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a b s t r a c t

Using a DGEBA/TETA epoxy filled with silver microflakes, we sought to investigate if the onset of con-
ductivity would approximately obey the power-law as cure progresses, as reported in the open literature.
We monitored the resistivity change as a function of cure and vitrification behaviour, using a set of
concurrent experiments; in-situ four-wire electrical resistance measurements in a newly-developed
probe-mold device, and differential scanning calorimetry. It was evident that the electrical conductiv-
ity evolved very differently depending on heating conditions, the composite glass transition temperature,
and filler content. Periods were observed during cure where electrical conductivity was disrupted,
attributed to stresses produced by vitrification. This produced as much as 1500-fold increases in final
developed electrical resistance depending on heating conditions and composite glass transition prop-
erties, for the same conductive filler content. This discovery has far ranging implications on the industry
practice of applying multi-step cure schedules that feature vitrification during cure.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Electrically conductive adhesives (ECAs) are composites
composed of conductive fillers and an adhesive matrix. These are
considered to be promising alternatives to lead-based solders, and
have received significant attention in recent years [1e12]. ECAs
offer numerous advantages over traditional alloy-based intercon-
nect materials, including the potential to reduce environmental
impact, lower process temperatures, and highly tailor-able prop-
erties [13e26]. However, traditional ECAs based on microfillers
have relatively poor conductivity and high filler contents (>85 wt%
in the case of silver microflakes [27]). Thus, solutions to improving
this limitation is greatly needed.

The main focus of recent work has been to adopt conductive
nanoparticles such as silver nanoparticles and nanowires, gra-
phene, and carbon nanotubes. These are sometimes added to
composites alongside less-expensive microparticles to form hybrid
nanocomposites, reducing the total filler content required to ach-
ieve conductivity [1e52]. These minimally-filled ECAs show good
promise, but require improvement. One detail of concern is that, for

minimally-filled ECAs with thermosetting polymer matrices, the
uncured composite starts out non-conductive and develops its
conductivity throughout the cure process. This has been explained
as due to the contraction of the polymer during cure, withdrawing
itself from between adjacent particles and bringing them into
electrical contact [35], and it is expected, based on literature, that
this process should approximately follow a power-law reduction in
electrical resistance [53].

However, there is only limited reporting of this process in the
open literature, where it has been typically studied by ex-situ
resistance measurements of partially cured composites in a “before
and after” method, removed from the applied cure conditions
[6,8,33,35,54,55]. The development of physical properties during a
thermoset polymer's cure is complex, and often sensitive to the
exact time-temperature conditions experienced throughout the
cure process [53]. Currently the open literature contains few in-situ
studies of the evolving electrical conductivity, and are often limited
in the scope of the applied temperature conditions [3,10,48,50,53].
Thus there is a need to analyze the evolving electrical resistance of
composite ECAs, in real-time during cure process conditions. A
minimally-filled microcomposite ECA, containing the amount of
silver microflake used in a recent hybrid nanocomposite ECA
[29e31], is considered best suited for this work. It has also been
previously used for analysis of the cure-conductivity relationship in* Corresponding author.
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one study in the literature [3].
Within the open literature, there is wide belief that the con-

ductivity transition of a thermosetting ECA during cure conversion
can be described by a simple power law relationship. We sought to
investigate in-situ conductivity behaviour under a limited set of
different heating conditions, and to do so we designed a curing
mold inlaid with a 4-wire resistance probe. While validating this
equipment, we observed early indications that the power law
model may not be completely representative of the changing re-
sistivity throughout cure, which were reported alongside the
equipment validation [56].

In this work, we conducted a systematic study of in-situ four-
wire electrical resistance measurements of curing composites un-
der controlled conditions using a custom-designed resistivity
probe-mold. Concurrently, a similar set of cure experiments were
performed on the same batch of samples using differential scan-
ning calorimetry to monitor curing and vitrification. Since heating
conditions affect cure and vitrification behaviour of the epoxy resin
in a curing ECA, they would also affect the final composite con-
ductivity in a measurable way. We investigate the effect of using
minimally-filled or densely-filled composites, and various heating
conditions for composites with varying final glass transition tem-
peratures. In doing so, we identify repeatable anomalous behaviour
in resistance mid-way through curing, relating to the onset of
vitrification during cure, which resulted in permanent substantial
changes in final conductivity.

2. Materials and methods

Cure of an epoxy-based isotropic ECA was characterized by
calorimetry and electrical resistance measurement. These were
performed simultaneously in three instruments using the same
time-temperature heating procedures between the devices. The
simultaneous measurements were made on specimens of the same
composite batch that had been cryogenically stored at �80 �C be-
tween tests and loaded simultaneously, to ensure the same thermal
history and no significant differences in progression of curing until
the test started. The time-temperature procedures used are listed in
Table 1, where all heating was performed with the average heating
rate of 1 �C/min. The “Ramp” condition is continuously heating to
the final temperature (followed by cooling and a second heating).
The isothermal “Iso 75” and “Iso 135” heat treatments heat
continuously to the prescribed isothermal temperature, soak for
the time described in Table 1, then proceed with continuous heat-
ing to the final temperature, followed by cooling and a second
heating scan that does not contain an isothermal dwell.

Calorimetry was performed using a Modulated Temperature
Differential Scanning calorimeter (MTDSC, TA Instruments TA DSC
2920). Multiple DSC specimens of freshly mixed composite batches
were encapsulated in hermetically sealed aluminum pans then
cryogenically stored. Heating of DSC specimens was performed
with a modulation of ± 0.159 �C every 60 s, with an underlying
heating rate of 1 �C/min, to obtain the signals of reversing specific
heat capacity (RevCp) and non-reversing specific heat flow.

Conversion was calculated as degree of cure, a, the release of spe-
cific enthalpy at each point in time expressed as a fraction of the
total specific enthalpy released over the cure process. Specific
enthalpy was calculated as the integration of the non-reversing
specific heatflow with baselines calculated and subtracted. Final
glass transition temperature (Tg ∞) was calculated from the RevCp
of the second heating performed after cure.

In-situ resistance measurement was performed in a custom-
designed mold with in-laid 4-wire resistance probe, installed in a
dynamicmechanical analyzer (TA Instruments 2980 DMA), used for
temperature control, and electrical resistance measurements were
recorded from a Kiethley-2400 source meter in automatic ranging
4-wire mode every 15 s. Specimens were dispensed into the mold
from composite batches stored at �80 �C until testing. Non-
electrical contact surfaces of the probe-mold are machined from
Teflon, while the electrical components are standard gold-plated
pins and receptacles. Geometry of the specimen mold, with in-set
electrical probe connectors are presented in Fig. 1, along with the
applicable correction factor relationship. Geometry of the electrical
components and a cross section of one probe contact point in
operation are presented in Fig. 2. An overview of the probe-mold
assembly is shown in Fig. 3. Sheet resistance was calculated
based on Equation (1), where Csquare ¼ p=ln2 based on the ratio of
pin diameter to pin spacing being dp=L ¼ 0.069 [57]. After curing,
specimens were removed from the mold, and examples of the
Ramp condition specimens were fractured and gold-coated for
scanning electron microscopy. This was performed using a Zeiss
Ultra Plus, in energy selective backscatter mode (EsB) at 10 keV.
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Dilatometry, in the form of a linear or volumetric dimensional
change, was performed using a Thermomechanical Analyser (TMA,
TA Instruments TMA Q400). The contact probe of the TMA was
protected by sandwiching the uncured specimen between two
glass microscope slide covers (Fischerbrand 12e542B). The method
used has been previously published by Shah and Schubel, as well as
Lu and Wong [58,59]. Each pair of slide covers was measured with
the TMA probe at room temperature prior to introducing the
composite. Based on this, their thickness at each temperature could
be estimated, based on the coefficient of thermal expansion for
borosilicate glass, and subtracted from the measurement [60].

Four composites were investigated, consisting of 60 wt% (169.5
phr) silver microflake (327077, Sigma-Aldrich) dispersed in DGEBA
epoxy (Dow D.E.R. 331) hardened by 13 phr triethylenetetramine
(TETA, Dow D.E.H. 24). Compositions differed with regard to the
solvent concentrations added, listed in Table 2. All phr values are
presented as “per 100 g neat resin”. The desired ethanol addition
was incorporated with the resin in advance by vortex mixer, and
left to sit at room temperature overnight to simulate epoxy com-
positions that contain small quantities of reactive solvents as an
industrial impurity. Silvermicroflake (and any desired acetone) was
weighed into the resin together, and thoroughly dispersed by a
planetary centrifugal mixer (Thinky ARE-310) at 2000 RPM for

Table 1
Applied first-heating treatments for microcomposite cure-conductivity study.

Treatment Name Heating Rate
(�C/min)

Isothermal Dwell End Temperature
(�C)

Temperature (Tiso)
(�C)

Time (tiso)
(min)

Ramp 1 N/A N/A 175
Iso 75 1 75 300 175
Iso 135 1 135 60 175
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