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Abstract

Electrothermomechanical analysis (ETMA) is effective for studying electrically conductive adhe-
sive joints. Post curing of an electrically conductive adhesive (silver particle filled epoxy) by heating
at an elevated temperature significantly enhances the thermal and mechanical stability of the con-
ductive adhesive joint. The contact electrical resistivity and thickness of a joint tend to decrease cy-
cle to cycle upon thermal cycling between 30 and 50°C and upon compression (up to 0.55 MPa). The
effects of compression and thermal cycling are significant in the joint without post curing, but is in-
significant after post curing.
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Introduction

Thermal analysis refers to the analysis of a material through measurement of a quan-
tity as a function of temperature. The quantity may be heat (as in the case of calorime-
try, usually differential scanning calorimetry, or DSC [1-10]), mass (as in the case of
thermogravimetry, i.e., thermogravimetric analysis, or TG [11, 12]), dimension (as in
the case of dilatometry, i.e., thermomechanical analysis, or TMA [3, 8, 10]), dynamic
mechanical properties such as loss tangent and storage modulus (as in the case of dy-
namic mechanical analysis, or DMA, i.e., dynamic thermomechanical analysis, or
DTMA [3-6, 9, 10, 12-16])), electrical resistivity [17-19], etc. Thermal analysis can
provide information on structural transitions, microstructural changes, specific heat,
coefficient of thermal expansion (CTE), process kinetics, thermal stability, electrical
resistivity and composition.

This paper uses a rather new technique of thermal analysis, hereby called electro-
thermomechanical analysis (ETMA), which refers to simultaneous electrical resistance
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measurement and TMA. In other words, the electrical resistance and strain (dimension)
are simultaneously measured as functions of temperature at various constant stresses. The
independent variables in ETMA are temperature and stress; the dependent variables are
electrical resistance and strain (dimension). This technique is to be distinguished from
measurement of the electrical resistance vs. temperature without strain measurement
[17-19] and from measurement of the strain (dimension) vs. temperature without electri-
cal resistance measurement (i.e., TMA). The electrical resistance component of ETMA is
valuable, due to the sensitive dependence of the electrical resistance to defects and the
microstructure, and the relevance of the electrical resistance to electronic applications.
The ETMA technique has been previously used to study shape memory alloys made by
melt spinning [20, 21]. In this work, the ETMA technique is used to study electrically
conductive adhesive joints,

Electrically conductive adhesive joints [22-24] are increasingly used for electri-
cal interconnections in electronic packages, although soldered joints still dominate.
Attractions of conductive adhesive joints compared to soldered joiiits include the ab-
sence of lead, the alleviation of the ozone layer depletion problem related to the use
of flux in soldering, the relatively small footprint, and, for some adhesives, room tem-
perature processability (in contrast to the heating required for soldering). However,
due to the relatively low modulus and poor temperature resistance of many adhesives,
which are polymers, the effects of heating and stress on conductive adhesive joints is
of concern. In general, these effects can be reversible or irreversible. Of particular
concern are effects that impact the electrical performance of the joint. This paper is
focused on the reversible and irreversible effects of heating and stress on the electri-
cal performance of conductive adhesive joints. Although irreversible effects are of
more concern to the joint performance than reversible effects, the latter provide use-
ful scientific information concerning the origin of the effects.

Heating and stressing relate to the thermal and mechanical abuse that an elec-
tronic package often encounters, whether in normal usage or unintended situations. In
normal usage, an electronic package can get hot, both due to the heat generated by the
electric current and due to the heat present in the ambient (as in automobile electron-
ics). The heat can cause thermal stresses, especially when components with different
values of the coefficient of thermal expansion (CTE) are bonded together. Upon re-
peated heating, as in the case of turning the electronics on and off repeatedly, thermal
fatigue can occur. In both normal usage and unintended situations, mechanical vibra-
tions can occur, thus resulting in dynamic stresses. This paper addresses the effects of
cyclic heating under various levels of mechanical stress on the contact electrical re-
sistivity of adhesive joints.

The most damaging types of mechanical stress on a joint are tensile and shear.
However, compressive stresses are as common. This paper is limited to stresses that
are compressive.

The contact electrical resistivity of a copper—adhesive—copper joint is used in
this work as an indicator of the electrical performance of the joint. This resistivity is
given by the product of the joint resistance and the joint area. The joint area is the to-
tal area of the joint, including the area that may be occupied by pores. The contact re-
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sistivity characterizes the quality of the overall joint and is a quantity that is inde-
pendent of the total area of the joint. This resistivity depends on the contact resistance
of the copper-adhesive interface and the volume resistance of the adhesive, which are
not separately measured in this work.

The overall thickness of a substrate—adhesive—substrate joint is the dimension
measured in this work as a part of ETMA. The change in joint thickness reflects
mainly the change in adhesive thickness.

The most common polymer used in conductive adhesives is epoxy [25-28]. The
most common conducting filler used in adhesives is silver particles. This paper ad-
dresses silver particle filled epoxy. It also addresses the effect of post curing at an ele-
vated temperature after curing at room temperature. Post curing allows the cross-
linking of the epoxy to reach completion. Post curing is not usually conducted in the
electronic packaging industry, due to the possible negative effects of heating on the
electronics. Nevertheless, the effect of post curing is relevant to undgrstanding the or-
igin of the changes observed upon heating and stress application.

Experimental methods

The conductive adhesive used was silver particle filled epoxy (CW2400 Circuit
Works Conductive Epoxy, ITW Chemtronics, Kennesaw, GA). According to the
manufacturer, the operating temperature range of the cured adhesive is -91 to 100°C
and the volume electrical resistivity of the cured adhesive is less than 0.001 Q cm.
Adhesive curing was conducted at room temperature for 24 h, with subsequent op-
tional post curing carried out at 80°C for 4 h.

Both of the components to be joined by the use of the conductive adhesive were a
copper-cladded continuous glass fiber epoxy-matrix composite in the form of a laminate,
as provided by Polyclad Laminates, Inc. (W. Franklin, NH; Product No. PCL-FR-226,
tetrafunctional FR-4 laminate, 7,=140°C). The glass fibers were E-glass of style 1080.
The copper cladding was 13 pm thick on one side of the laminate and 48 pm thick on the
other side. The side with the thinner cladding was used for making a soldered joint. The
glass fiber polymer-matrix composite was 76 um thick. The total thickness of the cladded
laminate was 137 um.

Adhesive joining was conducted by (i) mixing equal amounts of Part A (epoxy)
and Part B (hardener) for at least 2 min, (i{) applying the mixture within 5 min on the
surface of one of the components to be joined (width=3.0 mm), (iii) placing the other
component to be joined (width=3.0 mm) on the adhesive (Fig. 1), (iv) applying a
mass on the joint area (3.0x3.0 mm) to give a compressive stress of 55 kPa, (v) allow-
ing the epoxy to cure at room temperature under the compressive stress for 24 h, and
(vi) optionally allowing the epoxy to post cure at 80°C under no applied stress for 4 h.
The thickness of the sandwich was 600 um. The thickness of the silver epoxy in the
sandwich was around 300 pm.

An electrical contact in the form of silver paint in conjunction with copper wire was
applied to the copper cladding of each of the four legs of the crossed bars (Fig. 1). The
length of each of the four legs is not important and is limited by the size of the furnace
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Fig. 1 Specimen configuration. Current I is passed from A to D, while voltage V is
measured between B and C

used in providing temperature variation. In the four-probe method, two of the electrical
contacts (A and D in Fig. 1) were for passing current; the remaining two contacts (B and
C) were for measuring voltage. The voltage at B was essentially that at the top of the
square junction; the voltage at C was essentially that at the bottom of the square junction.
The voltage difference between B and C, divided by the current, gave the contact resis-
tance of the joint. The resistance multiplied by the contact area (not necessarily square)
gave the contact resistivity. A Keithley 2001 multimeter was used.

For investigation of the effect of heating and compression, a thermomechanical ana-
lyzer (Perkin Elmer Corp., TMA7) was used to provide controlled heating from 30 to
50°C at 5°C min™", controlled cooling from 50 to 30°C at 2°C min™', and a constant com-
pressive stress from 0 to 0.55 MPa in the direction perpendicular to the joint area (as ex-
erted by a probe on the top surface of the specimen throughout the measurement). The
contact resistivity and the thickness of the joint were simultaneously measured during
thermal cycling at various constant compressive stresses. For each specimen, the com-
pressive stress was progressively increased, such that, at each stress level, measurement
was conducted during thermal cycling for up to three cycles.

Experimental results

Joint without post curing

Figure 2 shows the effect of thermal cycling at different compressive stresses on the
contact resistivity for the joint without post curing. The resistivity increases upon
heating and decreases upon subsequent cooling in every thermal cycle, such that the
resistivity is lower for a higher compressive stress (applied during thermal cycling).
The effect of compressive stress diminishes as thermal cycling progresses. By the
third thermal cycle, the compressive stress has essentially no effect on the resistivity.
During heating in the first cycle, the resistivity increases particularly sharply. This is
believed to be due to the occurrence of crosslinking.

Figure 3 shows the effect of thermal cycling on the strain, i.e., fractional change
in sandwich thickness, for a constant compressive stress of 0.33 MPa. The strain in-
creases upon heating in every cycle, due to thermal expansion. The coefficient of
thermal expansion was not determined, due to the small and insufficiently accurate
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Fig. 2 The contact resistivity of joint without post curing during thermal cycling at a
constant compressive stress of a— 0 MPa; b - 0.33 MPa and ¢ — 0.55 »MPa
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Fig. 3 The strain (fractional change in thickness) of joint without post curing during
thermal cycling at a constant compressive stress of 0.33 MPa
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value of the initial thickness of the adhesive. The strain decrease during subsequent
cooling is more than that during heating. As a result, the thickness diminishes cycle
by cycle. The corresponding relationship of strain with temperature is shown in
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Fig. 4 The strain (fractional change in thickness) of joint without post curing vs. tem-
perature during thermal cycling at a constant compressive stress of 0.33 MPa.
a- 1" cycle; b— 2™ cycle; ¢ — 3" cycle
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Fig. § The contact resistivity of joint without post curing vs. temperature during thermal

cycling at a constant compressive stress of 0.33 MPa. a — 1" cycle; b — 2™ cycle;

c-3cycle ,
Fig. 4. The corresponding relationship of contact resistivity with temperature is
shown in Fig. 5. Although there is considerable reversibility in the effect of heating
on the resistivity, the resistivity decreases cycle by cycle (Fig. 5). The increase in re-
sistivity upon heating in every cycle is mainly due to thermal expansion and the con-
sequent decrease in proximity between adjacent silver particles.

Joint after post curing

Figure 6 shows that, after post curing, the contact resistivity increases reversibly in every
thermal cycle, due to thermal expansion, such that it does not decrease cycle by cycle (in
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Fig. 6 The contact resistivity of joint after post curing during thermal cycling at a con-
stant compressive stress of a — 0 MPa, and b — 0.55 MPa

contrast to the joint without post curing, Figs 2 and 5) and it decreases slightly with in-
creasing compressive stress (also in contrast to the joint without post curing, Fig. 2).
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Fig. 7 The strain (fractional change in thickness) of joint after post curing during ther-
mal cycling at a constant compressive stress. a — 0 MPa; b — 0.55 MPa

Figure 7 shows that the strain (thickness) increases reversibly in every thermal cy-
cle, such that the thickness is slightly less at a higher compressive stress. In contrast to the
joint without post curing (Fig. 3), the thickness does not decrease cycle by cycle.

Discussion

The joint without post curing has its contact resistivity and thickness decreasing with
increasing compressive stress and decreasing cycle by cycle upon thermal cycling at
a fixed compressive stress. The effects on resistivity and thickness are related, as a
thickness decrease causes the volume electrical resistivity of the adhesive to de-
crease, due to the increase in proximity between adjacent silver particles in the adhe-
sive. The thickness decrease upon compression and/or thermal cycling is due to the
fact that the epoxy is rather soft when the crosslinking is incomplete.

After post curing, the effect of thermal cycling is essentially absent and the ef-
fect of compression is slight. Hence, the completion of crosslinking during post cur-
ing greatly enhances the thermal and mechanical stability of the epoxy joint.

For the purpose of attaining thermal and mechanical stability in conductive ad-
hesive joints, thorough curing of the adhesive is recommended, even though this in-
volves heat treatment.

As ETMA can be performed using a conventional TMA instrument, it does not
require special instrumentation. However, electrical leads need to emanate from the
specimen to the multimeter located outside the TMA furnace. The quality of the elec-
trical contacts on the specimen should be maintained during temperature variation.
Because of the limited temperature resistance of electrical contacts, the maximum
temperature of ETMA is limited (about 150°C in the case of contacts made from con-
ductive paint or solder and about 850°C in the case of brazed contacts). Moreover, the
four-probe method rather than the two-probe method is preferred, as the former ex-
cludes the contact resistance from the measured resistance and thus allows the mea-
sured resistance to be more accurate and allows the contact quality to be less critical.
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Conclusions

The ETMA technique of thermal analysis is effective for studying electrically con-
ductive adhesive joints.

Post curing of a conductive adhesive in the form of silver particle filled epoxy by
heating at 80°C significantly enhances the thermal and mechanical stability of the ad-
hesive joint, as shown by the effects of thermal cycling (between 30 and 50°C) and
compression (in the direction perpendicular to the joint interface at a stress up to
0.55 MPa) on the contact electrical resistivity and thickness of the joint. The resistiv-
ity and thickness of a joint increases upon heating, with at least partial reversibility,
due to thermal expansion, which in turn causes decrease in proximity between adja-
cent silver particles in the adhesive. Upon thermal cycling, the resistivity and thick-
ness tend to decrease cycle by cycle. Upon compression, the resistivity and thickness
tend to decrease. The effect of compression is significant in the joint.without post cur-
ing, but is insignificant after post curing. This is because of the relative softness of ep-
oxy without post curing, and the relative stiffness of epoxy after post curing. The ef-
fect of thermal cycling is significant in the joint without post curing, but is insignifi-
cant after post curing.
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