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Abstract

Interfaces between porous metal and ceramic are commonly used in many advanced engineering components. The adhesion strength between a
porous silver coating and pure barium titanate has been determined here using a blister test. The porous Ag layer was made by screen printing and
sintering on a flat dense barium titanate surface. Firing temperature influences the porosity of the silver film and Ag/BaTiO; interface strength.
A simple graphic procedure was used to subtract the effect of the generalized plastic yielding in the Ag membrane from the total strain energy
produced by the pressure application. The average value of the critical interface crack propagation energy G; at the porous Ag/BaTiO; interface
ranges between 4.5 and 6.6 J/m? while the porosity decreases from 11% to 7%. The observed trend of interfacial fracture energy can offer insights
into the interfacial fracture mechanisms between porous metal films and ceramic substrates.
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1. Introduction

Metal-ceramic interfaces play an important role in many
applications, such as electronic packages, ceramic brazing,
wear resistant coatings, thermal barrier coatings or micro-
electromechanical systems. The metal-ceramic interfacial
strength is an important parameter for all applications since it
fully governs the integrity of the device of interest. Among many
techniques, screen printing and sintering is a low-cost method
to make a metal film bonded to a ceramic substrate. It is gen-
erally used to fabricate multilayer ceramic capacitors (MLCC),
sensors, device structure, etc. This technique produces a porous
metal layer; the porosity of the metal film depends on the various
chemical and physical characteristics of the metal paste and on
its firing temperature.

Many different methods have been proposed to measure the
adhesion strength of metal-oxide interface, either as bulk bi-
material or as film/substrate systems [1,2]. The blister test is
one of the few techniques which can deliver quantitative and
meaningful estimation on interfacial strength. Thanks to a stable
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interfacial crack growth under a constant and well-known mode
mixity for film/substrate systems, it allows reliable quantitative
interfacial fracture energy measurements [3,4]. For this test, a
rigid film/substrate specimen has to be prepared with a free-
standing film membrane covering a hole located at the center
of the specimen. During a first step of the experiment, the free-
standing membrane is pressurized by liquid injection through
the hole in the substrate, keeping the contour of the initial win-
dow. This “bulge” step is reported as an increasing curve when
plotting the pressure p versus the membrane maximum deflec-
tion Ah. The elastic bulging of the membranes can be analyzed
using various models to describe their mechanical equilibrium
and geometry [5-10].

When the pressure is high enough and the liquid injection
is continued, the film starts to debond along the edges of the
window. The outline of the membrane changes from its initial
shape and its volume increases rapidly, thus causing a decrease of
the fluid pressure and a visible change of regime on the p versus
h curve. By applying the energy balance between the increase of
the fluid energy Wpyig and the membrane strain energy Weirain,
the differential of the crack propagation energy can be written
as
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where da is the elemental crack growth and G; is the fracture
energy per unit area. Estimates each term of Eq. (1) shows that
the p versus & curve should then follow a decreasing hyperbolic
law:

Cph = G @

where C is a numerical dimensionless constant between 0.618
and 0.516 according to the residual stress value in the film
[11,12].

In the present study, the blister test was used to measure the
adhesion strength between screen printed silver films and barium
titanate substrates.

2. Experimental procedures
2.1. Materials and specimens

A barium titanate powder (Product No. 52909, Ferro Co.,
USA) was used in the present study. The purity of the BaTiO3
powder was higher than 99.6% and the average particle size
was 1.1 pm. Discs of BaTiO3 (25 mm in diameter and 2.5 mm
in thickness) were prepared by die-pressing at 50 MPa. The
discs were first pre-fired at 1100 °C for 1h to obtain a han-
dling strength. A hole with 3 mm diameter was then machined
into the center of the pre-fired discs by using a steel drill. The
discs were then sintered at 1350 °C for 2h. The diameter of
the hole shrank to 2.1 mm after firing. The relative density of
BaTiO3 is then >98%. Finally the discs were ground with fine
SiC particles to achieve a flat smooth surface. The final sub-
strate surface roughness R, was about 0.2 pum, as measured with
a profilometer.

A silver paste composing of silver particles, binder and a
small amount of glass particles was prepared for screen printing.
A silver powder (Ag C200ED, Ferro Co., USA) with average
particle size of 1.1 wm was used. The silver powder/glass frit
ratio was 98.75/1.25 in weight. The powder/organic vehicle ratio
was 80/20 in weight. All were mixed and milled with the help
of a media mill. Screen-printing was used to apply the Ag paste
onto the flat surface of the BaTiO3 discs. Round adhesive tape
patches 3 mm in diameter were applied on a BaTiO3 plate. The
Ag layer was screen printed over the whole surface, and then the
BaTiO3 plate with Ag layer and adhesive patches was fired at
500 °C for 1 h to remove the adhesive tape. Therefore, we could
obtain several pre-fired silver membranes with 10 pm thickness
and 3 mm diameter, which were used to cover the central hole of
the discs as free-standing Ag membranes. The discs including
these free-standing membranes over the holes were then screen
printed with Ag electrode for several times until the desired
thickness of Ag layer is achieved and fired at 600, 700, 800 or
850°C for 1 h.

2.2. Experimental apparatus

The apparatus used for the blister test consisted of a specimen
holder and pressurizing stage, and an optical fringe projec-
tion profilometer. A commercial software (HOLO-3: Fringe

Analysis®, France) was used to analyze the results in terms of
blister radius and deflection at various steps of each test. The
complete setup of facilities has been described in more details
in previous papers [13,14].

For each firing temperature, some of the specimens were cold
mounted and cut transversally and then prepared by standard
metallographic techniques. The cross-section microstructures
were observed by scanning electron microscopy. Quantitative
analysis of digitalized images (ImageJ 1.34s) was used to deter-
mine the porosity of the screen printed silver films.

2.3. Analysis of blister test results

For many film-on-substrate systems, it is usually assumed
that the top film deforms elastically. Because of its thickness,
our porous silver layer has a low yield stress and tends to deform
plastically. Then the strain energy dissipated during the blister
test is composed of the work of elastic deformation and the work
of plastic deformation. They have to be separated for adhesion
measurement, since only the elastic strain energy is reversible
and can be released from the pressurized membrane to cause the
interface crack propagation.

Experimentally, when conducting the blister test, a hydraulic
pressure is applied to make the metal layer blister and separate
from its substrate. Then the pressure is released progressively
and the p versus & curve generally falls down along a linear path
and shows a residual deflection Ay, proving that the film has
been plastically deformed. After the first pressurization and de-
bonding, as long as the system is stable we can re-inject liquid to
make blistering occur again and then release the pressure again.
Therefore, each repeated pressurization can be used to determine
the adhesion energy of the interface by fitting a hyperbolic curve
to the debonding threshold points according to Eq. (2). At each
pressurization, since we record successive 3D contours of the
complete blister, we can check the diameter values to determine
as accurately as possible the point when the blister begins to
grow and the interfacial crack begins to propagate. We defined
this point as the critical point to be used for G, determination.
In many cases, we can obtain several debonding points on one
specimen till the metal layer is broken or totally de-bonded.
Since the Ag membrane behaviour is dominated by residual
stress (due to thermal contraction mismatch between metal and
ceramic after firing), we used C=0.516 in Eq. (2) for result
analysis in this study [4,11].

For each re-pressurization, since the film has deformed plas-
tically after previous pressurization, the volume underneath the
new free-standing membrane can be related to its previous plas-
tic residual deflection height /;,. The total strain energy of the
pressurized film should then be changed to

hp+h hyp h
Ustrain = /p(h)dvz/p(h)dv+/p(h)dv &)
0 0 hy

The strain energy contributed by the plastic deformation
should be extracted from the total apparent strain energy, to
work out the elastic energy release rate which causes crack
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Fig. 1. Schematic of the principle of correction for the effect of the generalized plasticity of the silver membrane on the interfacial debonding energy.

propagation. A very simple way to correct this plastic bulging
of the membrane is to subtract the corresponding residual per-
manent deflection hy; for each quasi-linear inflation-deflation
elastic curve at a critical point for a given specimen, as illus-
trated on Fig. 1. The critical debonding points then correspond
to much smaller values of corrected deflection (h — hp;) just
as if the membrane had remained elastic throughout the test,
and they are located on such hyperbola Cp(h — hpi) = G|
with much smaller and more reliable values of debonding
energy.

For example, Fig. 2 shows the blister equation fit to the exper-
imental data at the de-bonding point for a specimen with a silver
layer fired at 850 °C. The uncorrected crack propagation energy
was acquired as 11J/m?, while the height being corrected as
h= hexp — hpla, the result diminished to 4.5 J/m?2. Thanks to this
very simple procedure, we can subtract the effect of the gener-
alized plastic yielding in the Ag membrane from the total strain
energy produced by the pressure application.
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Fig. 2. Illustration of blister equation fit to experimental data for a specimen fired
at 850°C. The uncorrected value G=11J/m? is adjusted on the experimental
debonding point. The corrected value G’ =4.5 J/m? is adjusted on the corrected
debonding height, according to the schematic of Fig. 1.

3. Results
3.1. Microstructure observations

Fig. 3 shows an SEM image of a cross-section of the specimen
after sintering. The Ag/BaTiOs interface appears to be relatively
smooth and abrupt at the magnification we used. The thickness of
the silver layer has been changed between 55 and 130 pm. It was
been measured after sintering by micrometer screw gauge, with
reference to the initial substrate thickness. For each substrate and
substrate with film, five points were measured and the average
was taken as thickness.

For our purpose of adhesion measurement, the porosity
within the Ag/BaTiOj3 interface is very likely to have a strong
influence on the interfacial crack propagation energy, but it is
very difficult to determine experimentally from optical or SEM
observations. In the following, we take the interface porosity
(defined as the ratio of the non-contacting area to the total inter-
face area) from the internal porosity in the bulk of the silver
layer.

Fig. 3(a) shows the Ag layer fired at 600 °C for 1h. The
pores within the sintered metal are interconnected and the aver-
age porosity is 11%. Fig. 3(b) shows the silver film fired at
700 °C. It can be observed that most of the pores are no longer
interconnected and the average porosity is 10%. When the fir-
ing temperature was raised to 800 °C (Fig. 3(c)), the average
porosity of Ag film became 8%. The shrinkage rate of Ag film
from 700 to 800 °C is higher than that between 600 and 700 °C.

Fig. 3(d) shows the silver film fired at 850 °C and the average
porosity in the silver film is 7%. The size of the pore within the
Ag film is increased after the treatment at 850 °C, though their
amount is more or less the same as that in the film fired at 800 °C.

3.2. Results of blister test

The resulting critical energy release rates G of the
BaTiO3/Ag interfaces for each Ag paste sintering temperature
are listed in Table 1. As explained before, these values are
corrected by removing the influence of generalized plastic
deformation of the membrane, but they still include the contri-
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Fig. 3. Cross-section views of Ag/BaTiO3 interfaces. Ag films were fired at (a) 600 °C, (b) 700 °C, (c) 800 °C and (d) 850 °C.

bution of the confined plasticity which is likely to occur at the
crack tip during the propagation of the interfacial crack, just like
cohesive crack propagation energy in any ductile homogeneous
metal. The values of G for specimens which are fired at 600 °C,
vary from 3.5 to 5.5 J/m?. The values of G; for interfaces fired
at 700 °C vary from 3 to 6J/m?2, which is close to the result
of 600 °C. The inter-particle contact area for sintered powders
increases while firing temperature increased from 600 to 700 °C
(Fig. 3(a) and (b)). It seems that the subsequent decrease of
porosity does not affect much the interface strength at this
stage. The values of G; fired at 800 °C vary from 3.5 to 8 J/m?,
with an overall average value around 5.8 J/m?. At 850°C the
critical energy release rate of interface cracks ranges from 4.5 to
9J/m?.

4. Discussion

Table 1 also shows the thicknesses of specimens fired at 600,
700 and 800 °C. In the same firing condition, the influence of
the film thickness on interface strength seems to be smaller than
the experimental dispersion of the energy values. Therefore, it
will not be considered in the following discussion.

The relation between average G and sintering temperature
is shown in Fig. 4. The critical energy release rate of interface
cracks increases when the firing temperature increases, espe-

cially in the range from 700 to 800 °C. This may be due to the
changes in the pore volume through the metal membrane and
similarly along the interface. Indeed, some un-bonded pore-like
defects are visible at the interface, for all firing temperatures
(Fig. 3), which are due to influence the adhesion strength of
Ag/BaTiO3 interface.

Average Gc (J/mz)
o
T

2 1 A 1 . | . 1 , I A 1
600 650 700 750 800 850

Sintering temperature (°C)

Fig.4. Average fracture energy of interface versus sintering temperature of silver
membrane.
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Table 1
The critical interfacial energy release rates G.; of Ag/BaTiO3 interfaces
Firing G, of successive Sample no. Porosity (%)
temperature (°C) pressurizations (J/m?)
1 2 3 4 5 6 7 Average
600 G 5 5 55 3.5 4
G 4
Average 45 5 55 35 4 45+£0.71 11
Thickness (um) £ 10 108 75 125 68 109
700 G 55 5 5 3 5 6
G 3 4 5 5
Average 55 5 4 3.5 5 5.5 4.75+£0.95 10
Thickness (pm) £ 10 73 84 67 97 86 114
800 Gei 5 6 6 5 6
Ge 5 8 5 5
Ge3 35 5
Ge4 5
Average 4.5 6 8 5.25 5 6 5.8+1.21 8
Thickness (pm) £ 10 95 128 83 74 71 117
850 Gei 6 8 6 45 6 7 6
Ge 9 7 7 8 7
Ge3 6.5 7 6
Gy 5
Ges 5
Average 6 8.5 6.5 5.7 6 7 6.5 6.60£1.16 7

Fig. 5 shows the critical energy release rate G.; of Ag/BaTiO3
interfaces versus the porosity of the Ag film. The silver paste
used in this study was named as G-1. Within the range of mem-
brane porosity from 11% to 7%, the G; of the interface between
porous silver membrane and BaTiOj3 substrate is almost a linear
function of the porosity of the membrane. It is obvious that
smaller contact areas across the metal/ceramic interface will
reduce the interface strength. But for a given interface poros-
ity, the size and shape of interface cavities must also play a
role. Indeed, large round-shape cavities might blunt interface
cracks and rather tend to prevent their propagation, while small
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Fig. 5. Average fracture energy of interface versus average porosity of silver
membrane. () Present work; (@) previous report [14].

fine-dispersed elongated cavities should cause high interface
embrittlement. Some authors have reported finite element anal-
ysis simulation of a crack growth along the interface between a
porous ductile material and a rigid substrate [15,16]. But very
few experimental data for interfacial crack propagation between
porous metal film and ceramic substrate are available in literature
[17] — maybe because of the difficulty to characterize the inter-
face porosity [18], as mentioned before — and even less under the
form of quantitative adhesion measurement to be compared to
our results. Thus the relation between the critical energy release
rate of interface cracks and interface contact area is still not clear
now.

Comparing the results at the same firing temperature we had
reported previously [14], where the values of G vary from 1.3
to 4.2 J/m? for Ag/BaTiOs interfaces, the results in the present
work are much higher. The major differences between both stud-
ies are Ag powder particle size and chemical composition of
Ag pastes. Both factors are likely to change the porosity of the
film after firing and altogether the value of the thermodynamical
interfacial work of adhesion itself. In Fig. 5, the values of the
present work are plotted together with the previously reported
adhesion strength of other silver paste (Ag 8985) to barium
titanate [14], with the porosity measured using the same pro-
cedure. Both silver layer pastes contained some glass mixed
with organic solvent and binder. From Fig. 5 we can observe
that the chemical composition of the silver paste did not seem
to influence much on interface adhesion. Contact area seems to
play a more important role in the interface adhesion, since the
same linear dependence of G on porosity appears to be valid
for both Ag pastes.
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Such a linear relationship is actually the simplest assump-
tion which may be made to account for the dependence of crack
propagation energy on interfacial porosity. Extrapolating the lin-
ear fit of Fig. 5 to a zero porosity value would lead to crack
propagation energy about 10 J/m? for a full-contact Ag/BaTiO3
interface, which is a rather reasonable value for metal/ceramic
interface adhesion [2]. On the reverse, a linear extrapolation
of our results to higher porosity rates would lead to null crack
propagation energy far before 100% porosity, which is not phys-
ically acceptable. So, another extrapolation law should apply for
porosity higher than about 15%, compatible with complete loss
of adhesion only for 100% interfacial porosity. Another possi-
ble cause for this discrepancy is that our assumption taking the
interfacial porosity equal to the bulk porosity in Ag is grossly
wrong, which is difficult to verify, but looks unlikely as close
as we could observe our metal/ceramic interfaces. More exper-
iments with better accuracy and a wider range of Ag membrane
porosity will be necessary to clear these points.

The main contribution to the uncertainty of our results may
be attributed to the difficulty in determining the accurate critical
de-bonding points and subtracting the plastic strain contribution.
Even taking this incertitude into account, our crack propagation
energy values are higher than the usual estimates of the thermo-
dynamical work of adhesion of metal/ceramic interfaces alone,
around 1 J/m?.

Indeed, the basic thermodynamic property of an interface
between materials A and B is its free energy per unit area yag.
In experimental measurement, a different quantity can be deter-
mined: the true work of adhesion W, (or so-called Dupré energy)
which is the amount of energy required to create free surfaces
from bonded materials:

Wa=ya+¥B — ¥aB @

where y4 and yp are the surface energies of the two materials,
respectively. The true work of adhesion is the intrinsic property
that depends on the type of the bonds at the interface and the
level of contamination on the initial surfaces. The metal-ceramic
system of interest here cannot be considered as a very reactive
one. The chemical reaction at interface is 2Ag + 1/20, — AgrO
and Ag,O will be promptly decomposed [19]. This means that
no reaction layer exists at Ag/BaTiO3 interface and Ag does not
diffuse into the BaTiO3.

The true work of adhesion can be determined by contact
angle measurements with the sessile drop technique, through
the Young—Dupré equation, which describes W, as the function
of the contact angle 0:

Wa = ya + ¥B — yaB = yB(1 + cos6). (5)

In the specific case of Ag/BaTiO3 interfaces, the contact angle
in the Ag/BaTiOs3 is about 90 [19] while the surface energy of
silveris 1.25 J/m? [20]. Thus, W, of Ag/BaTiOs3 interface can be
estimated to be around 1.25 J/m2. But the practical crack prop-
agation energy G; is always higher than W,. This difference,
which has been extensively discussed in literature [1,21,22], is
usually explained by the various contributions of three multi-
plicative factors:

e The first one is the non-equilibrium thermodynamic state of
the newly created fracture surfaces, and is estimated between
1 and 10.

e The second one is the effect of interface roughness, which
causes the true contact area to be larger than its projected
measurable value. This factor is generally only slightly larger
than 1.

e The third factor is the energy dissipation through confined
plastic deformation of materials at the interfacial crack tip.

Therefore, the G usually exceeds W, by two or even three
orders of magnitude and reach values as high as hundreds of J/m?
[23]. In our case, the first factor is certainly partly responsible
for the difference between W, = 1.25 J/m? and G; = 10 J/m? for
a full-contact Ag/BaTiO3 interface. But, even if we managed to
subtract the energy contribution of generalized plastic deforma-
tion of the silver membrane, it is very likely that an important
amount of confined plastic flow occurs at the crack tip on the
side of the silver component, which is known as a very duc-
tile material. This contribution of confined plasticity cannot be
subtracted, and is actually inherent in the crack propagation phe-
nomenon, and thus contributes to the mechanical strength of the
interface.

5. Conclusion

Specimens with porous Ag layer, fabricated at four sinter-
ing temperatures to produce different porosity, covering a dense
BaTiO3 substrate have been prepared with a special geometry
appropriate for blister testing. The blister test technique allows
estimation of interfacial adhesion strength through determina-
tion of the interfacial crack propagation energy. A simple method
is proposed to overcome experimental difficulties such as gen-
eralized plastic straining of the porous metal layer. With this
procedure, the critical crack propagation energy of the inter-
face between the Ag layers with various porosities on BaTiO3
has been measured. The average value increases from 4.5 to
6.6 J/m? while the porosity decreases from 11% to 7%. So, the
technique which has been set up here is one of the few which
is able to provide quantitative reliable values for metal/ceramic
practical adhesion energies. It has proved to be applicable to
the Ag/BaTiO3 system, which is of interest for multi-layer
ceramic capacitors, and it is expected to be useful for more
detailed exploration of the effect of various parameters govern-
ing metal-ceramic interfacial adhesion. Experimental attempts
are presently made to cross-check its results with other adhe-
sion measurement techniques, like cross-sectional indentation,
on the same metal—ceramic interfaces.
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