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The indentation of a brittle film on a ductile substrate is analysed for obtaining 
the interface toughness. This measurement method of adhesion provides a simple 
technique for sampling a small area of the interface on practical geometries with 
common laboratory equipment. Mechanics solutions are presented to access the in- 
terface toughness, Fc, from measurements of the applied load, delamination radius, 
film thickness and film-substrate material properties. The test is found to be par- 
ticularly effective for films under large residual compression. Measurements of the 
interface toughness (Fc - 45 J m-2) are made for a diamond-coated titanium alloy. 

1. Introduction 

Many modern engineering applications require advances in materials to simultane- 
ously meet several practical design functions. For example, structural ceramics have 
long been sought for elevated temperature use at greater than 1200 ?C in aerospace 
propulsion systems. These substrate materials are often used in conjunction with 
coatings to enhance reliability, such as chemical resistance in aggressive environ- 
ments, wear resistance in contact loading applications and thermal barriers in loca- 
tions which exceed the use temperature of the substrate. Failure of the coating in 
these instances leads to catastrophic failure of the structural component, motivating 
considerable interest in recent years for providing fail-safe designs of coatings as a 
integral component of the engineering system (Evans et al. 1988). 

The fracture modes of coatings have been considered in detail by Hutchinson & 
Suo (1991), and are characterized by splitting of the coating, delamination and the 
ancillary problem of substrate failure near the interface. These events are largely 
motivated by residual film stresses that arise during coating deposition, but may 
also be the result of 'in-service loading' such as that developing with mechanical 
contact. As elaborated in subsequent sections, the sign and magnitude of residual 
film stresses is a central consideration in the mechanical reliability of coatings. This 
is due to the differences in mechanical response which coatings exhibit, whether 
compressive or tensile stresses, and as a result of the very large magnitude of these 
stresses which may be present. 

The aspect of film reliability explored here is the measurement of adhesion for 
brittle coatings under compressive stresses on relatively ductile substrates. Adhesion 
measurement of thin diamond-coatings on a titanium metal alloy will be the practical 
focus for comparison with the mechanics analysis provided in the present work. 
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Table 1. Selected adhesion measurement techniques, where T denotes tensile stress and C 
compressive stress 

measurement 
characteristic limitations on of interface 

test aspect for film specimen fracture sign of 
technique schematic delamination geometry toughness film stress film substrate comments 

1 tape load tensile force none no T/C ductile ductile/ analysis is load 
brittle complex; 

adhesive / film not for 
tape brittle 

=....................... fi lm s 

substrate 

2 scratch normal/tangential sliding none no T/C ductile ductile/ analysis is 
loads penetrator brittle complex; 

film not for 
hardcoatings 

substrate 

3 pull tensile tensile force none no T/C ductile ductile/ strength 
load brittle measurement 

adhesive film 

.. ....... 
- - 

---.....-----..... 

substrate 

4 cut residual film none yes T ductile/ ductile/ precracking 

induced film stress brittle brittle difficult for 
"blister" hardcoatings; 

limited range 
of interface 

substrate toughness 

The extreme properties of diamond (e.g. hardness, stiffness) provide a considerable 
challenge for adhesion testing, and illustrate aspects of this topic for hard coatings 
which are of wide practical importance. 

The need to distinguish the sign of the film stress and the deformation charac- 
teristics of the substrate (ductile versus brittle) are central issues in the behaviour 
of various test procedures; several tests are illustrated in table 1. These procedures 
involve inducing film delamination in a controlled manner as to allow for a quantita- 
tive measurement of adhesion. However, as elaborated below, important distinctions 
can be made for the robust nature of each test and the applicability of the adhe- 
sion measurement in design and reliability calculations. It appears that all testing 
methods are limited to some envelope of material properties and testing conditions. 
No single test method provides useful information for all combinations of film and 
substrate materials. 

Commonly used tests for evaluating adhesion are performed by inducing delamina- 
tion by the following means (table 1): (1) lifting the film with the aid of an adhesive 
tape; (2) spalling a portion of the film by scribing the surface with a diamond probe 
(scratch test); and (3) removing the film by pulling an adhesively mounted rod with 
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Table 1. Cont. Selected adhesion measurement techniques 

measurement 
characteristic limitations on of interface 

test aspect for film specimen fracture sign of 
technique schematic delamination geometry toughness film stress film substrate comments 

5 four-point select mixed- yes yes T/C ductile ductile/ pre-cracking 
bending mode loading (special brittle difficult; 

pre-crack film geometry) involved 
specimen 

( W- E i substrate n:--preparation 

substratei 

6 blister film film yes yes T ductile ductile/ complex 
pressurization (special brittle specimen 

geometry) preparation 
and 

t pre-cracking 
applied pressure 

etched substrate 

7 inden- compressive substrate yes yes T/C ductile/ ductile/ requires 
tation- load plasticity (requires brittle brittle smooth 
sharp film (induced smooth surface; for 
penetrator residual interface) limited 

stress) interface 
toughness 

substrate 

8 inden- compressive substrate none yes C brittle ductile for ductile 
tation- I load plasticity substrates 
blunt film (induced 
penctrator residual 

stress) 

substrate 

a tensile force (table 1, nos. 1-3). In each case, a measure of adhesion is attempted 
by relating it to the forces applied to the tape (Kinloch et al. 1994), diamond probe 
(Perry 1983) , or rod at the onset of delamination (Steinmann & Hintermann 1989). 
These methods are commonly used in the evaluation of polymer and other highly pli- 
able coatings, but have limited usefulness for adhesion measurement of brittle films. 
In the latter case, film splitting is prevalent and greatly reduces the applied force (en- 
ergy) directed towards delamination. Other difficulties include the large sensitivity 
of the scratch and pull tests to the applied force vector. The scratch test is hampered 
in examining coatings of extreme hardness (such as diamond, TiC, TiCN) by erosion 
of the probe (Jindal et al. 1987). 

The 'cut' test is an adhesion test which relies on large residual (tensile) film stresses 
to promote delamination (table 1, no. 4). It is also adversely effected by the extreme 
hardness of diamond coatings. A critical aspect of this test requires splitting the film 
(by scribing, or other methods) with the anticipation of crack extension along the 
film-substrate interface. The interface in this case is the plane of weakness in contrast 
to the splitting mode of failure of the film. Difficulties arise in scribing hardcoatings 
such as diamond, which are also most commonly in a state of compression. 

Another practical aspect of adhesion measurement is illustrated in difficulties aris- 
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ing from the use of sample 'coupons', such as those associated with a four-point 
bending method (table 1, no. 5). In this technique, accurate values of the interface 
toughness can be obtained by precracking a coated bending beam specimen and mon- 
itoring the onset of delamination with increasing (bending) load (Charalambides et 
al. 1990). Practical issues arise with this and other tests which require the fabrication 
of special coupons. For example, testing of the adhesion of hardcoatings on tool in- 
serts of cemented carbide by this method requires substrates of a different geometry 
(and size) than the actual component. The chemistry of the coupon substrate and 
interface may differ considerably from the tool insert. Adhesion measurement of the 
specific interface (and substrate) of interest is needed where a size dependence in 
material properties is evident (typically relating to processing methods). 

Accurate measurements of film adhesion can also be made with the special geom- 
etry of the bulge test (table 1, no. 6), in which delamination occurs by pressurizing 
the film from an etched (or otherwise machined) opening in the substrate (Sizemore 
et al. 1995). The interface toughness can be derived from the film properties, hole 
size and pressure required to advance an interface crack. This test has the attractive 
feature that the delamination is self-limiting when the pressurization is produced by 
a fixed gas or liquid volume. As the film delaminates, the driving force diminishes. 
Catastrophic delamination often creates experimental difficulties, which is avoided 
by testing with a driving force which diminishes with increasing crack length. The 
current use of the test is restricted to films in tension to avoid complexities of film 
wrinkling associated with the buckling of films in compression. Considerable devel- 
opment for the etching processes is typically required for each substrate material of 
interest, particularly if small areas of the interface are to be examined. In this re- 
gard, adhesion measurements by indentation methods provides considerable promise 
because of its potential small probe size. 

Film delamination (and a measure of the interface toughness) is obtained with 
indentation methods by penetration of the coating with a rigid punch. In some tests 
the penetrator only induces significant deformation in the film, while in others it 
produces plastic deformation in the substrate as well (table 1, nos. 7 & 8). The 
penetrator is typically a diamond pyramid with 1360 included angles or a spherical 
diamond indenter of 200 Wtm radius. In each case, the penetrator is used in conjunc- 
tion with common procedures for hardness testing of materials. A Vicker's indenter 
is used in 'microhardness' testing, and a brale 'C' indenter is used in the Rockwell 
hardness test (Dieter 1986). A metal ball has also been used for measuring the adhe- 
sion of polymer coatings (Ritter et al. 1989). With each of these penetrator shapes, 
the purpose is to induce an axisymmetric region of delamination in the vicinity of 
the contact zone. The behaviour of the film (and substrate) in this region depends 
on the relative ductility of each material. 

In the case of a relatively ductile material on a brittle substrate, delamination 
is induced by producing plastic deformation in the film, avoiding penetration of 
the substrate (Rossington et al. 1984). Dclamination occurs by plastically induced 
stresses in the film near the contact region and takes place during unloading of a 
Vicker's indenter. Spalling may also accompany delamination in the presence of large 
compressive (residual) film stresses. This was considered by Rossington et al. (1984) 
for ZnO films deposited on a silicon substrate. The sharp (Vickers) penetrator in 
this experiment induces plastic deformation in the film without penetrating through 
the film to the substrate. Interaction with the substrate greatly complicates the 
analysis for extracting a quantitative measure of coating adhesion from this test. 
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Figure 1. Schematic of the brale indentation test. 

As the film hardness increases, the ability of the penetrator to induce a sufficiently 
large contact zone for delamination is diminished. For example, indentation testing 
of diamond films on brittle substrates (e.g. single crystal silicon) suggested that such 
delamination may be possible (Gamlin et al. 1991). However, subsequent work on 
the same system of materials indicated that with typical levels of adhesion between 
diamond and silicon, delamination is not achieved without applied indentation loads 
that result in failure of the diamond penetrator and severe damage of the substrate. 
It remains as a future topic of research to develop an adhesion test for this case; 
namely, a small probe of adhesion on the actual coated sample of interest where the 
film and substrate are each brittle (e.g. ceramic-ceramic systems). 

The focus in the present work is in examining an indentation test of adhesion for 
a brittle film on a relatively ductile substrate. It involves the use of the diamond 
brale indenter (figure 1) under much greater loads than described previously for the 
Vicker's indentation tests, whereby plastic deformation of the substrate is encouraged. 
Film delamination proceeds as a result of the (relatively) gross deformation of the 
substrate. This method has been previously examined for a number of hardcoatings, 
such as TiC and TiCN, on cemented carbide tool inserts (Mehrotra & Quinto 1985) 
and on diamond-coated tool inserts (Yen et al. 1990). The load is applied by the use of 
the standard Rockwell Hardness Tester which is capable of supplying loads to nearly 
1500 N. The use of this tester is a very attractive feature of the method because of 
its low cost and current widespread use in metallurgical laboratories. However, some 
consideration is required of the loading cycle associated with this hardness testing 
machine (figure 1). 

Rockwell hardness is obtained in a different manner than microhardness using the 
Vicker's indenter. In the microhardness case, the load is applied continuously through 
a damping mechanism until a single value is achieved as determined by the use of 
a hanging weight system. The typical applied loads with microhardness testing are 
10 to 200 N. In contrast, the Rockwell test applies a 100 N preload, followed by the 
major load (ca. 600-1500 N). The major load is applied and released automatically in 
a time-scale defined by the standard test procedure (ASTM 1994). Finally, the preload 
is manually released (figure 1). Although these loading steps are a complication 
in analyzing the adhesion test, it does enable one to use standard metallurgical 
laboratory equipment without modification. This is an important consideration for 
broad use of a testing method which transitions from the laboratory to production 
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Figure 2. Brale indentation of diamond-coated titanium alloy at three loads: 688, 1079 and 
1570 N. 

environments, without the substantial costs commonly associated with low usage, 
novel testing equipment. 

A common goal of this and other methods is useful information on adhesion 
through the measurement of a fundamental engineering parameter, such as the inter- 
face toughness, rc. Previous mechanics analyses have been incomplete in extracting 
Fc from brale indentation results for a brittle film on a ductile substrate. We address 
these issues in this work in order to quantify the test method so as to obtain Fc 
for a range of practical cases. In describing the testing methods selected above, the 
limitations of each test were recognized; the limitations on the brale indentation test 
will be similarly described. 

The brale indentation test is applied to a diamond-coated titanium alloy. Details 
of the film deposition are provided in ?4. Examples of brale indentation for this 
system is provided in figure 2 where the axisymmetric delamination region is clearly 
visible beyond the contact zone for three indentation loads. Additional features of 
the damage region include film splitting and spalling. The task here is to provide a 
measure of the interface toughness as a function of the applied load, film thickness 
and residual stress, and material properties of diamond and the titanium alloy. 

2. Surface strains due to conical indentation of an elastic-plastic 
substrate 

The elastic energy in the film available to drive the interface delamination arises 
from two sources: initial residual stress and additional stress induced in the film 
in the vicinity of the indentation. The initial residual stress can be generated by 
thermal expansion mismatch between the film and the substrate, as intrinsic stresses 
associated with the deposition process, or as some combination of the two. Here we 
will restrict attention to residual stresses which are uniform through the thickness of 
the film and equi-biaxial such that the in-plane stress components are oxx = 0*yy = 
uo. As long as the film remains attached to the substrate, it i? forced by the indenter 
to displace radially in its own plane, and this is the primary contribution to the 
elastic energy in the film resulting from indentation. The film also experiences some 
out of plane bending due to the vertical deflection of the substrate surface induced 
by the indenter. It will shown that the elastic energy stored in bending is negligibly 
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Figure 3. Axisymmetric geometry of indentation experiment for mechanics analysis. 

small compared to that stored in in-plane straining when the indentation depth is 
large compared to the film thickness, which is the case of interest here. 

For films that are very thin compared to the depth of indentation into the sub- 
strate, the film has little effect on the deformation of the substrate by the indenter 
and is forced to displace with the surface of the substrate, assuming it remains at- 
tached. For the diamond-titanium system discussed later, the indentation depth is 
between one hundred and one thousand times the film thickness. Thus, the essen- 
tial information needed to carry out a delamination analysis of the film is the radial 
surface displacement of an elastic-plastic half space loaded by a conical indenter. Nu- 
merical solutions to such indentation problems have recently become available (e.g. 
Bower et al. 1993). Here, we make use of surface displacements of a half-space due 
to a conical indenter with a 600 semi-angle computed using the program developed 
by N. Ogbonna & N. A. Fleck (Cambridge University, personal communication). 
Specifically, the radial surface displacement will be used to generate the strains in- 
duced in the attached film due to indentation. When combined with residual strains 
present in the film prior to indentation, these results permit the determination of 
the energy release rate available to drive an axisymmetric interface crack expanding 
outward from the indentation. The relevant results for the attached film will be pre- 
sented in the remainder of this section. The determination of the energy release rate 
is addressed in ? 3. 

(a) Displacements and strains 

The substrate half-space is modelled as a finite strain, J2 deformation theory solid 
characterized by a Ramberg-Osgood true-stress-logarithmic-strain curve in uniaxial 
tension which is given by 

a 3 ay arr 
IIN 

E +7E (cryJ (2.1) 

Thus, the material comprising the substrate is characterized by its Young's mod- 
ulus Es, Poisson's ratio vs, tensile yield stress ay and strain hardening exponent N. 
With reference to the axisymmetric geometry shown in figure 3, let r and z be the 
radial and axial coordinates of material points in their displaced positions, d be the 
depth of penetration relative to the remote surface of the substrate, X the semi-angle 
of the conical indenter and a be the radius of the indentation at the circle of points 
where the indenter and the surface make contact . The indenter surface is assumed 
to be frictionless. Let ua(r) and w1(r) be radial and vertical displacement compo- 
nents of points on the surface of the half-space. For a given semi-angle of the rigid 
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Figure 4. Radial component of the surface displacement of the substrate vs distance from the 
indentation as function of the yield stress to Young's modulus ratio, and work hardening expo- 
nent. 

conical indenter, dimensional considerations dictate that the surface displacements 
must depend on dimensionless functions Fr and Fz according to 

UI F(rQi,a?,N,vs) and a = F(aEs )(2.2) 

It will be shown that the strain energy due to bending in the film associated with the 
vertical displacement w1 is negligible when the indentation depth is large compared 
to the film thickness, and therefore results for w1 need not be presented. Plots of 
u'/a as a function of r/a obtained from the numerical solution are shown in figure 4 
for several combinations of uy/Es and N, all for v, = 0.3, X = 600. Far from the 
indenter, the displacement u1 must approach the elastic Boussinesq solution for a 
concentrated load P acting normal to the half-space, u = (1 + vs)(1 - 2vs)P/(2irEr), 
where P 3oywra2. However, this limiting solution is only attained at distances 
from the indenter which are large compared to the range of interest in the present 
application. 

For evaluating the influence of the indenter it is useful to have an analytical ap- 
proximation u1. The approximation is required to give a good fit of the numerical 
results in figure 4 over the range 2 S r/a ? 5, because this is the range of most 
interest for application to the delamination test. For r < 2a, the strains in the film 
induced by the indenter are sufficiently large that the delamination will almost cer- 
tainly exceed 2a. By contrast, it will be seen that indentation-induced strains will be 
insufficient to spread the delamination to distances beyond about 4 or 5a. An accu- 
rate representation of the numerical results in figure 4 is achieved using a polynomial 
approximation of the form 

lfl(Fr) _ln(u'/a) = bo ? bi (r/a) ? b2(r/a)2 ? b3(r/a)3, (2.3) 

where the set of four coefficients of the polynomial are listed in table 2 for each of 
the five curves. 

In the range 2 ( r/a ( 5, the strains in the surface of the half-space are accurately 
related to the radial displacement by the small strain expressions. Thus, from (2.2), 
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Table 2. Coefficients for equation (2.3) 

N ay/E, bo bi b2 b3 

0.01 0.005 -2.1884 -2.1921 0.3287 -0.0239 
0.1 0.005 -0.0398 -3.3853 0.6630 -0.0522 
0.2 0.005 -0.7655 -2.4513 0.4130 -0.0300 
0.1 0.0025 2.0424 -5.3558 1.1811 -0.0961 
0.1 0.0075 -0.9206 -2.5083 0.4286 -0.0325 

it follows that the radial and circumferential surface strains depend on r/a as 

du' l 
. = 

dr 
= Fr and E (2.4) 

where the prime denotes a derivative with respect to r/a. These are the in-plane 
strains induced in the film by the indenter as long as the film remains attached 
to the substrate under the condition that the strains due to bending are small by 
comparison. Approximations to these strains are obtained using (2.3) in (2.4). 

(b) Distribution of stresses and elastic energy in film 

The above results are now used to generate distributions of the elastic energy stored 
in the film as a result of the combination of initial residual stress and indentation, 
assuming the film is attached to the substrate. Denote the film thickness by t. Assume 
the film is isotropic in its plane with E and v as the Young's modulus and Poisson's 
ratio governing in-plane stressing. Let a0 and 60 be the uniform, equi-biaxial residual 
stress and strain in the film prior to indentation which are related by 

s?= (1 V) U0 (2.5) 
F 

The total in-plane strains in the film are er = e? + Eo and eo = el + eo. The stresses in 
the film are Ur = [E/(1- v2)][6r+veo] and UO = [E/(1-'2)][60?+i6r]. Distributions of 
the two stress components are illustrated in figure 5 in the form of arr/go and ao Ao as 
a function of r/a for several levels of negative eo. The radial stress ar is compressive 
and substantially larger in magnitude than the circumferential component; it falls 
to the remote level ao at values of r from 4 to 5 times the indentation radius. 
The circumferential component becomes tensile at distances less than about 1.5a, 
depending on the residual compression in the film. When the film is in residual 
compression, or has a very small residual tension, an indenter will produce radial 
cracks in a brittle film only within a distance of about 2a, at most, from the edge of 
the indentation. By contrast, the effect of the indenter on the radial stress is more 
pronounced, and delaminations spreading out to farther distances are possible. 

Let Q be the elastic strain energy per unit area stored in the film due to the 
in-plane stresses, i.e. 

Q2 = aijeijt =2 ( -2) ( 0 +E? 2vereo). (2.6) 

It follows from (2.4) that Q depends on indentation radius a and the radial coordinate 
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Figure 5. Variation in radial and circumferential components of film stresses with distance 

from the indentation. v. v = 0.3, N = 0.1 and oY/E, = 0.005. 
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Figure 6. Normalized elastic strain energy per unit area as a function of residual film strain 
and distance from the indentation. v =0.3, oY/E, = 0.005 and N = 0.1. 

r only through the combination r/a. Remote from the indenter (r/a > 1), the strain 
energy in the film is due to the residual stresses alone and is given by 

Q Et 2 (1 -)t2 (2.7) 

Distributions of Q have been computed using (2.6) together with the approxima- 
tions for the indenter strains given by (2.4) with (2.3). The plots in figure 6 employ 
the normalization Q2/[Et/(1 - v)] such that these curves depend on the choice of 
ay/Es, N, vs and v but not on the film modulus E or its thickness. The curves in 
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figure 6 expose the fact that the indenter dominates the distribution for r < 2a. At 
distances from the indenter between about 3a to 5a, depending on the value of 60, 

a transition occurs with P approaching the remote value Qo. The indenter creates a 
steep variation in the distribution of elastic energy stored in the film with a drop- 
off which can be as large as a factor of 10 or 100 or even larger, depending on o0. 
There is a significant difference between the distributions for compressive and tensile 
residual strains. In the case when eo is negative the strain energy per unit area in 
the film falls monotonically with distance from the indenter. By contrast, P drops 
below S?O and then approaches this limit from below as r/a becomes large when 60 is 
positive. The difference in behaviours is due to the fact that the radial strain compo- 
nent induced by the indenter is negative and substantially larger in magnitude than 
the circumferential component, thereby increasing the magnitude of the total radial 
component when eo is negative and diminishing it when eo is positive. For films with 
a compressive residual strain, the strong monotonic variation in Q induced by the 
indenter will be seen to give rise to interface delamination out to a well defined dis- 
tance, making measurement of the toughness of the film-substrate interface feasible. 
The indentation test is not likely to be a good choice for this purpose when the 
residual strain is significantly tensile. 

To see that the out-of-plane displacement wi makes a negligible contribution to 
the energy in the film, consider the following estimate of the elastic bending energy 
per unit area induced in the film at r: 

Et3 
_(K2 ? K~ ? 2VKrKO), 

24(1- V2) r 0 

where Kr = d2wI/dr2 and Ko = r-'dwl/dr are the curvatures induced in the film 
in the radial and circumferential directions. From (2.2), the bending energy per unit 
area is 

Et(t/a)2 (2 aF 2 (2.8) 

24(1- V2) z ?y' + r 2v-Fz F2-8 
where the prime again denotes differentiation with respect to r/a. When eo = 0, the 
corresponding expression for Q is 

1 Et a2 +a\2 a 
F'2 ?vF ? 1/rFrJ (2.9) 

2 (1 -) r jr) / 
Since terms like Fz' and F' are somewhat smaller in magnitude than F' and Fr, it 
follows that the ratio of the bending energy per unit area to Q is of the order of 
(t/a)2. Thus, if the indentation radius is large compared to the film thickness the 
bending contribution to the elastic energy can be neglected. 

3. Energy release rate for interfacial delamination 

The indenter creates a free edge in the film at the radius r = a where it contacts 
the film. From this edge, where the film experiences the highest induced stresses, 
an interfacial crack between the film and the substrate may be initiated, spreading 
outward radially to the point where the energy release rate G available to drive 
the crack drops below the interface toughness. The interfacial delamination of the 
diamond film on the titanium substrate shown in figure 2 is accompanied by other 
phenomena, including buckling, cracking and break-up of the film at some distance 
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Figure 7. Models for interface delamination: (a) small annular plate of film remains with the 
most of films breaking up as the crack advances; (b) a substantial annular portion of the film 
remains without buckling as the crack advances; and (c) addition of buckling to (b). 

behind the interface crack front. In this section, three models of the delamination 
process will be analysed and discussed giving insight and quantitative results on how 
these accompanying phenomena influence the energy release rate. The features of 
the three models are depicted in figure 7 and can be identified as follows. 

(a) Delamination accompanied by break-up of the detached film such that a very 
narrow annular plate of film is left behind the advancing interface crack front. 

(b) Delamination taking place with an unbuckled annular plate of film remaining 
intact behind the advancing interface crack front. 

(c) As in (b) above, but with allowance for buckling of the annular plate of film. 

(a) Delamination leaving behind a very narrow annular plate of film 
The diamond film on the titanium substrate in figure 2 illustrates a case where the 

high residual compressive stress in the film causes detached portions of the film to 
buckle, crack and break-up leaving just a narrow annular plate of the film behind the 
interface crack tip. The interface crack spreads out radially until the energy release 
rate drops to the level of the interface toughness, P,. Given the situation depicted in 
figure 7a, where a circular interface crack of radius R has only a very narrow annular 
strip of film behind it, the energy release rate G is given by 

G- (- v2)t )2 G = 

(2 E 'r(R)2 

(3.1) 

where ar (R) - go + a' (R) denotes the combination of the initial residual stress 
and radial component of stress due to indentation in the attached film at r = R. 
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The argument for the validity of this formula is as follows. Delamination of a film 
of thickness t on an infinite substrate subject to a uniform stress a due to steady- 
state advance of a straight interface crack is given by the well known expression 
G = (1 - v2)to2/(2E), where a acts perpendicular to the crack front. This is simply 
the difference between the elastic energies per unit area of the film when it is attached 
to the substrate and when it is released, subject to the condition of zero strain 
change parallel to the crack front. This result is independent of the component of 
residual stress in the film parallel to the crack front. In writing (3.1), the identification 
a = (r(R) has been made under the assumption that the film thickness t is very 
small compared to the characteristic size of the indentation field, such that a 'local' 
condition of steady-state holds at the current crack front as an approximation. (It 
is noted again that the thickness of the diamond film in figure 2 is greater than 
a/500.) Secondly, if the annular region of detached film behind the advancing front 
is sufficiently narrow, the radial component of stress in the film behind the crack tip 
will be essentially zero such that the strain energy in the film will be released subject 
to zero strain change parallel to the crack front. Further insight into the effect of 
the width of the trailing strip of film will be given in the next sub-section. Finally, 
it is important to appreciate that the processes leading to the break-up of the film 
behind the advancing interface crack (buckling and film cracking) do not alter the 
validity of (3.1) for the crack at its current location. 

The sign of 0r determines the combination of mode I and mode II loading to which 
the interface crack is subject. If Ur is tensile the magnitudes of the mode I and II 
stress intensity factors are about equal (Hutchinson & Suo 1991). However, if Ur 
is compressive the interface behind the crack front is closed and mode II interface 
cracking occurs. Sufficiently near the indenter, Ur is always compressive, and it is 
compressive for all R when the residual stress ao is compressive. However, when ao 
is tensile, there is a value of R where Ur = 0, giving G = 0 and marking a transition 
from mode II behaviour to mixed-mode behaviour. It is now well established that the 
toughness of many interfaces is strongly mode-dependent, and this has bearing on 
the relevant toughness quantity r,. This issue will be addressed later in the paper. 

In summary, the energy release rate of the interface crack at radius R with a very 
narrow strip of trailing film is given by (3.1). In the applications emphasized here, 
cr(R) will be negative such that the interface delamination is a mode II process. 
The radial component of stress in the film at r = R can be expressed in terms of the 
strains by 

60+ 
( 

[4-(R) 
+ V I(R)] (l v2) [Er(R)+veo(R)] (3.2) 

such that (3.1) becomes 

Et/( 1-u) = 2(1 + v) (6r (R) veo (R))2. (3.3) 

Figure 8 gives plots of G/[Et/(1 - v)] as a function of R/a for the same set of param- 
eters used in presenting Q2 in figure 5. For films with e0 <? 0, G falls monotonically 
to the level 

Go= (( 2 )t 2 (1 ?v)Et 26 (3.4) 
2E 0 2(1 -v) O' 

which corresponds to the energy release rate due to the residual stress remote from 
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Figure 8. Normalized energy release rate as a function of compressive residual film strain and 
distance from the indentation for the model depicted in figure 7a. v = 0.3, ay/Es = 0.005 and 
N = 0.1. 

the indenter. The stress induced by indentation dominates G for R less than about 
2a, and G approaches Go for R greater than about 5a, depending on eo. Plots of 
G/Go will be presented in ? 4 when application is made to predicting the toughness 
of the diamond-titanium interface. The strain hardening level of the substrate has a 
fairly strong influence on G as can be seen from the example in figure 9. 

For completeness, curves for positive residual strain eo are included in figure 10. 
When eo > 0, G becomes zero at some intermediate radius R* where cr (R*) = 0; 
at larger values of R, a,r(R) is positive and the crack is open behind the tip. When 
60 > 0, the interface crack would either arrest prior to reaching R*. 

(b) Delamination with an unbuckled annular plate of film left behind the crack tip 

The film remaining within the circular delamination zone supplies a constraint 
which reduces the energy release rate. In this subsection, the effect on G of an 
annular plate of film with inner radius Ri will be determined, assuming the film does 
not buckle. Buckling reduces the constraint of the surviving annular plate of film, 
as will be discussed in the following subsection. The estimates of G obtained for the 
model analysed in this subsection are the lowest that can be expected. 

The stress distribution in the annular plate of detached film is given by the Lame' 
solution, where the edge at the inner radius Ri is traction-free and the radial dis- 
placement at the outer edge at R is prescribed to be u = eoR + u'(R) = Reo(R). 
The radial stress component at the outer edge of the annular plate is given by 

U' R)= Eeo(R)[1 - (Ri/R)2] (3-5) [(1 - v) + (1 + v)(Ri/R)2]( 

With cir(R) given by (3.2) as the stress in the attached film just outside the crack 
front, Aur = cr(R) - cr(R-) is the jump in the radial stress component in the film 
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Figure 9. Effect of strain hardening on the normalized energy release rate for the advancing 
delamination crack for the model in figure 7a. v = 0.3, cy/Es = 0.005 and eo =-0.0025. 
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Figure 10. Normalized energy release rate as a function of tensile residual film strain for com- 
parison with the behaviour of films under compressive strain in figure 8. v = 0.3, O'y/Es, = 0.005 
and N = 0.1. 

across the crack front. The energy release rate is still given by (3.1) but now with 
cxr(R) replaced by Acr giving 

G _ 1 (r() (1 - V2)Ee (R)[1 - (Ri/R) 2] 2 

Et/(1 - i) 2(1 + v) + [(1 - v)(1 + v)(Ri/R)2] ) ,(3.6) 

Proc. R. Soc. Lond. A (1996) 



2334 M. D. Drory and J. W. Hutchinson 

-3 I I 1 

delamination edge 

-4- 

2 4 6 
Ria 

Figure 11. Normalized energy release rate for the annular film model depicted in figure 7b. 
M= 0.3, N = 0.1, oy/E8 = 0.005 and 80 =-0.0025. 

where the strain quantities are those for the attached film at r = ft. The primary 
interest here is for cases for which ACxr iS negative, and, under this circumstance, the 
interface crack remains closed and propagates under mode II conditions. 

Figure 11 illustrates the effect of the annular plate of unbuckled film on C. The 
case shown is one of those considered in figure 8 with 60 = -0.0025, and the curve 
for R1/R = 1 (f-=o) is the same as the corresponding curve in that figure. The 
curves in this figure are plotted for constant values of the ratio f of annular plate 
area to delamination area, i.e. 

f 7r( -a2)- (3.7) 

The curve for a decohered film extending all the way back to the indentation (labeled 
by f = 1) shows that the intact film results in a rapid drop-off of C for R greater than 
about 2.5a. A circular delamination emanating from a circular region cut-out of film 
was used by Earnis & Bauer (1988) to measure the interface toughness of thin films 
experiencing uniform residual biaxial tension. The present result in (3.6) reduces to 
this case in the absence of indentation strains such that ?r = ?0= go. In the presence 
of indentation, the case for f = 1 is qualitatively similar, but complicated by the 
radial nonuniformity of the stresses in the film prior to delamination. The main 
conclusion to be drawn from figure 11 is that a relatively narrow annular region of 
intact film behind the interface crack front (f < -, say) has little effect on C such 
that (3.3) applies. Even the constraint offered by an annulus covering one half of the 
delaminated region results in a relatively small reduction of the energy release rate 
below (3.3). 

(c) Delamination with a buckled annular plate of film left behind the crack tip 
If the residual stress in the film is compressive, the stresses Ur and 00 in the annular 

plate of film left behind the delamination crack tip will be compressive. Consequently, 
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Figure 12. k-factor in the axisymmetric buckling analysis (3.9) of the annular film remaining 
behind the advancing delamination crack. 

the plate may buckle and thereby reduce the constraint analysed in ? 3 b. The effect of 
buckling, if it occurs, will be to increase the energy released relative to the prediction 
in ? 3 b. Depending on the level of the compressive stresses and the area fraction f, 
the buckling mode can be either axisymmetric or non-axisymmetric, as is the case 
for the diamond film in figure 2. The distribution of ar in the unbuckled plate of film 
is 

cJ?(r) = Cr(R-) 
r -R (3.8) 

where ar (R-) is given by (3.5). For axisymmetric deformations, the linearized von 
Karman plate equations governing the critical conditions for axisymmetric buckling 
can be solved with a result in the form (Timoshenko & Gere 1961): 

Ur(R-) = 
(kR' ) v 2(l- V2) (R) (3 ) 

where k is plotted in figure 12. The film will buckle depending on whether Ur(R-), 
as given by (3.5), is larger or smaller in magnitude than the magnitude of the right 
hand of (3.9). 

Under conditions in which (3.9) is exceeded, the plate will buckle away from the 
substrate simultaneously lowering the compressive membrane stress and inducing a 
bending moment at its outer edge. The effect is twofold. The energy release rate is 
increased due to the reduction in the constraint of the delaminated plate of film, and, 
if the bending moment is large enough, the interface crack tip will open giving rise 
to a mode I loading at the crack tip as well as a mode II contribution. Full details 
of these effects are given for the similar problem of buckling-driven delaminations 
studied by Hutchinson & Suo (1991) and Hutchinson et al. (1992). The effect of 
buckling on the indentation test will not be pursued in this paper because in most 
cases it is expected to lead to energy release rates which are even closer to G given by 
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(3.1) than those analysed in ? 3 b. Moreover, the non-axisymmetric mode of buckling, 
which is more likely to occur than the axisymmetric mode when the annular region 
is narrow, is complicated by contact between the film and substrate over portions of 
the delaminated region. Insight into this behaviour can be obtained from the work of 
Thouless et al. (1994) on the problem of a straight edge-delamination of a biaxially 
compressed film on a substrate. Buckling due to compression parallel to the crack 
front is observed, accounting for alternating regions of contact and separation of the 
film and substrate. In regions along the front where the film buckles away from the 
substrate, G is enhanced and can exceed the value for edge delamination in (3.1). 

In conclusion, buckling complicates delamination behaviour. Nevertheless, it re- 
duces the constraining effect of the delaminated film and tends to drive the energy 
release rate towards the value (3.1) for unconstrained edge-delamination, or possibly 
even higher at points along the delamination front. There is some evidence in figure 2 
that buckling of the annular strip remaining after delamination may have caused the 
interface crack front to depart locally from a circular shape, but the effect is small. 

4. Toughness of a diamond-titanium interface 

Indentation-induced interface delamination is applied in this section to measure 
the toughness of a diamond-titanium alloy interface. A diamond coating was grown 
on substrates of a titanium alloy containing 6% Al and 4% V, commonly referred to as 
Ti-6Al-4V. Flat rectangular substrates of 60 x 20 x 3 mm3 dimensions were prepared 
for deposition by cleaning in solvents and scratching with a fine diamond powder to 
enhance nucleation. This pretreatment is commonly used to prepare samples for di- 
amond growth by low pressure methods. Diamond deposition was performed in a 
chemical vapor deposition (CVD) reactor using microwave excitation at 2.45 GHz. 
Diamond film growth occurred under conditions of 1% methane in hydrogen with a 
total gas flow rate of 200 std. cm3 min-1 and a pressure of 80 torr. Growth proceeded 
until a film thickness of 0.3-1.5 ,um was achieved, primarily by varying the growth 
time. The variation in film thickness allowed for the dependence of interface tough- 
ness with film thickness to be elucidated for the brale indentation test as elaborated 
on below. The presence of diamond was confirmed by Raman spectroscopy where 
a characteristic peak for diamond was observed which as significantly shifted to a 
value of 1352 cm-1 from 1332 cm-1 as a result of the residual compressive stresses 
in the film ao = -7 GPa (Ager & Drory 1993). Scanning electron microscopy was 
also performed where a fine-grained diamond coating of less than 1 ,um grain size 
was observed (Drory & Hutchinson 1994). 

The interface toughness was evaluated in this study by the Brale indentation 
method described in ? 1. Diamond-coated titanium coupons were indented over a 
range of 688, 1079 and 1570 N which are the preselected load values provided by the 
Rockwell Hardness Tester. The load is determined from the major loads derived from 
masses of 60, 100 and 150 kg added to the minor 10 kg preload. Values of the delami- 
nation radius, R/a, were measured in the optical microscope with side illumination to 
accentuate the delamination features. The film thickness was measured after inden- 
tation testing by imaging the delaminated film in the scanning electron microscope. 
Large increases in R/a for a given film thickness is caused by a higher indentation 
load. The data presented here provides the opportunity to combine experimental re- 
sults with the mechanics analysis to give estimates of the diamond-titanium interface 
over a range of film thicknesses. Subsequent experimental work is needed to insure 
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Figure 13. Trends in the normalized energy release rate with delamination radius as a function of 
compressive film stress. Present experiments on the diamond coated titanium alloy are indicated 
for a typical film thickness of 1 ptm. ay/Es = 0.007 92, N = 0.05. 

Table 3. Selected film and substrate material properties 

property diamond (Field 1992) Ti-6AI-4V (ASM 1990) 

yield stress, ay (MPa) 950 
Young's modulus, E (GPa) 1000 120 
Possion's ratio, v 0.07 0.36 
work hardening coefficient, N 0.05 

that the composition of the interface is comparable for each value of the interface 
toughness obtained. Initial work on the chemical analysis of the interface shows this 
to be a substantial task because of the difficulties in preparing specimens for analyses 
by scanning Auger microscopy and X-ray photoelectron spectroscopy (Perry et al. 
1993). 

Curves of G/Go as a function of the ratio of the delamination radius to the inden- 
tation radius, R/a, based on (3.3) and (3.4) are plotted in figure 13 for the diamond 
film of thickness 1 ,um and the titanium alloy substrate (cf. table 3). The curves are 
for various values of the compressive residual stress in the film, including that for the 
diamond film tested with ao = -7 GPa (ao/E = -0.007). These results for the tita- 
nium alloy substrate with oy/Es = 0.00792 and N = 0.05 were obtained by linearly 
interpolating or extrapolating, as required, the results for Fr in (2.3) and table 2 
for the values of ay/Es and N given. To illustrate the strong effect the substrate 
strain hardening index N has on the relation between G/Go and the normalized 
delamination radius, similar plots are given in figure 14 with ao/E fixed at -0.007 
and oy/Es = 0.00792 but with four values of N, ranging from a nearly perfectly 
plastic material to a high straining hardening material. It is seen in figures 13 and 
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Figure 14. Variation in energy release rate as in figure 13, with the effect of substrate strain 
hardening. uy/E5 = 0.00792 and oo/E = -0.007. 

14 that the energy release rate of the indentation-induced interface crack approaches 
the remote value Go when R/a is on the order of 5 and is many times Go when Rla 
is less than from 2 to 3, depending somewhat on N and ao/E. The useful range of 
the indentation test is when conditions are such that R/a lies between about 2 and 
5. In this range, the value of G/Go at a given R/a is much more sensitive to the 
strain hardening index N of the substrate than to its normalized yield stress oy/Es, 
and, consequently, the dependence on this latter parameter will not be shown here. 

Figure 2 shows the delamination cracks for a 1 itm thick film for three indentation 
loads. The measured values of R/a for these and other tests are plotted in figure 15. 
At each film thickness t for which data is shown in figure 15, data is included for 
three indentation loads: 688, 1079 and 1570 N. The effect of the magnitude of the 
indentation load on R/a is small, consistent with the model of the test developed 
here for which the indentation radius enters only through R/a. For the diamond film 
of thickness t = 1 ,um supporting the compressive biaxial stress ao = -7 GPa, the 
elastic energy per unit area (2.7) and the energy release rate for edge delamination 
in the absence of indentation (3.4) are, respectively, 

Ro = 45.6 J m-2 and Go = 24.4 J m-2. (4.1) 

The measured value of R/a for films which are nominally 1 ,um thick is approximately 
2.85. A solid point corresponding to R/a = 2.85 marking the curve in figures 13 and 
14 for the diamond film on the titanium alloy substrate, indicates that the interface 
crack induced by the indenter arrested at a value of G/Go = 1.95 or, by (4.1), 
G = 47.5 J m-2. The toughness of the interface, Fr, is identified with the value of 
G at which the crack arrests, and thus F, = 47.5 J m-2. The arrest value of G 
obtained from (3.3) may be an overestimate but the error is expected to be small 
(cf. ? 3). As discussed in ? 3 a, the interface crack advances under mode II conditions 
for compressed films undergoing edge delamination, and, accordingly, F, should be 
regarded as the mode II toughness of the interface. 
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Figure 15. Normalized delamination radius vs film thickness for the diamond-coated titanium 
alloy. The solid line is the theoretical prediction based on rc = 47.5 J m-2 and the points are 
experimental values. ay/Es = 0.00792, N = 0.05, ao = -7 GPa. 

The value of the interface toughness is many times the atomistic work of fracture 
of the interface and probably exceeds the toughness of the diamond film itself by at 
least a factor of two. Plastic deformation in the substrate almost certainly makes up 
a major portion of the interface toughness (Tvergaard & Hutchinson 1993). That the 
interface can be tougher than the film and still be the fracture path is a peculiarity 
of films in compression. Any crack-like flaws in the film tend to be closed by the 
residual stresses. Of course, once the film does become detached, it is susceptible to 
buckling and, therefore, tensile stresses due to bending. These tensile stresses can 
then cause the film to crack, as is evident in figure 2. Although extensive film cracking 
has obviously occurred, a simple estimate of the energy expended by this cracking 
reveals that it is very small compared to the energy consumed in delamination. 

The solid line curve in figure 15 is the theoretical prediction of the normalized 
delamination radius, R/a, as a function of t. This prediction is obtained from (3.3) 
together with the criterion G = Fr, where F, = 47.5 J m-2 and ao = -7 GPa have 
been used. The solid points in the figure are data resulting from indentation tests on 
the diamond films with thicknesses ranging from about 0.3 to 1.5 urm. The films with 
t = 1.5 ,um display the most scatter in R/a, but, otherwise, the predicted trend of 
R/a with t follows the test data fairly faithfully. If edge cracking of the interface is 
initiated by any means, a film will completely detach from the substrate if Go > rF. 
By (3.4), the critical thickness for complete detachment is (i.e. t such that Go = Fc) 

t (1v2E)co (4.2) 

The critical film thickness for the present diamond-titanium system is tc = 1.9 uim. 
This thickness is seen in figure 15 to be the limit at which the normalized delami- 
nation radius R/a becomes unbounded. Significant scatter in Rla is to be expected 
for films with thickness approaching tc. 
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