the 

It is interesting to note 

The systems illustrated in Fig. 25 and 26 were both from the same 

zirconium/sapphire specimen but the failure modes were very different: 

the first, in the ion-based-mixed region, was a compressive failure ahead 

of the moving stylus; the second, however, in the unmixed region, was a 

tensile failure behind the stylus. The results of these tests cannot be 

4 
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(b) Scanning electron micrograph. 1700X. 

Fig .  25. Two regions of compressive 
failure caused by a 450-g normal load 
scratch on a zirconiwn/sapphire specimen. 
Scratch direction is from left to right. 
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(a) Scanning electron micrograph. 1600X. (b) Scanning electron micrograph. 199X. 

Fig. 26. Tensile failure behind the meaning stylus caused by a 400-8 normal 
circonium/sapphire specimen. Scratch direction is from left to right. 

I J c 
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Fig, 27. Theoretical line of constant maximum tensile 
stress acting in the plane of the surface for a friction co- 
efficient of 0 . 2 5 .  The stylus moves in the positive x-direc- 
tion, and a is the radius of the circle of contact. 
Source: Hamilton, G. M., and Goodman, L. E., "The Stress 
Field Created by a Circular Sliding Contact," J. A p p l .  Mech. 
88 (1966)  371 .  

Stylus radius and hardness affect the penetration depth of the stylus 

into the specimen and, thus, are important factors in the stress distribu- 

tion under the stylus. 

role in adhesion failure, are controlled partially by the stylus material 

and geometry. 

the specimen. 

film defines whether this point lies in the film or in the substrate. 

Frictional forces, which play a very important 

The point of maximum yield is often below the surface of 

If all other factors are the same, the thickness of the 

Because the material properties of the film and substrate differ, this is 

a critical consideration. 

Analysis Based on Normal Load Criterion. The definition of film 
adhesive strength based on a critical normal load W to cause de-adhesion 
was not very consistent. This was not unexpected, however, because it 

has already been noted that there are a large number of significant 

parameters involved, including coefficient of friction, which can even 

vary along the same scratch; For some sets of data, a critical normal 

load could be defined, but because this was not the case for even a 



48 

majority of the data, the correlation probably was due to the dependence 

of other factors on the normal load. For example, an increase in the 

majority of the data, the correlation probably was due to the dependence 

of other factors on the normal load. For example, an increase in the nor- 

mal load also increased the film and substrate deformations, the radial 

and shear stresses under the stylus, the mean pressure, the contact area 

of the stylus, and usually the tangential force. 

Analysis Assuming Full Plasticity. Benjamin and Weaver' based their 

analysis of the scratch test on the assumption of full plasticity under 

the stylus. 

was defined as 

The shear stress at the lip of the indentation under a load W 

where P is the indentation hardness of the substrate, r is the stylus 

radius, and a is the contact radius, defined, at full plasticity, as 

a = (Wg/nP)'/' . 

The shear stresses generated from these equations were also often incon- 

sistent with the loss of film material as defined by light transmission in 

a microscope. 

dicted from the dependence of the shear force on the normal load. 

shows the shear stresses generated from data for scratches on one of the 

zirconium/sapphire systems. Although higher shear stresses were more 

likely to result in film loss, there was no clearly defined critical shear 

stress above which the film was stripped. 

This shear stress increased with the normal load as pre- 

Table 1 

The normal force shown in the tables is the effective normal force 

applied to the surface after the moment caused by the tangential force is 

accounted for. This moment occurs because the tangential force is not in 

a horizontal line with the center of rotation of the scratch tester lever 

arm, and because of the direction of motion, the moment serves to lessen 

the applied normal force on the surface. 

c 
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Table 1. Shear stresses calculated using the plastic model 
analysis for scratches on zirconium/sapphire 

Film 
de-adhesion 

Norma 1 Tangential Shear Coefficient 
force force stress of 

(Newtons ) (Newtons ) (GPa) friction 

0.0938 
0.0948 
0.1410 
0.1426 
0 1438 

0.1906 
0.1909 
0.2785 
0.2844 
0.2853 
0.2856 
0 3717 
0.3777 
0.3797 
0.4664 
0.4667 
0.4718 
0.9126 
0.9209 

0.1849 

0,0128 
0.0098 
0.0181 
0.0132 
0.0098 
0.0332 
0.0164 
0.0157 
0.0464 
0 . 0 2 9 0  
0.0265 
0.0255 
0.0607 
0.0432 
0.0373 
0.0708 
0.0699 
0.0549 
0.2009 
0.1766 

0 I 1378 
0.1385 
0.1689 
0.1699 
0.1706 
0.1935 
0.1964 
0.1966 
0.2374 
0.2400 
0.2403 
0.2405 
0.2743 
0.2765 
0.2773 
0.3073 
0.3074 
0 3091 
0.4299 
0.4318 

0.136 
0.104 
0.129 
0.093 
0.068 
0.179 
0.086 

0.167 
0.102 
0.093 
0.089 
0.163 
0.114 
0.098 
0.152 
0.150 
0.116 
0.220 
0.192 

o1oa2 

Yes 
No 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Ye5 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Table 2 shows the good correlation between shear stress and film de- 

adhesion for a chromium/sapphire specimen. In contrast, the only shear 

stress that did not result in nickel film de-adhesion from sapphire was an 

intermediate value (Table 3 ) .  This latter may have been due to insuf- 

ficient data to generate a statistically accurate result. Another 

possible explanation may lie in the difference in the deformation modes, 

as already discussed: the nickel/sapphire systems exhibited ductile 

extrusion of the film along the scratch path, but the chromium films 

showed no evidence of extrusion. Data taken for nickel/sapphire systems, 

then, would most likely be very dependent on the mechanical properties of 

the film and the  friction between the film and the stylus and would not 

lend themselves to description by an equation neglecting these factors. 
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Table 2 .  Shear stresses calculated using the plastic model 
analysis for scratches on chromium/sapphire 

Film 
de- adhesion 

Normal Tangential Shear Coefficient 
force force stress of 

(Newtons) (Newtons ) (GPa) friction 

0.0962 
0.1400 
0.1876 
0 . 1 9 0 4  
0 .1962  
0.2828 
0 .2830  
0 .4669  
0.4760 
0.4769 
0.4805 
0 . 9 3 3 4  
0.9452 
0.9528 
0 .9583  
1 .4051  
1 .8622  
2.3540 

0.0057 
0 .0210  
0 . 0 2 5 1  
0.0172 
0.0000 
0.0337 
0.0332 
0.0695 
0.0426 
0 .0400 
0 .0293  
0.1399 
0.1052 
0 .0829  
0.0666 
0 .1951  
0 .2931  
0 .2893  

0.1395 
0.1683 
0.1949 
0 .1963  
0.1993 
0.2393 
0 .2394  
0 .3074  
0 .3104  

0.3119 
0.4347 
0.437.5 
0.4392 
0 .4405  
0.5334 
0.6141 
0.6905 

0,3107 

0 . 0 5 9  
0 . 1 5 0  
0 . 1 3 4  
0 . 0 9 0  
0 .000 
0.119 
0.117 
0 . 1 4 9  
0 .089  
0 . 0 8 4  
0 . 0 6 1  
0 . 1 5 0  
0 . 1 1 1  
0.087 
0 . 0 7 0  
0 . 1 3 9  
0.157 
0.123 

No 
N o  
No 
No 
No 
No 
No 
No 
No 
N o  
No 
No 
No 
No 
No 
No 
Yes 
Yes 

Table 3 .  Shear stresses calculated using the  plastic model 
analysis for scratches on nickel/sapphire 

Film 
de-adhesion 

Norma 1 Tangential Shear Coefficient 
force force stress of 

(Newtons) (Newtons ) (GPa) friction 

0.9376 0 .1274  0.4357 0.136 
1 .3840  0 .2570  0 . 5 2 9 4  0 . 1 8 6  
1 .3874  0.2470 0.5301 0 . 1 7 8  
1 .3988  0.2135 0.5322 0.153 
1.8653 0 .2839  0 - 6147 0 .152  
1.8660 0 .2818  0.6148 0 . 1 5 1  

Yes 
Yes 
Yes 
No 
Yes 
Yes 
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, 

Data from scratches made with a steel stylus on aluminum/glass 

systems are shown in Table 4. The shear stress in this case correlated 

well with loss of adhesion. The theoretical and experimental values of 

the radius of the circle of contact a are plotted as a function of normal 

force in Fig. 28. 

larger than the theoretical values, possibly because of the failure of the 

theory to account for the elastic deformation of the system.2 

The experimental values were an order of magnitude 

Analysis Assuming Elastic Conditions. Laugier7 assumed that adhesive 

failure of the film can occur under elastic conditions ahead of the sty- 

lus. The radial compressive stress ahead of the stylus is given by 

0 = (Wg/2.rra2> ((4 + v1)(3nf/8) - (1 - 2 v l ) )  , 

and the shear stress is approximated by 

This analysis is examined more thoroughly in the literature review. 

The equations of Laugier were used to generate values for the coef- 

ficients of friction, radial compressive stresses, shear stresses, and 

mean pressures for several systems. In each case, the elastic moduli were 

estimated at bulk substrate material values, and Poisson's ratio was taken 

as 0.3 for all materials. Errors resulting from not using a composite 

modulus occurred consistently; t he  effect was merely to adjust the numbers 

by a linear factor. Table 5 shows the values of the shear and radial 

stresses calculated for one set of zirconium/sapphire data. This specimen 

was chosen because the modulus of zirconium (94.5 GPa) varies by the 

largest amount from that of its substrate (410 GPa) for the four systems 

investigated. In some instances, the coefficient of friction w a s  low 

enough to result in a tensile radial stress (denoted by a negative sign in 

the tables). 

Data for the alurninum/glass and the zirconium/sapphire systems show 

no correlation between the calculated stress values and film de-adhesion. 

Even some o f  the tensile stresses generated, which theoretically should 

not result in film l o s s ,  did cause film de-adhesion, possibly because of 
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Table 4 .  Shear stresses calculated using the plastic model 
analysis for scratches on aluminum/glass 

- 

Film 
de-adhesion 

Normal Tangential Contact Shear Coefficient 
force radius stress of force 

(Newtons) (Newtons) (mm) (GPa) friction 

0.0013 
0.0015 
0 .0025 
0 .0029 
0.0029 
0.0035 
0 .0040  
0 .0044  
0 .0044  
0 .0044  
0 .0085 
0 .0085 
0.0087 
0 .0088 
0 .0092  
0 .0094 
0.0095 
0.0175 
0 .0180  
0 .0180  
0 .0180 
0 .0183  
0 .0183  
0 .0184 
0 .0441  
0 .0450 
0 . 0 4 5 1  

0.0004 
0.0000 
0 .0013  
0.0002 
0.0000 
0 .0026 
0 .0013  
0.0000 
0.0000 
0.0000 
0 .0038 
0 .0038 
0.0032 
0 .0028 
0 0017 
0 .0011 
0.0010 
0 .0062 
0 .0048 
0 .0048 
0 .0048 
0 .0038  
0 .0038 
0.0037 
0 .0144  
0 .0120  
0 .0116 

0 .0002  
0 .0002 
0.0003 
0 .0003  
0 .0003  
0,0004 
0 .0004 
0 .0004  
0 .0004  
0 .0004  
0 .0006 
0.0006 
0 .0006 
0.0006 
0 .0006 
0.0006 
0 .0006 
0.0008 
0 .0009 
0 .0009  
0.0009 
0.0009 
0.0009 
0 .0009  
0 .0013 
0 .0014 
0 .0014  

0 .0023 
0 .0024 
0 .0031  
0 .0033 
0 .0034  
0.0037 
0 .0039 
0 .0041  
0.0041 
0 .0041  
0 .0058  
0 .0058 
0 .0058 
0 .0059 
0 .0060  
0.0061 
0 .0061  
0 .0083 
0 .0084  
0 .0084  
0 .0084 
0 .0085 
0 .0085 
0.0085 
0 .0131  
0 .0132 
0 .0133  

0 .293  
0.000 
0 .508  
0.068 
0.000 
0.719 
0 .320  
0.000 
0.000 
0 .000 
0 .450  
0 .450  
0 .372  
0.322 
0 .180  
0 .114  
0 . 1 0 4  
0.353 
0.267 
0.267 
0.267 
0.209 
0.209 
0 .203  
0 .327  
0.266 
0.257 

No 
No 
Yes 
No 
No 
Y e s  
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Y e s  
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

8 

c 
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Fig. 28. Theoretical and experimental values of the radius of the circle 
of contact for scratches on aluminum/glass specimens. 
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Table 5. Shear stresses calculated using the elastic model 
analysis for scratches on zirconium/sapphire comparing the 
results obtained for different values of Young's Modulus, E 

Shear stress (MPa) 
using 

E of Al2O3 E of Zr 

Ratio of 
shear stresses 

Tangential Normal 
force force 

(Newtons) (Newtons) 

0.0938 
0.0948 
0.1410 
0.1426 
0.1438 
0.1849 
0,1906 
0.1909 
0.2785 
0.2844 
0.2853 
0.2856 
0.3717 
0.3777 
0.3797 
0.4664 
0.4667 
0.4718 
0.9126 
0.9209 

0.0128 
0.0098 
0.0181 
0.0132 
0.0098 
0.0332 
0.0164 
0.0157 
0.0464 
0.0290 
0.0265 
0.0255 
0.0607 
0.0432 
0.0373 
0.0708 
0.0699 
0.0549 
0.2009 
0.1766 

6.11 4.07 1.5 
2.65 1 . 7 7  1 .5 
6.99 4.67 1.5 
1.97 1 .31  1.5 

-1.53 -1.02 1.5 
16.9 11.3 1.5 

1.20 0.80 1.5 
0.56 0.38 1.5 

19.4 1 2 . 9  1.5 
5.19 3.46 1.5 
3.12 2.08 1.5 
2.33 1.55 1.5 

22.6 15 .1  1.5 
9.57 6.39 1.5 
5.23 3.49 1.5 

22.7 15.2 1.5 
22 .1  14.8 1.5 
11.8 7.86 1.5 
6 8 . 9  46.0 1 .5  
55.4 3.69 1.5 

an inaccurate estimate of Poisson's ratio that could result in this sign 

change. 

of the scratches made on aluminum/glass specimens and analyzed by this 

model. 

experimental values: 

for any plastic deformation, even during stylus passase. 

Figure 28 also shows the radii of the circles of contact for some 

For the most part, the theoretical values are less than the 

this is probably because the theory does not account 

As when analyzed by the technique of Benjamin and Weaver, loss of 

adhesion of chromium from sapphire correlated well with maximum 

compressive radial stresses, maximum shear stresses, and maximum mean 

pressures (Table 6 ) ,  but these values for the nickel/sapphire 

systems were intermediate for the only scratch not resulting in film 

loss (Table 7 ) .  This is probably due to the different deformation 

modes. 
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Table 6. Radial and shear  stresses calculated us ing  
the elastic model analysis for scratches 

on chromium/sapphire 

Film 
de-adhesion 

Normal Tangential Radial Shear 
force force stress stress 

(Newtons) (Newtons ) (GPa) (MPa) 

0.4805 0.0293 -0.187 -5.70 No 
0.9584 0.0665 -0.126 -4.82 No 
0.0962 0.0057 -0.121 -2.15 No 
0.4769 0.0400 0 052 1.57 NO 
0.1904 0.0172 0.086 1.93 No 
0.4760 0.0426 0.109 3.31 No 
0.9528 0.0829 0.106 4.04 No 
0.2830 0 .  a332 0.335 8.54 No 
0.2828 0.0337 0.354 9.02 No 
0.1876 0.0251 0.419 9.33 No 
0.1400 0.0210 0.492 9.93 NO 
0.9452 0.1052 0.423 16.1 No 
0.4669 0.0695 0.723 21.8 NO 
0.9334 0.1399 0.925 35.1 NO 
1.4051 0.1951 0.895 39.0 No 
2.3540 0.2893 0.780 4 0 . 3  Yes 
1.8622 a. 2931 1.290 61.6 Yes 

-- 

Table 7 .  Radial and shear  stresses calculated using 
the elastic model analysis for scratches 

on nickel/sapphire 

Normal 
force 

(Newtons ) 

0.9376 
1.3988 
1.8660 
1.8653 
1.3874 
1.3840 

Tangential 
force 

(Newtons ) 

Radial Shear 
stress stress 
(GPa) (MPa) 

Film 
de- adhesion 

0.1274 
0,2135 
0.2818 
0.2839 
0.2470 
0,2570 

0.74 28.3  
1.10 47.8 
1.18 56.7 
1.20 57.6 
1.47 63.9 
1.59 68.8 

Ye S 

No 
Yes 
Yes 
Yes 
Yes 
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THE PULL TEST 

In theory, the pull test is the most straightforward of the tech- 

niques discussed. In practice, however, it is not so easily used. Most 

of the films used in this research were more adherent to their substrates 

than the epoxy of the bonding studs was to the film surface or the pin 

head. Another problem was that the fracture often happened in a complex 

manner involving several of the interfaces and layers between the pin, 

epoxy, film, and substrate. Because it was not always known where failure 

occurred first, it was difficult to determine what the maximum stress 

reading of the pull tester was actually measuring. 

The epoxy precoated on the pull test pin was examined under a 

microscope before curing and found to be continuous but to contain few 

thin spots scattered over the surface. 

more evenly distributed during curing. 

rough: arithmetic average surface roughnesses were approximately 3 pm. 

This roughness increased the surface area to which the epoxy could bond 

and promoted mechanical locking. 

was specified as 62 to 69 MPa, and this was usually achieved before the 

epoxy or either of its interfaces failed. 

It is hoped that the epoxy became 

The surfaces of the pins were very 

The ultimate yield strength of the epoxy 

Stresses developed in the specimens during film growth and cooling 

can greatly affect the results of the pull test. For one set of chromium 

films evaporated onto glass substrates, the substrates were under suf- 

ficient compression under the film that the test pin removed a hemispheri- 

cal section of glass of approximately the same diameter as the test pin 

rather than the film from the substrate. Test pins epoxied directly to 

the glass, where no film was present to put the substrate in compression, 

did not have this effect, even to much greater loads. 

Two techniques were used to introduce reproducible flaws into the 

film in an attempt to lower the apparent adhesion of the film to within 

the range of the pull tester. In the first method, a Vickers hardness 

indent was made on the film surface. The cracks propagating from the cor- 

ners of the pyramidal indent served as the flaws that might lead to film 

de-adhesion. Unfortunately, this proved not to be the case: the adhesion 

of the films remained beyond the range of the tester, probably because the 

cracks were too small. Even if this had worked, it would be very  difficult 

. 

. 
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to analyze an apparent adhesion increase caused by ion beam mixing because 

it is not known precisely how the mixing affects the parameters involved. 

It is known qualitatively from other researchers that ion beam mixing 

increases surface hardne~s’~-’~ and inhibits crack propagation.59 

variations between mixed and unmixed films would mean that cracks produced 

by a standard indent load on unmixed material could not be exactly repro- 

duced on a mixed system and the flaw itself would become a variable in the 

analysis. 

These 

In the second method, a thin layer of gold was sputter deposited onto 

a small portion of the substrate. The test film was then deposited 

through a mask such that a portion of this new film overlapped the gold 

layer. Because the gold was nonadherent (experimentally) to the sapphire 

and glass substrates, it served as a release layer for the test film, and 

the resulting failure was treated from a fracture mechanics point of view. 

The mild shadowing effect of the mask used during gold deposition caused 

the edge of the gold layer under the test film to be tapered; thus, this 

was treated as a reproducible crack, and the analysis was made using the 

concept of fracture toughness as indicated by the stress intensity 

factor K .  

Technical Publication 410 (ref. 6 0 )  as 

For the Mode I crack opening mode, KI is given in ASTM Special 

where a is  the crack length and u is the normal stress. 

Because the point of the analysis was not to determine a material 

property but to find some means of comparison of the fracture strength 

for similar but flawed systems, it was not significant that the speci- 

mens used in this research did not meet the specimen size  requirements 

given for fracture toughness testing. A l l  specimens iised for comparison 

were of almost identical shape and size. 

By using KI, which incorporates the geometry of the crack, errors 

in pin placement were not as critical because they were accounted for by 

careful measurement of the crack length. 

This latter method of a gold release layer was used to investigate 

the adhesion of 500-nm zirconium films on sapphire substrates. The gold 

layer was approximately 20 nm thick. For comparison, some pull tests 



were performed on areas of the test film that did not overlap the 

release layer. 

layer resulted in any film loss. The other tests resulted in varying 

amounts of film loss over a wide range of applied stresses (Table 8 ) .  

Note that the specimen with the largest percentage of test film removed 

had an intermediate vahie of K I .  

None of the pulls that were performed without a release 

It was assumed that. t+he epoxy failed first in the cases where both 

the €ilm/substrate interface and one of the epoxy interfaces failed and 

the stresses were recalculated for the actual area supporting the load. 

Such calculated stresses were much higher than the tensile strength of the 

epoxy. This was deemed unreasonable, and, thus, it was assumed that the 

zirconium/sapphire interface failed first at some stress less than the 

final maximum reading at which stress the remaining epoxy failed. 

Calculation of the stresses based on this assumption gave stresses on the 

remaining intact system that were approximately equal to the tensile 

strength of the epoxy. This latter, then, was a reasonable assumption. 

Because the stress to cause failure of at least part of the test film 

occurred at a smaller stress than the maximum shown in Table 8 ,  it can be 

concluded that the stress intensity factors in Table 8 represent an upper 

limit of those required to cause film de-adhesion. 

Table 8 .  Pull test results fox specimens with gold 
release layera 

Stress Maximum Stress Test 
at crack intensity film Gold 

layer 
Spec i me n r e 1 e as e failure length factor removed 

(MPa) (mm) (MPa&> (%I 

477 c 
477 d 

480 d 
478 a 
479 c 
480 a 
480 b 

478 b 

No 
NO 
No 
No 
Yes 
Yes 
Yes 
Yes 

6 4 . 7 4  
5 9 . 5 7  
69.98 
56 .75  

5 .45  
35.10 
38 .61  
25.65 

- -  
0 .396  
0.770 
1 .389  
0.472 

- -  
0 .212  
1.899 
2.806 
1 .086  

. 

0 
0 
0 
0 

26 
20 
1 3  
65 

&Different identification letters refer to separate tests on 
the same specimen. 
including that over the release layer. 

"Test film removed" refers to the test area not 
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The gold layer does have an effect on the stress intensity. Table 8 

reveals the adhesive strength of the film to the substrate to be greater 

than 55 MPa (the strength of the epoxy) if no release layer is present. 

If the effect of the layer were solely to reduce the effective area sup- 

porting the applied load, thus increasing the stress on the system, 

recalculation of the stresses based on the area under the pin but not over 

the gold Layer should reveal maximum stresses of about the same order of 

magnitude as when no release layer was used. Table 9 shows this not to be 

the case: the stresses recalculated for the specimens omitting the pin 

area over the gold material were, in general, much less than the strength 

of the epoxy. Failure would not have occurred at these low stresses if 

the release layer did not have an effect on the stress intensity. 

Some reasons that the crack resulting from the gold layer did not 

propagate further between the test film and substrate include (1) the 

gold may not have been completely continuous at a thickness of 20 nm, 

(2 )  the crack tip caused by the edge of the layer may not have been sharp 
enough, and ( 3 )  the zirconium film may not have been continuous over the 

edge of the gold. A ~ s Q ,  gold on sapphire tends to agglomerate during 

heating, and this may have occurred during the test film deposition or 

during the  epoxy cure cycle. 

obtained after the investigation of these factors. 

More extensive crack propagation might be 

Table 9 .  Stresses recalculated assuming reduced 
area under the pin by omitting area 

over the gold release layer 

-II__ 

Stress at failure recalculated omitting 

(MPa) 
Specimen pin area over gold layer 

478 a 
479 c 
480 a 
480 b 

5 . 7 9  
38 .68  
71.29 
38.47 



60 

EFFECTS OF ION-BEAM MIXING 

Adhesion to Sapphire Substrates 

Scratch Adhesion. The scratch test was used to investigate the 

effect of ion beam mixing on film adhesion for chromium, nickel, and zir- 

conium films on sapphire substrates. 

The as-deposited thicknesses of the zirconium, chromium, and nickel 

films were 0.18, 0.17, and 0.20 pm, respectively. It was found from the 

E-DEP-1 code (ref. 5 8 )  that the average projected ranges (the depth at 

which most of ions come to rest) of iron ions into these materials were 

0 .47 ,  0 . 3 6 ,  and 0.31 pm, respectively. Because the shape of the con- 

centration of iron ions vs depth curve is generally gaussian, only a rela- 

tively few iron ions came to rest in the film. 

PROFILE (ref. 61), which calculates the distributions of ions implanted 

into surfaces, revealed that the maximum concentration of the iron ions, 

which occurs at the interface and diminishes quickly away from the inter- 

face, was less than 6 . 5  at. % for the nickel film and was even less for 

the other films. Thus, it was reasonable to assume that the structural 

and alloying effects were minimal. 

was, instead, the energy transferred and the defects created near the 

interface as a result of the collisions associated with the passage of the 

ion. 

The computer code 

The cause of the "ion beam mixing" 

For some of the chromium/sapphire and zirconium/sapphire specimens, 

the scratch test data revealed critical values of the normal load, plastic 

shear stress, and elastic shear stress necessary to cause de-adhesion; 

the data for other specimens, however, was very inconsistent, and no crit- 

ical values were discernible. This difference may be clue to some unrec- 

ognizable difference in the specimens themselves or to some uncontrollable 

testing conditions, such as air humidity or stylus damage. 

For those specimens exhibiting critical values for de-adhesion, ion 

beam mixing greatly improved the adhesion of the chromium films. 

Although there w a s  a large amount of scatter in the data, normal forces 

as low as 0.20 N resulted in film stripping in the unmodified regions. 
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None of the scratches in the modified region, however, resulted in a loss 

of adhesion, even for normal forces as high as 3.92 N. Critical shear 

stresses calculated from the equations of Benjamin and Weaver that assumed 

fully plastic conditions showed R marked improvement of 350% for one of 

the specimens (Table 10). Analysis of data for the same specimen using 

Laugier's elastic equations also revealed an increase in the critical 

shear stress of over 300% (Table 11). 

No increase in the adhesion of nickel films to sapphire substrates 

was evident among the wide scatter of the data obtained by each of the 

analysis methods. This scatter may be due to the extrusion of nickel 

films under the stylus, as previously discussed. 

Table 10. Comparison of critical shear stresses 
calculated using the plastic model analysis for 

scratches on chromium/sapphire 

Normal Tangential Shear Film I on-beam force force stress de - adhesion mixed 
(Newtons) (Newtons) (GPa) 

0 .  I875 
0.9464 
0.3464 
0.9464 
0.9474 
2.3492 
2.. 3554 
2.3564 
2.3564 
2.3799 
2.3799 
3.7817 
3.7817 

0.0254 
0.1016 
0.1016 
0.1014 
0.0988 
0,3034 
0.2851 
0.2822 
0.2822 
0.2133 
0.2133 
0.4178 
0 .4178  

0.1949 
0.4378 
0.4378 
0.4378 
0.4380 
0.6898 
0.6908 
0 .6909  
0.6909 
0.6943 
0.6943 
0.88.18 
0.8818 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
N o  
No 

No 
No 
No 
No 
No 
NO 
No 
No 
No 
NO 
No 
Yes 
Y e s  
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Table 11. Comparison of critical shear stresses 
calculated using the elastic model analysis for 

scratches on chromium/sapphire 

Film I on -be am Normal Tangential Shear 

mixed force stress de - adlies ion force 
(Newtons ) (Newtons ) (MPa) 

0.1875 0 .0254  9 . 6 0  Yes No 
2.3799 0.2133 9 .85  Yes No 
2.3799 0 .2133  9 .85  Yes No 
0 .9474  0 .0988  12 .7  Yes No 
0 .9464  0.1016 1 4 . 2  Yes No 
0 . 9 4 6 4  0.1016 1 4 . 2  Yes No 
0 . 9 4 6 4  0 .1016  14.2 Yes No 
2 .3564  0 .2822  37 .5  Yes No 
2 .3564  0 .2822 37 .5  Yes No 
2.3554 0 .2851  38 .6  Yes No 
2 .3492  0 .3034  4 6 . 0  Yes No 
3.7817 0.4178 39.7 No Yes 
3.7817 0 .4178  39.7 No Yes 

Two sets of data were taken and analyzed for the zirconium/sapphire 

systems. For the first set, normal forces as low as 0 . 0 9 4  N and shear 

stresses calculated from the plastic model as low as 0 . 1 3  GPa resulted in 

film de-adhesion in the unmixed region; normal forces as high as 0 .94  N 

and shear stresses as high as 0 . 4 4  GPa failed to cause de-adhesion in the 

ion-beam-mixed regions. 

230" / ,  respectively, because of the mixing. However, analysis assuming 

elastic conditions for this set showed no correlation between the radial 

and shear stresses and film de-adhesion. As already discussed, these 

films were subject to tensile failure behind the moving stylus, so the 

elastic theory concerning failure ahead of the stylus would not provide an 

adequate description. 

These numbers represent an increase of 900 and 

. 



For the second set of zirconium/sapphire data, the highest values of 

the normal load and the plastic model shear stress resulted in film de- 

adhesion, but there was no increase in these critical values with ion-beam 

mixing. 

regions, no critical stresses could be determined for this set. 

Using the elastic analysis for either the mixed or unmixed 

Tensile Adhesion. The pull test was a lso  used to investigate the 

adhesion of the zirconium films. 

adherence of the test films was beyond the range of the tester, so a gold 

release layer was used to initiate failure. Unfortunately, this was some- 

times still insufficient to cause de-adhesion. Most of the failures that 

did occur involved several of the interfaces in the system, and, thus, the 

analysis was not straightforward. Another problem encountered was that 

ion-beam mixing also greatly increases the adhesion of gold to sapphire, 

S O  additional care was needed to ensure correct placement of the specimen 

masks such that no gold was mixed. 

Even in the unmixed condition, the 

Gold was chosen for the release layer material because it does not 

"wet" sapphire. Because a€ its nonwetting characteristics and, thus, 

nonadherence, the gold film and the, superimposed test film were often 

removed during sample preparation and handling. As a result, data for 

the ion-beam-mixed case were gathered for only one ion-beam condition. 

In each of the p u l l  tests in the ion-beam-mixed region, the only part of  

the zirconium film removed was that directly over the gold layer: the 

crack caused by the presence of the gold did not propagate between the 

mixed film and the substrate. The crack length for the test performed 

on the same specimen in the unmixed region was intermediate ta the crack 

lengths used in the mixed region (Table 12) The average maximum stress 

at failure and the average stress intensity factor for the mixed region 

were greater than the upper limits of these for the unmixed region 

(Table 8) by 40 and 30%, respectively. This indicated significant adhe- 

sion enhancement by ion beam mixing because both regions had similar 

flaws, but the mixed region withstood a greater stress and a greater 

stress intensity factor with no zirconium removal. 
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Table 12. Pull test results for ion-beam-mixed specimensa 

Film 
removed 

Stress Test 
crack 
length factor 

Stress at 
intensity 

(%I 
Specimen failure 

(MPa) (mm) (MPafi) 

479 a (mixed) 3 7 . 0 3  0 .942  2.22 0 
479 b (mixed) 60 .68  0.546 2 .76  0 
479 c 35.10 0.770 1.90 20 

aDifferent identification letters refer to separate 
tests on the same specimen. 
the test area not including that over the gold release layer. 

"Test film removed'' refers to 

Adhesion to Silicon Carbide and Silicon Nitride Substrates 

The effect on t h i n  film adhesion of ion beam mixing was also 

investigated for four material systems having silicon nitride or silicon 

carbide as substrates: 

1. 30 nm aluminum on silicon nitride, 

2. 30 nm aluminum on silicon carbide, 

3 .  30 nm zirconium on silicon carbide, and 

4 .  15- or 30-nm zirconium on silicon nitride. 

The pull test was used to test the adhesion of these films to their 

substrates because the opaqueness of the substrate meant that light 

transmission through the film could not be used to judge de-adhesion by 

scratching. Optical and scanning electron microscopy, surface profilom- 

etry, and energy dispersive X-ray spectroscopy were all used to determine 

which interfaces and layers failed. 

. 
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Scanning electron microscopy revealed the films to be porous and 

somewhat discontinuous because of a rough, polycrystalline substrate sur- 

face (Fig. 29). An additional layer of the original film material was 

evaporated onto the surface to have a more continuous surface against 

which to epoxy the pull test pins. This layer was evaporated after the 

ion beam mixing was complete because the ion energies used this experiment 

were insufficient to penetrate the thicker films. 

In preparation for the second deposition, both of the aluminum-coated 

specimens were cleaned in Micro laboratory cleaning solution. 

parting agent of this solution removed some of the original aluminum 

films from their substrates. Based on visual inspection, a very thin 

layer may have remained, particularly in the ion-beam-mixed regions, but 

this could not be quantified. 

cleaning procedure was discontinued for all specimens already bearing a 

film. 

planned. 

The 

As a result of this experience, the 

The additional aluminum layer was deposited on the substrate as 

YP4815 

Fig. 29. Original 30-nm zirconia film on 
silicon carbide. 
discharges from the substrate, revealing the pores 
in the film. Scanning electron micrograph, 300X. 

The bright spots are electron 
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Aluminum Film on Silicon Nitride. The test conditions examined for 

the aluminum on silicon nitride were 

1. 

2. 

200-nm aluminum, as deposited (no underlying layer); 

200-nm aluminum plus an underlying layer of unknown thickness, as 

deposited; and 

200-nm aluminum plus an underlying layer of unknown thickness, ion 

beam mixed to a dose of 0.5 x 10" ions/cm2 at an energy of 200 keV. 

3 .  

In the pull test, all failures in all three of the regions occurred 

at zero measurable force. 

X-ray spectroscopy confirmed that the aluminum film was completely removed 

the test pins. Based on these data, it was concluded that the adhesion of 

the aluminum to the silicon nitride was very poor and the ion beam mixing 

had no measurable effect. 

Surface profilometry and energy dispersive 

This experiment gave insight into some aspects of the pull test. 

During the manual procedure of inserting the shank of the pin into the 

testing machine, several of the pins broke from the specimen, removing the 

film from the substrate. From a practical viewpoint, it is very difficult 

to insert the pin without touching it to some portion of the unit, and, 

thus exerting some unknown forces and moments. 

tester must be tightened onto the shank below the platen, and this, too, 

can exert a moment on the film as the specimen is drawn down into the 

platen and aligned. 

film from the substrate, as in this case, they cannot be quantified. 

Thus, the pull test has a lower limit as well as the previously discussed 

upper limit. 

Also, the grips of the 

Although these forces may be sufficient to remove the 

Aluminum Film on Silicon Carbide. Four types of regions were exam- 

ined for the aluminum film on the silicon carbide substrate: 

1. 200-nm aluminum, as deposited (no underlying layer); 

2. 200-nm aluminum plus an underlying layer of unknown thickness, 

as deposited; 

200-nm aluminum plus an underlying layer of unknown thickness, 

ion beam mixed to a dose of 0.5 x 10'' ions/cm2 at an energy 

of 200 keV; and 

3 .  
8 



67 

c 

c 

4 .  200-nm aluminum plus an underlying layer of unknown thickness, 

ion beam mixed to a dose of 2.0 x 1OI6 ions/cm' at an energy of 

200 keV. 

The pull test results are surmnarized in Table 13. These data reveal 

a significant increase in adhesion as a result of ion-beam mixing, and 

the strength of the bond increased with ion dose. The presence of the 

underlying layer made no difference for the unmixed 'films. Energy 

dispersive X-ray spectroscopy measurements showed clearly that the 

failure occurred at the aluminum/silicon carbide interface and not 

within the aluminum film itself. 

Table 13. Pull test strength of aluminum film 
on silicon carbide substrate 

~- 

Dose Average pull strength 
( x  ions/cm2) (MPa) 

Region 

a 
b 

d 
C 

0 
0 

0 . 5  
2 . 0  

0 
0 

24.82 
37.92 

As already noted, the original ion-beam-mixed film may have been 

removed during the cleaning procedure. If so, the adhesion increase of 

the additional film to the substrate may be due to a change in the wet- 

ability or surface energy of the substrate as a result of the ion bom- 

bardment. This is consistent with the work of Baglin and Clark53 who 

have reported that ion irradiation lowers the interfacial energy and, 

thus, enhances adhesion. 

If the film was only partially removed, the portions remaining 

would be those with the best adhesion to the substrate. If the adhesion 

of the second film to the first is good, as it proved to be in this 

case, the adhesion increase as a result of the mixing of the first film 

would be reflected in the results of the pull test. 
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Zirconium Film on Silicon Carbide. The film adhesion was tested 

for four film conditions for the zirconium on silicon carbide: 

1. 30 plus 5OO-nrq zirconium, as deposited; 

2. 30 plus 500-nm zirconium, ion beam mixed to a dose of 

0.5 x 10" ions/cm2 at an energy of 200 keV; 

30 plus 500-nm zirconium, ion beam mixed to a dose of 

2 .0  x 10'' ions/cm2 at an energy of 200 keV; and 

30 plus 500-nm zirconium, ion beam mixed to a dose of 

2 . 0  x 10" ions/cm2 at an energy of 350 keV. 

3. 

4. 

The data gathered from these pull tests are rather difficult to 

interpret because the failure was of a complex nature involving the 

several interfaces in the pin/epoxy/film/substrate system. Judgment of 

which interface failed was based on inspection of the test site--if epoxy 

remained on the specimen surface, it was deemed that the pin/epoxy inter- 

face failed; if the film was the topmost layer, the epoxy/film interface 

failed; if the substrate was exposed, failure occurred at the 

film/substrate interface. 

Assuming that the pin/epoxy interface failed first in the tests where 

both the film/substrate and the pin/epoxy interfaces experienced failure, 

the remaining portions of the film/substrate interface then failed at the 

maximum measured load. Recalculation of the stress based on the measured 

areas of film removed resulted in stresses ranging up to 1696 MPa. 

is not a likely situation because the tensile strength of the epoxy, still 

carrying the load from the tester to the interface, is approximately 

69 MPa. 

This 

If, however, it is assumed that the film/substrate interface failed 

locally first at some low load, leaving an epoxy/film/substrate system 

intact to carry the load, the maximum stresses can be recalculated based 

on the area of film remaining. 

to the specified maximum epoxy strength, and, thus, this is the more 

likely scenario. Very localized failure of the film/substrate interface 

is also supported by the observation that the areas of film removed from 

the substrate are generally very small spots rather than continuous 

These maximum stresses are much closer 

I 

3 
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c 

regions and the total area of these spots averages only about 151 

of the total pin contact area (Fig. 30). 

interface is disrupted only locally and not generally, the adhesion 

strength can be specified as being greater than the maximum stress 

reported. 

Because the film/substrate 

The results for the two zirconium/silicon carbide specimens are shown 

in Table 14. 

much effect; noted, however, that only the region receiving the larger 

dose at the higher energy exhibited a strength greater than the mean of 

the given values. 

marked adhesion increase. 

For the first set, ion beam mixing did not appear to have 

For the second set, the larger-dosed region exhibited a 

Fig. 30. Dark spots of film removed with the test 
pins. 8X. 
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Table 14. Pull test strength of zirconium film 
on silicon carbide substrate 

~ ~~ 

Pull strength 

(MPa) 
in excess of Dose Specimen 

and 
region (x  10" ions/cm') (keV) 

~~ 

l a  
l b  
I C  
I d  
2 a  
2 b  
2 c  

0 
0.5 
2.0 
2.0 
0 

0.5 
2.0 

- - -  
200 
200 
35 0 

200 
200 

- - -  

75.22 
68.05 
65.43 
89.64 

0 
0 

59.09  

As previously mentioned in Chap. 111, the specimens undergo a mild 

thermal cycle in the course of the second film deposition. 

zirconium/silicon carbide systems, this cycle, combined with the internal 

stresses generated in the film growth, produced sufficient thermal stress 

to cause film de-adhesion to occur spontaneously. 

however, was not uniform across the three regions of the specimen repre- 

sented on this bar, and it appeared to be a function of ion dose. 

Figure 31 shows the specimen surface in areas that have not been ion beam 

mixed on either end of the mixed segment. The de-adhesion of Fig. 31 is 

shown at higher magnification in Fig. 32. 

face in regions that have been ion-beam mixed to a dose of 0.5 and 2.0 x 

10" ions/cm' , respectively. In these micrographs, the film material 

appears as a lighter gray than the substrate. The oval regions are areas 

damaged during Rutherford backscattering experiments, and the circles are 

the pull test sites. 

For -n_ of the 

This de-adhesion, 

Figures 33 and 34 show the sur- 
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YP4802 

Fig. 31. De-adhesion of zirconium film from 
silicon carbide specimen surface in unmixed regions. 
Scanning electron micrograph, 20X. 
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YP4806 *2- . '. 

Fig. 32. De-adhesion of Fig. 31 at higher 
magnification. Scanning electron micrograph. 23OX. 

YP4808 

Fig. 33. Zirconium on silicon carbide specimen 
surface, ion-beam mixed to a dose of 0.5 x 10'' 
ions/cm2. Scanning electron micrograph. 20X. 



EL 
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Zirconium Film on Silicon Nitride. The original layer of zirconium 

was deposited in two different thicknesses, 15 and 30 nm, on the silicon 

nitride substrates. 

For the specimen consisting of an original 15-nm zirconium film, 

the test parameters were 

1. 500-nm zirconium, as deposited; 

2. 515-nm zirconium, as deposited; and 

3. 515-nm zirconium, ion-beam mixed to a dose of 0.5 x loi6 ions/cm2 at 

an energy of 200 keV. 

During testing, on1.y in the ion-beam-mixed region did failure occur at a 

nonzero applied load. Assuming, as before, that failure occurred first at 

the pin/epoxy interface and the remaining film supported the load (i.e., 

stress recalculated based on area of film removed), the strength of the 

film/substrate interface was 172 MPa. As noted, this is unrealistic 

because the tensile strength of the epoxy is only 69 MPa. Assuming the 

film/substrate interface failed locally first, the adhesive strength of 

the film to the substrate is in excess of 61.7 MPa. 

zero-strength values obtained for the unmixed region, this shows a sig- 

nificant adhesion increase (Table 15). 

Compared with the 

Table 15. Pull test strength of 515-nm zirconium film 
on silicon nitride substrate 

Average pull strength 
in excess of Dose 

( x  loi6 ions/cm2) 
(MPa) 

Region 

b 
C 

0 
0.5 

0 
61.71 

This specimen also underwent some spontaneous de-adhesion as a result 

of the internal stresses generated in growth and cooling. 

mixed film is significantly more continuous than the unmixed region 

(Figs. 35 and 36), indicating better film adhesion to the substrate as a 

result of the ion-beam mixing. 

The ion-beam- 
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YP4810 

Fig. 35. 
specimen surface in unmixed region. 
micrograph. 20X. 

Zirconium (515 mu) on silicon nitride 
Scanning electron 

Fig. 36. 
specimen surface in mixed region. 
micrograph. 20X. 

Zirconium (515 nm) on silicon nitride 
Scanning electron 
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The test parameters for the specimen bearing an original 30-nm zir- 

conium film were 

1. 530-nm zirconium, as deposited; 

2. 530-nm zirconium, ion beam mixed to a dose of 0.5 x 10" 

ions/cm2 at an energy of 200 keV; 

530-nm zirconium, ion beam mixed to a dose of 2.0 x lo'$ 

ions/cm2 at an energy of 200 keV; and 

530-nm zirconium, ion beam mixed to a dose of 2.0 x lo1' 

ions/cm2 at an energy of 350 keV. 

L. 

4. 

Based on the theory that the film/substrate interface fails locally 

first because the areas of film removed are small, the adhesion values for 

the 530-nm zirconium film on the silicon nitride substrate ranged from 6.1 

to 61 MPa (Table 16). No increase in the adhesion of the film to the 

substrate could be detected, but the strength of the pin/epoxy interface 

was consistently poor, preventing the detection of more-accurate limits 

for the adhesion strength. 

Table 16. Pull test strength of 530-nm zirconium film 
on silicon nitride substrate 

Average pull strength 
in excess of Dose Energy 

Region (x  1OI6 ions/cm2) (keV) 

a 
b 

d 
C 

0 
0.5 
2.0 
2.0 

- - -  
200 
200 
350 

47.13 
23.72 
6.07 

24.75 



CHAPTER V 

CONCLUSIONS 

Each of the testing methods discussed can reveal information about 

the adhesion of a thin metallic film to a ceramic substrate. This 

information is different for each of the tests, however, because the 

loading mechanisms, the stress states induced, and the material re- 

sponses measured are different. It is essential that these aspects of 

the tests, as well as the variables on which each depends, be understood 

and controlled before any significance can be given to the data. 

THE SCRATCH TEST 

Although each of the analyses of the scratch test was based on a 

great many assumptions and each failed to yield consistently a critical 

value of some stress that would result in film de-adhesion, these analyses 

gave insight into the stress state of the system and revealed some of the 

variables, such as hardness and modulus of elasticity, that must be exam- 

ined. Both the plastic and elastic models correlated well with film de- 

adhesion for the chromium/sapphire systems, which showed no evidence of 

ductile extrusion, but neither correlated well with de-adhesion of the 

nickel film, which was subject to extrusion. Only the plastic model 

yielded critical values for the aluminum/glass and zirconium/sapphire 

systems. It has been shown that the zirconium films often cracked along 

the lines of maximum tensile stress behind the moving stylus, and because 

this was not a possibility in the elastic analysis, it was not unexpected 

that this latter model failed to describe a critical value for these 

systems. 

While a critical normal load and critical plastic shear stress were 

usually identifiable for poorly adherent systems, such as aluminum to 

glass, the results of the scratch test on well-adherent films can be 

explained in terms of the relative ductilities of the film materials. For 

relatively brittle films, such as chromium, critical normal loads, criti- 

cal plastic shear stresses, and critical elastic shear stresses existed. 

77 
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For ductile materials, such as nickel, none of the analytical methods 

discussed revealed a critical value for film de-adhesion. Zirconium films 

have an intermediate ductility and sometimes exhibited the phenomena of 

critical normal loads and critical plastic shear stresses. Thus, the 

adhesion of brittle metallic films can be described in terms of critical 

values resulting from the scratch test; however, ductile films, the 

scratching of which depends more on the properties of the film than the 

adhesion, cannot. Table 17 shows the elongations to failure for the bulk 

materials,62-65 which may be different for the thin films but should 

maintain the same ranking, and summarizes these conclusions. 

Table 17. Analysis methods useful in the determination 
of critical values for film de-adhesion for 

the systems investigated 

Elongation Plastic Elastic 
in 5 .08  cm 
gage length analysis stress 

Cr/A1203 Oa Yes Yes Yes 

Normal 
load shear shear 

stress System 

(%I analysis analysis 

Zr/Al *03 1 9b Yes Yes No 

Ni/A1203 5 Oc No No No 

Al/Glass 65d Yes Yes No 

aEncyclopedia of Engineering Materials and 
Processes, H. R. Clauser, ed. in chief, Reinhold 
Publishing Corporation, New York, 1963, p. 149. 

bEnc ycl opedia of Engineering Materials and 
Processes, H. R. Clauser, ed. in chief, Reinhold 
Publishing Corporation, New York, 1963, p. 768. 

CEncyclopedia of Engineering Materials and 
Processes, H. R. Clauser, Robet Fabian, Donald Peckner, 
and Malcolm W. Riley, eds., Reinhold Publishing 
Corporation, New York, 1963, p. 440. 

Specification Handbook, Third Edition, 
E. & F. N. Spon, London, 1980. 

dRoss, Robert B., p.  4 in Metallic Materials 
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The definition of a critical normal load or critical plastic shear 

stress (which is directly dependent on the normal load) was not always 

possible, even for brittle films. This fact implies that the correlation 

was not due simply to the normal load but, rather, to some other parameter 

or combination of factors that was also dependent on the normal load. For 

some sets of conditions, this latter relationship was straightforward 

enough that the adhesion could be measured by the critical normal load. 

Thus, although the scratch test can result in the description of a critical 

load, it is very difficult to get reliable data, and many factors m u s t ;  be 

cons idered. 

THE PULL TEST 

The piill test is a relatively straightforward technique when the 

tensile adhesion of the film is less than the strength of the epoxy. For 

some of the specimens examined i n  this research, where this was not the 

case, a release layer was used to induce at the film/substrate interface 

a stress intensity factor that caused de-adhesion at a load within the 

range of the tester. The analysis was analogous to that used in fractiire 

toughness testing using the Mode I crack-opening mode. Comparison of film 

adherence was based on the calculation of the stress intensity factor 

necessary to cause adhesion failure. The results of this modified pull 

test were very promising and indicated that additional investigation to 

determine the optimum gold release layer parameters could increase the 

crack propagation and lead to even more-precise measurements. The ease of 

analysis, as compared with the scratch test, makes this an attractive 

procedure. 

EFFECTS OF ION-BEAM MIXING 

Scratch testing indicated a significant adhesion improvement as the 

result of ion beam mixing for chromium films on sapphire substrates. The 

analytical methods showed an increase in the critical normal force greater 

than 1800%, an increase in the critical plastic shear stress greater than 

350%, and an increase in the critical elastic shear stress greater than 

300%. 



No increase in the adhesion of nickel films to sapphire substrates 

was detected using the scratch test because the film was subject under the 

stylus to ductile extrusion rather than to de-adhesion at the interface, 

For zirconium/sapphire specimens, critical normal load and plastic 

shear stress calculations made from scratch test data showed that ion beam 

mixing improved the film adhesion by several hundred percent. The elastic 

analysis failed to reveal a critical stress because these films did not 

usually fail in compression ahead of the stylus, as assumed by the theory. 

Tensile adhesion tests of the zirconium/sapphire systems using a gold 

release layer indicated significant adhesion enhancement by ion-beam 

mixing because both the mixed and unmixed regions had similar flaws but 

the nixed region withstood a greater stress (40%) and a greater stress 

intensity factor (30%) with no zirconium removal. 

Tests exhibiting good pin/epoxy/filrn adhesion indicated that ion beam 

mixing increased the tensile adhesion of the aluminum and zirconium films 

to silicon nitride and silicon carbide substrates. This i s  supported by 

micrographs depicting the film response to thermal stresses in which the 

unmixed films de-adhere from the substrates as a result of the stresses 

while the mixed films have adequate adhesion to remain fixed to the 

substrates. Lack of sufficient pin/epoxy/film strength necessitated that 

the pull strength data be reported as "in excess of" the maximum value 

obtained in the pull test. 
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