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Adhesion testing of glass—ceramic thick films on
metal substrates
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The adhesion of thick glass—ceramic films'bonded to metal substrates was measured using five
different tests: tensile delamination using a bonded stud, scratch testing, an interfacial shear test,
indentation and a bend test. All the tests proved to have limitations, and no test gave a fully

quantitative measure of adhesion. However, the different tests did rank the samples in the same
order of adhesion strength. This indicates that although a fully quantitative method of testing the
adhesion of thick films has not yet been developed, many of the published tests can be used to

obtain qualitative data.

1. Introduction
When considering the performance and durability of
a ceramic-coated component, the adhesion of the
coating to the substrate will be an important factor. It
is useful, therefore, to be able to measure the strength
or fracture toughness of the coating—substrate inter-
face. This measurement is also useful when used in
conjunction with microstructural studies of specific
interfaces in order to obtain a better understanding of
the adhesion mechanisms involved. Although many
tests to measure adhesion have been suggested, most
are not suitable for the materials being studied and in
all cases great care should be taken when interpreting
data from these tests in order to distinguish the ad-
hesion element from the contribution of other factors
to the result, i.e. to determine exactly what is being
measured in the tests.

In the present work five different tests have been
used in an attempt to obtain a reliable method of
measuring adhesion:

(1) direct pull test,

(i) scratch test,

(ii1) interfacial shear test,

(1v) identation test,
)

(v) bend test.

In the scratch test and the direct pull test the method
is to apply an increasing load or strain to the inter-
face until delamination occurs and to use this load
(referred to as the critical load) as a measure of the
strength of adhesion of the interface. In the indenta-
tion and bend tests a controlled crack is propagated
along the interface, and the change in strain energy of
the system as the crack advances is used to calculate
the fracture toughness of the interface. This is a more
fundamental measurement of interfacial adhesion, but
care needs to be taken to ensure that the mathematical

analysis of the system is an accurate model of what is
occurring in the tests. Finally, a test in which the
interfacial shear strength is calculated from the max-
imum crack density achieved in a tensile-loaded
sample is assessed.

2. Experimental materials
Thick glass—ceramic films (20-200 pum) were deposited
on copper and a copper-Invar—copper (CIC) laminate
substrate [1]. Glass—ceramic A was lithium-zinc-
silicate based and glass—ceramics B-D were lithium-
aluminosilicates with various oxide additions. De-
position of the films was via screen printing and the
printed samples underwent a heat treatment to initiate
crystallization of the glass—ceramic following wetting
of the substrate and densification of the glass.

The fracture toughness of each glass—ceramic was
calculated from indentation-induced cracks using the
Evans and Charles equation [2]:

K. = 00824 P/c3? (1)

where P is the applied load and ¢ the crack radius. In
this investigation indentations were made with
a Vickers hardness testing machine. Ten indentations
were made on each glass—ceramic with loads of
10-30 kg. Crack lengths were measured with a calib-
rated optical microscope and verified with a scanning
electron microscope and a scanning acoustic micro-
scope.

The average fracture toughness for each glass—ce-
ramic and the experimental variation in the tests are
shown in Table 1. It can be seen that the toughness of
the glass—ceramics rank in the order A > D > C > B.
The experimental variation, however, shows that there
is some overlap between the measurements from the
different glass—ceramics. It should be pointed out that
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TABLE I Fracture toughness of glass—ceramics

Glass—ceramic Average K. G,
(Nm™3¥2 % 10°) (I m™?)

A 22+02 49

B 1.7+ 0.3 30

C 1.8+ 03 34

D 20+ 04 41

the measurement of fracture toughness from indenta-
tion-induced cracks is a complex issue and many
models have been proposed. A more complete dis-
cussion of the use and limitations of the technique can
be found in the literature [1, 3].

3. Adhesion tests
3.1.Direct pull tests
3.1.1. Experimental procedure
In this test an increasing tensile strain is applied to the
coating-substrate interface through a glued stud until
failure occurs. The failure mode is noted and the
adhesion strength is calculated as the critical load
divided by the area of coating bonded to the stud.
Discs of glass—ceramic 8 mm in diameter were
screen-printed on to metal substrates for testing. The
substrates were glued to steel baseplates which were
then screwed to the base of the tensometer. An alumi-
nium stud (5 mm diameter) was glued to the top sur-
face of the glass—ceramic coating. All surfaces were
etched and/or cleaned in acetone prior to bonding to
ensure good adhesion. Testing was carried out at
a crosshead speed of 10 mmmin~'. The load was
transmitted via a 1 m length of wire cord attached to
the load cell and aluminium stud by pinned joints, in
an attempt to ensure pure tension and minimize any
variation between tests.

3.1.2. Results

Four sets of samples were tested and the results are
presented in Table II. In the case of the copper—glass-
ceramic A samples, interfacial failure only occurred in
two of the nine samples tested. In these cases a heavy
oxide layer (Cu,0) was noted on the copper surface
and failure was 100% at the copper—oxide interface.
The other samples failed by adhesive failure at the
stud or coating surface. The results show that when
a heavy oxide was not present the copper—A interface
was capable of withstanding tensile stresses in excess
of 78 MPa. In the case of the CIC-glass-ceramic
D samples it can be seen that of the nine samples
tested, seven failed partially at the coating—substrate
interface and two failed entirely through the adhesive,
thus giving only a lower limit to the interfacial
strength. In all cases where coating—substrate failure
was observed, mixed failure modes occurred. A sche-
matic representation of a mixed failure mode is shown
in Fig. 1. The areas of interfacial failure appeared in
discrete spots of variable size from which the crack
path deviated upward and outward through the
glass—ceramic coating to the free surface, after which
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failure continued at the coating—adhesive or stud-
adhesive interface. The highest value noted for a non-
interfacial failure was 57 MPa and interfacial failure
occurred in the 35-57 MPa range. Samples 7 and 10
similarly showed mixed failure modes, with some sam-
ples exhibiting partial failure at the glass-
ceramic-metal interface and in addition some failure
within the glass—ceramic itself was noted. The CIC-B
interface failed in the 45-80 MPa range, whereas the
CIC-C interface showed interfacial failure from 41 to
78 MPa. In both B and C some samples withstood
greater stresses before failing in the adhesive or at one
of the interfaces with the adhesive.

3.2. Scratch tests

The scratch test is normally used to measure the
adhesion of thin films rather than the thick films
presently under investigation [4,5]. However, pre-
liminary trials with a scratch indenter indicated the
test was capable of delaminating thick films and there-
fore may be useful as a means of measuring adhesion.
Although various models have been developed to ana-
lyse the results from the scratch test [6, 7], none are
widely accepted as yet and applicability is even less
likely in the case of thick films. The method was used
therefore as a means of ranking the adhesion of sam-
ples with similar properties rather than as a method of
producing a quantitative measure of adhesion
strength.

3.2.1. Experimental procedure

Scratch tests were carried out using equipment made
at Oxford University. The indenter used was a conical
diamond indenter with a tip radius of 0.2 mm and
a cone angle of 120°. The sample was held on
a double-axis table, which was driven in the scratch
direction by a 6 V d.c. servo-motor. A scratch speed of
30 mm min~ ' was used with an average scratch length
of 10 mm. The indenter was loaded in the range
0.1-5 kg. After each scratch the table was moved per-
pendicular to the scratch direction and the applied
load increased until failure was noted. Failure was
observed during testing by means of an optical micro-
scope. Following testing, a scanning ¢lectron micro-
scope (SEM) fitted with an energy-dispersive X-ray
spectrometer (EDX) was used to study the surface of
selected scratched samples and sections, though some
scratch tracks were polished to 1 pm for optical and
scanning electron microscopy of the fracture paths in
the coatings. These tests validated the optical micro-
scopy observations of the scratches.

3.2.2. Results

The results from the scratch tests are presented in
Table I11. It can be seen from the table that a number
of different failure modes were observed. In all cases
the first sign of failure was cohesive flaking at the
edges of the scratch channel, as shown in Fig. 2a. This
was often accompanied by cracking in the coating, It
can be scen from Table III that although the load at
which cohesive flaking first occurs varies with



TABLE IT Adhesion strengths of glass—ceramic to metal joints by the direct-pull test

Sample No. Substrate Glass—ceramic Failure Failure mode
strength (MPa) (approx. fractions)*
6 Copper A 32 1.0 T (Cu—Cu,0)
57 0.9 AS, 0.1 AG
38 0.8 AS, 0.2 AG
55 1.0 AS
77 Cord failure
31 1.0 AS
78 Cord failure
50 1.0 AS
43 1.0 1 (Cu—Cu,0)
10 CIC B 45 0.5 G/1, 045 AG, 0.05 AS
47 0.6 G/1, 04 AG
28 0.5 AS, 0.35 AG, 0.15 G
80 0.75 AG, 0.15 AS, 0.1 G/1
60 0.85 AS, 0.1 AG, 005 G
7 CIC C 78 0.45 AS, 045 AG, 0.1 G/
41 0.9 AS, 0.05 AG, 0.05 G/1
30 Cord failure
77 0.8 AS, 02 AG
49 0.1 AS
4 CIC D 61 0.5 AG, 045 AS, 005 I
57 1.0 AS
77 0.5 AS,0.51,0.1 AG
35 0.5 AG, 045 AS, 0.051
69 04 AS,03 AG,0251,005 G
51 041,03 AS, 025 AG, 005 A
35 041,03 AS, 025 AG, 005 G
57 0.8 AS, 0.1 I, 0.05 AG, 0.05 G
44 0.9 AS, 0.1 AG
2 AS = adhesive-stud interface,
AG = adhesive—glass-ceramic interface,
I = metal—glass-ceramic interface,
G = within glass—ceramic,
A = within adhesive.
the fracture toughness of the glass—ceramic and the
residual stress field. In the previous section the frac-
e~ T ture toughnesses of the glass—ceramics were ranked in

Coating

Substrate

Figure 1 Schematic example of mixed-mode failure in the pull test.

glass—ceramic composition, there is no consistent
coating thickness effect. This would imply that the
cohesive failure measures a property of the coating to
withstand deformation around the indenter which is
independent of interfacial adhesion. Once failure has
been initiated, the extent of failure will be a function of

the order A > D > C > B, and it can be seen that the
same order can be applied to the resistance of the
glass—ceramics to cohesive flaking, thus indicating
that the load at which cohesive flaking occurs is de-
pendent on the fracture toughness of the glass—
ceramic. However, as with the fracture toughness re-
sults, there is a degree of overlap in cohesive failure
measurements between different glass—ceramics which
makes it difficult to pursue this trend with any certain-
ty. The first sign of interfacial failure was either by the
appearance of mixed adhesive-cohesive flaking
(MACF) at the edges of the scratch channel or by
localized areas of coating removal (LCR) within the
scratch channel itself. The former failure mode can be
seen in Fig. 2b. The failure mode shows no obvious
correlation with either coating thickness or glass—
ceramic composition. Glass—ceramics A and D failed
entirely by MACF, whilst glass—ceramic B failed by
LCR with the thinner coatings and MACF with
thicker coatings. In the case of glass—ceramic C, the
coatings deposited on preoxidized CIC (samples 3 and
18) failed by MACF whereas those on CIC which was
heat-treated only (samples 7 and 13) failed by LCR. It
was noted that samples from the same firing batch
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TABLE III Failure loads of glass—ceramic to metal bonds using the scratch test

Sample Substrate Glass—ceramic Coating Load Failure
No. thickness (pm) {kg) mode?
20 CIC A 122 0.5 CF
35 MACF
16 Copper A 50 1.0 CF
20 MACF
30 D
5 Copper A 125 1.5 CF
40 MACF
5.0 D
24 Copper 155 1.5° CF
10 CIC 37 0.5 CF
L3 L
20 S
9 CIC B 40 0.5 CF
1.0 L
2.0 S
2 CIC B 147 0.3 CF
0.4 MACF
0.5 D
7 CIC C 26 0.2 CF
03 L
1.0 S
3 CIC (OX) C 71 0.5 CF
1.5 MACF
20 D
18 CIC (OX) C 96 0.5 CF
1.0 MACF
1.5 L
13 CIC C 99 1.0 CF
3.0 L
15 CIC D 52 1.5 CF
20 MACF + L
4 CIC D 125 0.5 CF
20 MACF
50 D
20 CIC D 126 1.0 CF
3.0 MACF
27 CIC D 200 1.0° CF

2CF = cohesive flaking at sides of scratch channel,
MACF = mixed adhesive—cohesive flaking,
D = coating delaminated at sides of scratch channel,
L = localized coating removal in scratch channel,
S = total coating removal in scratch channel.

®No interfacial failure at 5 kg.

tended to fail in the same manner. The load at which
either MACF or LCR first occurs will be called the
critical load, P.. When the applied load was increased
beyond this point, extensive delamination across the
sample or complete removal of the coating in the
scratch channel was observed following MACF or
LCR, respectively. The former can be seen in Fig. 2¢. It
can also be seen from Table 111 that the scratch test
was unable to initiate interfacial failure in the case of
very thick { > 150 umj, well-adhered coatings at the
loads tested. With these samples the coating was ob-
served to be flaking under the scratch stylus and then
pushed into the substrate.

In Table IIT it can be seen that copper—glass-
ceramic A samples showed P, increasing with coating
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thickness from 2 to > 6 kg. The CIC-A sample exhib-
ited MACF at 3.5 kg, which gives it a similar P, to
that expected from a copper—A sample of similar coat-
ing thickness. In the case of glass—ceramic B, P, ap-
pears to decrease as coating thickness increases. This
may be misleading, however, as samples 9 and 10 can
be viewed as having practically the same coating
thickness and scratch behaviour, and sample 2 ap-
pears to exhibit anomalously low interfacial adhesion.
The CIC-C results should be viewed in terms of the
fact that the substrates of samples 3 and 18 were pre-
oxidized before coating to develop a continuous oxide
interfacial layer, whereas samples 7 and 13 were not.
Comparing samples 18 and 13, it appears that better
adhesion is attained when the oxide layer is not



present. In electron microscopy studies of the samples
[1] differences in the development of the interfacial
oxide layer in samples 3 and 18 were seen, which may
explain why the thinner coating has a larger P..
CIC-D samples show P, increasing with coating
thickness from 2 kg to > 6 kg.

From the results described above we would rank
Cu-A and CIC-A as the systems exhibiting greatest
adhesion and CIC-B as the weakest. The picture is
more confused in the middle of the ranking order,
particularly with the additional complication of the
effect of interfacial oxidation layers in the case of
glass—ceramic C. On the evidence to date we would
put CIC-C and CIC-D on an equal footing except
when a continuous oxide layer is present, in which
case the adhesion is reduced.

Although the Benjamin and Weaver model [6] was
not considered to be directly applicable to the present
system, due to the assumption of pure plastic deforma-
tion of the substrate and neglect of coating effects,
calculations using their model (Equation 2 below)
gave interfacial shear strengths of 0.4-1.5 GPa:

HW 12
B (n[r2 - (W/nH)]) @

where F is the shearing force per unit area to delami-
nate the coating given in terms of the substrate hard-
ness H, the critical applied load W and the radius of
the stylus point r.

3.3. Interfacial shear strength tests
Agrawal and Raj [8] proposed a method of measuring
the shear strength of metal-ceramic interfaces by

Figure 2 Plan view of scratch tracks: (a) cohesive flaking in sample
3, (b) mixed adhesive—cohesive flaking (MACF) in sample 15,
(¢} delamination in sample 3. All at 120x.

depositing a ceramic coating on a ductile substrate
and pulling the sample in tension. As the sample is
pulled cracks, perpendicular to the loading direction
appear in the coating. The density of cracks increases
with load until a point is reached at which the inter-
face is unable to withstand the degree of deformation
required to provoke further cracking. At this point
areas of coating between cracks begin to delaminate
and spall off the substrate. The maximum crack den-
sity in the ceramic coating was shown by Agrawal and
Raj to be dependent on the interfacial shear strength,
1, and the following expression was derived using
a conventional shear-lag model similar to those used
in modelling the subcritical cracking behaviour of
fibre-reinforced composites:
o

T= o)
This relates the shear strength to the maximum spac-
ing between cracks, A (once constant crack density has
been reached), the coating thickness, t, and the tensile
strength of the film, o.

3.3.1. Experimental procedure

Two sets of samples were used, copper-coated with
glass—ceramic A and CIC-coated with glass—ceramic
D. In both cases various thicknesses of coating were
tested and in the case of the copper—A system two
substrate thicknesses were used. The sample width
was 3.2 mm and sample lengths varied from 27 to
33 mm. The samples were tested using an Instron
tensile testing machine at a crosshead displacement
rate of 0.1 mm min~!. Three samples were tested with
each glass—ceramic thickness and at least two of these
were strained to such a degree as to attain a constant
crack density in the coating. A travelling microscope
was stationed at the tensile testing equipment to moni-
tor crack development during testing, and final crack
spacing measurements were made on a calibrated
optical microscope. Examples of the cracks can be
seen in Fig. 3.
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Figure 3 Cracks in glass—ceramic A coating after tensile straining
for the shear strength test.

In the thicker films the onset of cracking was easily
observable by travelling microscope and stress relief in
the load-extension trace. This allowed the failure
strain (&) to be measured. The elastic modulus (E) of
the glass—ceramic films were measured by acoustic
microscope and nanoindenter techniques [9]. The ten-
sile strength of the films were then calculated from
E and &;.

3.3.2. Results

The interfacial shear strengths of copper-A and
CIC-D samples of various coating thicknesses are
shown in Table I'V. The copper—A interface appears to
exhibit the greater shear strength, and there is a gen-
eral trend of decreasing shear strength with increasing
coating thickness, although this is by no means pro-
portional or consistent. This could also be interpreted
as decreasing film strength with increasing thickness,
which would be expected from the behaviour of brittle
materials. The results showed experimental variations
of 5-20% in the two or three samples tested, the
greatest variation being in the thinner coatings which
exhibited the greatest crack density. Without further
tests it is impossible to say whether the variation in
shear strength with coating thickness is a true one or
a product of experimental variation. If t and ¢ were
constant for a particular coating-substrate combina-
tion then maximum crack spacing should be directly

proportional to coating thickness. This relationship is
plotted in Fig. 4 and can be seen to be true within the
accuracy of the test.

3.4. Indentation tests

The fracture resistance of the copper—glass-ceramic
interface was investigated using the indentation test
developed by Marshall and Evans [10]. In this test an
energy balance approach is used to analyse the frac-
ture at coating—substrate interfaces caused by inden-
tations normal to the coating surface. In their model
the section above the crack was treated as a rigidly
clamped disc and the crack extension force was equi-
librated with changes in the strain energy of the sys-
tem as the crack extended. The following expression
for the fracture toughness of the interface (G,) was
derived in terms of the crack diameter g, the indenter
load P, the hardness H, Poisson ratio v, and modulus
E of the coating and the residual stress o,:

pe L+ V)2 — (1 —a)(l — 271
7 1 —R

aZ Gc 1/2
7<E(1 ~ v>r5>

(gz

4
where

Cg:
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Figure 4 Crack spacing as a function of coating thickness in the
shear strength test for two glass—ceramic films: (M) Cu-A,
(b) CIC-D.

TABLE IV Ultimate shear strengths of glass—ceramic to metal bond calculated from crack spacings

Sample Substrate Glass—ceramic Coating Crack Shear
No. thickness spacing strength
(pm) {nm) (GPa)
16 Copper A 50 82 3.6
6 111 204 33
5 125 165 4.5
24 155 277 3.3
25 215 628 2.0
5 CIC D 52 123 2.5
4 125 607 1.2
26 126 483 1.5
27 200 1067 1.1
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in which ¢ = coating thickness and

P 2 cot
2= ilmm) 5w
Y = k/12(1 — v?)
where
k = 14.68 and
V= 74° for a Vickers indenter;
R = Grzt(l — o)l — v)

EG,

where o = 0.38 (buckling) or 1 (no buckling). If there
are no residual stresses this will reduce to

G, = (2a*) ' EC(Gy) (P/H?)P (1 — v?) (9)

3.4.1. Experimental procedure

A Vickers hardness testing machine was used to in-
dent the glass—ceramic coating, with loads of 5-40 kg,
The area around the indentation was then examined
using optical microscopy. By focusing some distance
from the indentation an unfocused disc could be seen
around the indentation. This was assumed to be the
area of coating buckled upwards due to the presence
of the interfacial crack, and the diameter of this disc
was taken as a measure of the diameter of the inter-
facial crack. Sections through indentations were later
made and polished to flatness using 1 um diamond
paste for optical microscopy, in order to check this as-
sumption and to characterize crack geometry beneath
the indentation. Examples of glass—ceramics B, C, and
D bonded to CIC substrates were tested. In the case of
copper—glass-ceramic A samples no identation-induced
crack could be propagated along the interface.

| /
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ol ¥
° /
e /
100+ /
/
- /s
/
5ol AR
s/
/
0 L i L 1 L 1

0 10 20 30 40 50 60 70
Indentation load (N3/4)

Figure 5 Indentation load to the 3/4 power against crack radius for
CIC-glass-ceramic B sample.

3.4.2. Results

A plot of P3/* against a can be seen in Fig. 5 for sample
3. A reasonably straight line can be drawn through
these points, affirming the proportionality predicted
from Equation 3. Calculations from these results gave
fracture energies of 1538, 2624 and 2668 Jm ™2 for
glass—ceramics B, C and D, respectively. Fig. 6 shows
a section through an indentation in sample 4. It can be
seen that in addition to interfacial cracking there is
a system of cracks parallel and perpendicular to the
interface in the glass—ceramic, which would aid in the
release of indenter-induced stresses and account for
some of the buckling noted on the surface. In some
cases a crack diverted through the glass—ceramic to
the free surface was observed. The interfacial cracks
seen in cross-sections were approximately the same
size as those measured from the surface, though sec-
tioning and polish damage made it difficult to measure
crack radii accurately from the cross-sections.

3.5. Bend tests

In this test an interfacial crack is propagated by four-
point bend testing a sample as shown in Fig. 7. When
the film delaminates there are two components of
energy release:

1. The film is on the tensile surface of the beam,
experiencing a load P. The strain energy due to this
tensile force is given by

P2q

Ue = 2E;bd ©)

where E; is the Young’'s modulus of the film.

50 um

Figure 6 Optical micrographs of cross-sections through 20kg
Vickers indentations in CIC—glass-ceramic D sample.

Figure 7 Schematic representation of the bend test.
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2. The film is bent by a moment M, such that the
strain energy is given by
1 Ma

MO = Y

U, = —
n 2 2r

where a = crack length and r = radius of curvature.

To calculate P and M in terms of the applied bending
load F, we assume the film is sufficiently thin that it
does not affect the rigidity of the beam; then P ~ &,bd,
where o, is the tensile stress at the top surface of the
beam; o, = E;T/2r and thus

P = E:Thd/2r (8)
From elementary beam theory
_ LB E¢bd? o)
r 12[r + (172)]
From Equations 6 and 8
U, = E;T?bda/8r* (10)

From Equations 7 and 9

U, = Ebd3a24r*> (fr> T2) (11

As the crack extends there is negligible change in total
beam deflection. Thus the fixed-grip approximation
[11] may be used to calculate the strain energy release
rate per unit crack width, G:

dU  Ebd d?
G = = (T2+—>

da 8r? 3
where
. LE, bT°E,
M, 12M,
so that
2 2
o - ()
_ 18ESdF212( 5 f)
b2TCEZ \ 3
At the critical load F, we have
. = ——ff}dfg(ﬂ + %) (12)

Note that this value is independent of interface crack
lengths. Thus the bend test allows us to determine the
interfacial fracture energy using easily measurable
parameters.

3.5.1. Experimental procedure

Prior to four-point bend testing of the sample, it was
necessary to establish a crack at the film—substrate
interface. This was achieved by indenting the ceramic
and then stressing the sample in three-point bending.
One side of the sample was polished using 1 yum dia-
mond paste prior to testing and the three-point bend
test was carried out under an optical microscope in
order to note the point at which an interfacial crack
appeared. At this point the test was stopped and the
sample was transferred to an Instron tensile testing
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machine fitted with a four-point bend-test jig. The
bending load was increased until a change in the
load—extension behaviour of the sample was noted.
Optical and scanning acoustic microscopy were then
used to determine whether crack propagation had
occurred. In addition some samples were tested in
four-point loading directly under an optical micro-
scope in order to note crack formation and the strains
at which crack propagation occurred. The only
samples in which interfacial cracks could be
propagated prior to extensive plastic deformation of
the substrate were glass—ceramic A films on 2.6 mm
thick copper substrates. Samples 25 mm long and
2 mm wide were tested.

3.5.2. Results

The fracture toughness was calculated in the range
3-5Jm~2 The glass-ceramic coating experiences
a tensile stress when the sample is bent (as quantified
above) which reaches a maximum value at its surface.
This tends to result in the propagation of cracks
through the ceramic perpendicular to the film. It can
be seen from Fig. 8 that even weli-developed inter-
facial cracks have a tendency to deflect upwards into
the coating.

4. Discussion

4.1. Assessment of tests

The pull test was severely limited by the strength of the
adhesive used to attach the pin through which the
tensile force was applied to the coating. There may be
adhesives available which would provide a stronger
bond; however, the test is still primarily a comparative
one with no quantitative model of interface fracture
available.

The scratch test proved to be a promising technique
because coating delamination was achieved in most
cases, and therefore the test was used to test a wide
range of samples. Failure in the scratch test was com-
plex, involving a number of failure mechanisms. The

Figure 8 Optical micrograph of a cross-section through a cop-
per—glass-ceramic A bend-test sample.



first sign of coating failure in all cases was cohesive
flaking within the coating. This was tentatively linked
to the coating’s intrinsic bulk fracture toughness, al-
though further work is needed to substantiate this
claim. The first sign of interfacial failure was either
mixed adhesive—cohesive flaking at the edges of the
scratch channel or localized coating delamination in
the scratch channel itself. As the load was increased
beyond the critical load, either extensive delamination
of the coating at the sides of the scratch channel or
complete removal of the coating in the scratch channel
occurred. No obvious factor determining which failure
mechanism occurs in a given system was identified
and in some cases both failure modes were observed.
Coating thickness appeared to affect the failure load,
with a tendency in most cases for the critical failure
load to increase with coating thickness. It is obvious
that further work characterizing the failure of thick
film—substrate systems in the scratch test is needed if
a quantitative measure of adhesion is to be developed.
The most promising directions for the development of
an applicable model of the scratch test are the energy
balance and stress component approaches outlined by
Burnett and Rickerby [7].

The ultimate shear strength test was promising in
that it ranked the samples in the same order as the
scratch test. This technique required more material
than the other methods used and hence only three
tests could be made from each sample. It was difficult,
therefore, to measure the range of experimental scatter
from so few results; however, the samples that were
tested indicated that this could be high, i.e. > 10%. It
was also impossible to say whether the observed
variations in shear strength with coating thickness
were real or merely due to experimental scatter. Only
two glass-ceramic—metal systems were investigated
with this method, and it would be interesting to fur-
ther evaluate the technique with relation to other
systems.

The indentation test also ranked samples in the
same order as the scratch test. Misgivings about the
applicability of the theoretical model, however, ques-
tion the validity of the fracture energies calculated.
The main deviations from the model were the exten-
sive cracking in the coating itself and the plastic defor-
mation of the substrate. The problem lies in the
strength of the interface in relation to the strength and
thickness of the coating. This meant it.was impossible
to propagate an indentation-induced interfacial crack
without deforming the substrate and extensively
damaging the coating. This would seem to be an

unavoidable problem with the materials studied, and
extension of the theory to include these factors would
be extremely difficult.

The bend test was only used to test one glass-
ceramic—metal system and again, difficulties were ex-
perienced in propagating interfacial cracks. However,
the results from this test probably give a more realistic
estimation of the fracture toughness of the interface.
For this reason it is believed that the technique is
worthy of further investigation, and further modifica-
tion of the experimental set-up would probably in-
crease the success of the technique.

4.2. Adhesion strength of glass-ceramic thick
films bonded to metal substrates

From the above it can be seen that problems still exist
in the measurement of adhesion. It is encouraging that
all the tests gave the same order of adhesion to the
samples that were tested (Table V). The widest range
of samples was measured with the scratch test, which
gave the following order for adhesion strength:

{Copper, CIC)-A > CIC-(C, D)
> CIC(ox)-C > CIC-B

It would appear from this that the composition of
glass—ceramic A must result in stronger adhesion than
in the lithium aluminosilicate glass—ceramics. The re-
sidual stresses in the copper—A system are greater than
those in the CIC-B and CIC-C systems, and in the
case of the CIC-A samples it was predicted from
thermal expansion data that the residual stresses in
the coating would be tensile in nature, which would be
expected to reduce performance in the scratch test [ 1].
It is also interesting to note that when etching the
glass-ceramic—metal cross-sections the interface
etched preferentially in some cases [1]. This could
have been due to the existence of residual stresses at
the interface, in which case the fact that the CIC—glass-
ceramic B interface was most severely etched may be
significant as this system proved to have the poorest
adhesion. Also the copper—A interface, which had the
strongest adhesion, showed least preferential etching
at the interface. It can only be concluded from this that
the average residual stresses in the coating may be
a poor indicator of adhesion strength, and it may be
advisable to try and determine residual stresses dir-
ectly adjacent to the interface.

Measurements of fracture toughness of bulk
glass—ceramics gave the same ranking order to the

TABLE V Ranking orders of glass—ceramic to metal bonds from the range of adhesion tests

Adhesion test Ranking order

Range of results

Pull test

Scratch test

Shear strength test Copper-A > CIC-D
Indentation test

Bend test Only CIC-A tested

Copper—A > CICHB, C, D} > Copper(ox)}-A
(Copper, CIC}-A > CICHC, D) > CIC(ox)-C > CIC-B

Copper-A > CIC-D > CIC(ox)-C > CIC-B

o = 32-80 MPa
L.=045kg

7= 11-38GPa
G.=15-27kIm™?
G.=3-5Jm™?
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glass—ceramics as adhesion strength, and indeed it can
be seen how the failure modes in the scratch test which
originate from cracks in the coating would be sensitive
to the fracture toughness of the coating. However, as
the differences in the fracture toughness of the
glass—ceramics were small in comparison with the
scatter of the results it is unlikely that this is the
controlling factor in adhesion measurements.

Both pull and scratch tests showed that a continu-
ous oxide layer at the interface results in poorer ad-
hesion strength than when discrete oxide precipitates
developed. Failure in the former case occurred be-
tween the copper and the copper oxide. This indicated
that bonding between the copper and the oxide was
not as strong as that between the glass—ceramic and
the copper oxide or between the copper and the
glass—ceramic. Another factor that may contribute to
the poor adhesion of the continuous oxide layer to the
copper are the residual stresses arising from differen-
tial thermal expansion between the copper and the
copper oxide. These stresses would increase as the
coating thickness increased. The precipitation of cop-
per oxide near the interface indicates high copper
concentrations in these regions. This would aid
adhesion between the copper and the glass—ceramic
via bonding between the copper in the substrate and
the coating. In addition a glassy phase was observed
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between the copper oxide precipitates and the copper
[1] which may also aid bond formation and help to
relieve interfacial stresses by viscous flow.
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