
INTRODUCTION

Isotropic conductive adhesives (ICAs) have been
applied to electronics packaging for decades. New
products are being continuously introduced to re-
place toxic lead-based solders. Even compared with
lead-free solders, ICA has some advantages, for in-
stance, lower curing temperature and the possibility
of bonding nonsolderable substrates.1

The ICA pastes are generally formulated by mix-
ing epoxy resin with metallic fillers. The most popu-
lar fillers are silver flakes because of their good elec-
trical performance, stability, and the inherent
conductivity of silver oxides. Instead of the metal-
lurgical connection, the electrical conduction of the
ICA joint is based on the mechanical contacts among
silver flakes that form a network (conductive chain)
to transfer electrons. Both matrix-filler and filler-
filler interactions govern the performance of the
joint, and any factors affecting the initial intimate
interaction among silver flakes will surely influence
its reliability.

Similar to a solder joint, ICA joints must be able
to withstand thermal stress resulting from the ther-
mal expansion mismatch between the substrate and
chip during the lifetime. Due to the temperature

fluctuation caused by the device power on/off cycles,
thermomechanical fatigue is considered to be one of
the primary failure mechanisms. Therefore, thermal
cycling tests are used widely to evaluate the reliabil-
ity of ICA joints.2,3 Unfortunately, this kind of test is
very time consuming and the final results are af-
fected by many factors. Some cyclic mechanical
tests4,5 were developed to rapidly test and assess the
creep failure life. Furthermore, in mechanical tests,
the joint can be strained in a controlled manner,
which is very helpful for failure analysis. Constable
et al.5 tested the low-cycle fatigue properties of four
types of commercial ICAs and found that their elec-
trical resistances increased with the number of cy-
cles, which was mainly attributed to the loss of in-
terface electrical contacts.

The present study focuses on the electrical per-
formance of a commercial ICA joint under mechani-
cal loading. To gain insight into the electrical degra-
dation mechanism, finite-element modeling (FEM)
was executed, and the effects of mechanical loading
on the initial intimate interaction among silver
fillers were analyzed.

EXPERIMENTAL PROCEDURE AND
RESULTS

The ICA paste for this study was supplied by Micro
Joining AB (Tyresö, Sweden). One cured joint was
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cross-sectioned and the morphology was observed
with a scanning electron microscope (SEM). As can be
seen from Fig. 1, the joint contains a mixture of silver
flakes with varied sizes.

All samples for mechanical tests were single joint
lap shear specimens comprised of two FR4 boards
bonded with an ICA joint (Fig. 2). The ICA paste was
deposited using a hand dispenser on the gold-metal-
lized copper pad of one FR4 board, and a second
board with the same pad was aligned to the first
with a jig. The thickness of the joint was controlled
to 0.4 mm by spacers. Once the FR4 boards were
bonded in the jig, the joint was cured in an oven at
150°C for 30 min and then cooled to room tempera-
ture outside the oven.

Both a lap shear tensile test and a low-cycle fa-
tigue test were performed using a load frame. A data
acquisition/switch unit was used to monitor the
changes of the joint resistance during mechanical
tests, and the four-probe technique was chosen for
these measurements.

To assess the effects of shear deformation on elec-

trical performance, samples were subjected to a lap
shear tensile test. The strain was limited to the elas-
tic regime and the joint resistance was scanned at
both loading and unloading stages. The speed of the
crosshead was kept at 0.002 mm/min to obtain suffi-
cient data. Figure 3 shows the typical resistance
change of the ICA joint with test time. Each point
represents the statistic average of data collected in a
period of 2 min. For comparison, the variation of ex-
ternal load applied on the sample is also plotted at
the lower part of the figure. It is worth noting that
the crosshead displacement included the deforma-
tion of both ICA joint and FR4 boards. Compared
with the gauge length of the sample, the size of the
joint was quite small. The real strain in the joint
was only a fraction of the total deformation.

By comparing two curves in the figure, one can eas-
ily see that the resistance of the joint increased mo-
notonically with the external load. As the deformation
occurred in the elastic regime, the strain was linear
with stress. Therefore, the load could be used to repre-
sent the strain of the joint, and it can be concluded
that the conductivity of the joint decreases as the ap-
plied shear strain increases. Also, the conductivity re-
covered almost completely once the load was removed.
This indicates that the damage to the joint was very
limited during one cycle of elastic shear strain.

The same specimen geometry was used for low-
cycle fatigue tests conducted at room temperature.
The crosshead displacement was the control variable
and the frequency was 0.2 Hz. A triangular wave-
form was chosen because it gives a constant strain
rate. For comparison with the result from the lap
shear tensile test, samples were loaded to the same
maximum displacement, and the minimum displace-
ment was set as zero. The electrical resistance was
measured once per cycle. Figure 4 shows the typical
electrical resistance variation with the number of cy-
cles. Similar to Ref. 5, the resistance was stable in
the beginning, but then increased gradually with the

Fig. 1. SEM micrograph of an ICA joint’s cross section. Silver fillers
show white contrast.

Fig. 2. Configuration of samples used for mechanical tests.

Fig. 3. Time dependency of joint resistance and external load in the
lap shear test. The monotonic relationship between resistance and
load is evident.
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number of cycles, indicating some degree of damage
to the conductive joint accumulated during the test.

FEM AND DISCUSSION

The ICA joint consists of metallic fillers and epoxy
matrix. In general, each metallic filler is surrounded
by other fillers, as well as by an epoxy matrix. Due to
the complex filler-filler and filler-matrix interac-
tions, it is quite difficult to calculate the stress dis-
tribution without any simplification. The present
modeling is based on the Mori-Tanaka’s approach,6
assuming that the average stress/strain in the
fillers can be approximated by that of embedding a
single filler into an infinite matrix subjected to the
average matrix stress/strain. To gain insight into
the average filler-filler interaction, as well as the
filler-matrix interaction, the ICA joint was simpli-
fied into a double-filler system, i.e., only a pair of
fillers embedded in an infinite matrix was consid-
ered. Since the filler-pad interaction is similar to
that between fillers, the present modeling may also
shed some light on the degradation of anisotropic
conductive adhesive under cyclic loading.

Figure 5 shows the configuration of the simplified
model in which the large epoxy matrix surrounds
two contacting rectangular silver fillers. The dimen-
sion of the conductive joint was set as 20 �m � 20
�m. The height of fillers was 1 �m, while the contact
length (representing the contact area projected onto
the strain direction) was 2 �m. The fillers were
bonded perfectly to the matrix, but no bonding be-
tween fillers was assumed. Since the resin shrinkage
is quite small7 and debonding occurs readily between
close-spaced fillers,8 this simplification is not so far
from the actual situation. As a further simplification,
neither surface tarnish nor lubricant between the
fillers was assumed in the present modeling.

An appropriate mesh was used, with a finer mesh
in the region around fillers. A total of approximately
3600 elements were needed for this preliminary

study. The calculation was carried out with a two-di-
mensional plane strain condition. As the strain in
the entire joint was quite small, we only considered
the plasticity of the epoxy matrix, and the deforma-
tion of the silver filler was regarded as elastic. The
mechanical properties of two employed materials
are given in Table I.

The joint was hinged at the lower surface, while
the upper surface could roll only along the y-axis. A
displacement with 0.16 �m along the y-axis, corre-
sponding to 0.8% average shear strain, was imposed
on the upper surface.

Figure 6 gives the von Mises stress distribution in
and around the silver fillers. Due to the introduction
of the separable contact surface, the otherwise uni-
form inclusion stress distribution has changed con-
siderably. The stress in fillers is released near the
contact region and almost equals zero in the middle
of the contact surface. On the other hand, the matrix
stress, as well as the inclusion stress, concentrates
around the tips of the contact surface. Because sil-
ver possesses a higher yield strength than the epoxy
matrix, plastic strain occurs readily in the matrix,
which triggers the initiation of the microcracks. The-
oretical calculations9 and experimental observa-
tion10 on particulate-reinforced composites pointed
out that the broken reinforcements would act as the
source of microcracks. The present calculation indi-
cates that the separable mechanical contact be-
tween fillers may play a similar role in the degrada-
tion of the ICA joint. Furthermore, the propagation

Fig. 4. Variation of joint resistance with number of cycles during the
low-cycle fatigue test. Each data point represents the statistical aver-
age of 50 cycles.

Fig. 5. Configuration of the simplified model for FEM calculations.
Only two contacting silver fillers (gray) embedded in a large epoxy
matrix (white) were considered.

Table I. Material Properties for FEM Calculations

Material Elastic Modulus Poisson’s Ratio Yield Strength Strain Hardening Modulus

Epoxy 3 GPa 0.4 60 MPa 200 MPa
Silver 76 GPa 0.37 — —
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of microcracks in the matrix weakens the constraint
on the fillers, loses the initial intimate contact, and
thus increases the electrical resistance.

In the present modeling, the contacting fillers sep-
arate and a gap forms (Fig. 7) when the joint is sub-
jected to shear strain. Because our calculation ig-
nored the interaction between fillers, this result
should be regarded as a motion tendency of the
fillers. Considering that the actual contact surface
sustains compression resulting from resin shrink-
age, the separation tendency decreases the compres-
sive force between fillers. Since the electrical con-
duction of the ICA joint results from this contact
pressure,11,12 the shear strain on the joint reduces
its electrical conductivity. However, if there is not
permanent damage to the adjacent matrix, the inti-
mate contact between fillers will recover after the
external load is removed, and so will the electrical
resistance. This result agrees qualitatively with
what is observed in the lap shear tensile test.

Interfacial sliding has been observed in composite

materials under cyclic loading.13,14 Present modeling
also shows probable relative sliding between fillers.
Figure 8 illustrates the linear relationship between
the sliding displacement and the joint strain. Again,
this calculated result only presents a tendency of the
filler’s movement. If the strain is large enough and the
driving force on fillers exceeds the blocking (for in-
stance, the mechanical interlock) on the contact sur-
face, interfacial sliding will start. The stress concen-
tration around the tips of the contact surface is closely
related to the sliding. The larger the blocking force on
the contact surface, the smaller the sliding displace-
ment, and thus the smaller the stress concentration.

Interfacial sliding has a great influence on the re-
liability of the conductive joint under cyclic loading.
Due to the sliding, old contact points will be worn
out, while new points will be created. These two
processes can keep a dynamic balance in the begin-
ning of the cyclic test, so the resistance remains sta-
ble. Polishing of the contact surface will gradually
reduce the real contact area, resulting in degrada-
tion of the electrical conductivity. On the other hand,
the polishing decreases the blocking against sliding
and thus increases the stress concentration around
the tips of the contact surface between fillers. This
also promotes the initiation of microcracks and
worsens the electrical performance. The dominant
mechanism for ICA joints under cyclic loading is
still open to question.

Numerical calculations with different filler dimen-
sions have also been performed. As ICA joints with
silver flakes have better electrical performance than
those with sliver particles, only rectangular fillers
were considered. Besides that mentioned above, four
other filler sizes were chosen: two with a contact
length of 2 �m and the other two with a length of
4 �m. Fillers with the same contact length could be
categorized with their aspect ratio (contact
length/height of filler). Table II shows the effect of
filler dimension on stress concentration and sliding
displacement. As can be seen, neither concentrated
stress nor relative displacement shows an obvious re-
lationship with the aspect ratio. Instead, they de-
pended strongly on the contact length between fillers.

Fig. 6. Distribution of von Mises stress (MPa) in and around silver
fillers.

Fig. 7. Enlarged area around a tip of the contact region. A gap
(pointed with arrows) forms between fillers when the joint is sub-
jected to shear strain.

Fig. 8. Calculated sliding displacement between fillers as a linear
function of shear strain of the joint.
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As the contact length doubled (from 2 �m to 4 �m),
the highest stress increased about 2 times and the
relative displacement increased more than 2.5 times.

CONCLUSIONS

The electrical resistance change of a commercial
ICA joint was measured during both lap shear ten-
sile test and low-cycle fatigue test. At either the load-
ing or unloading stage of the tensile test, the resist-
ance varied monotonically with the joint strain, and
the conductivity recovered almost completely after
the elastic load was removed. In the fatigue test, the
resistance increased with the number of cycles.

To gain insight into the electrical degradation
mechanism, a model with two contacting silver
fillers embedded in epoxy matrix was then con-
structed and two-dimensional FEM calculations
were carried out. The results revealed three impor-
tant features elucidating the experimental observa-
tions.

• The stress concentrates around the tips of the
contact surface between fillers, indicating the
sites where microcracks would initiate readily.
The propagation of microcracks weakens the
constraint applied on the fillers and decreases
their intimate contact.

• Fillers tend to separate when shear strain is ap-
plied to the adhesive joint, which decreases the
contact pressure between fillers and thus in-
creases the joint resistance. But, after the exter-
nal load is removed, this separation will recover
if no permanent damage occurs in the adjacent
epoxy matrix.

• Fillers probably slide along the contact surface
when the joint is under cyclic loading, which re-
duces the real mechanical contact area and pro-

motes the propagation of microcracks. Conse-
quently, the joint resistance would rise steadily
with the number of cycles.

In addition, numerical simulation also revealed
that both stress concentration and relative motion
of fillers depend strongly on the dimension of sepa-
rable contact surface, while the influence of the
filler’s aspect ratio is not evident.
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Contact length (�m) 2 2 2 4 4
Height (�m) 1 2 4 2 4
Aspect ratio 2 1 0.5 2 1
Highest stress (MPa) 98 95 85 188 188
Displacement (nm) 1.4 1.3 1.2 3.6 3.6


