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Abstract In this study, the electrically conductive adhe-
sives were fabricated using vinyl ester resin and micro silver
flakes, and then a high-intensity pulsed light was introduced
to cure the adhesives under an ambient atmosphere at room
temperature. The thermal degradation kinetics of photoni-
cally cured products was studied using the Friedman method
and deduced by assuming a variable activation energy (E).
The value of E spanned from 110 to 233 kJ molfl, which
first increased, then decreased, and finally increased again as
the thermal degradation proceeded. The kinetic equation of
thermal degradation was obtained as do/dr = e**%*(1 —
0)> 2283 TERD  \ith  E(o) = 961.730 — 1453.94° +
669.790 + 79.859, o € (0, 1), where o was the fractional
extent conversion at a given time (or given temperature).
The overall order of reaction was 4.07 and >1, demon-
strating that the thermal degradation was complex. With the
Friedman method, a comprehensive and in-depth under-
standing of the thermal degradation kinetics of photonically
cured electrically conductive adhesives has been achieved.
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Introduction

Electrically conductive adhesives (ECAs) are green elec-
tronic connecting materials and are often used in special
applications which require high temperatures, such as
ceramic substrates, thick film circuits, GPS ceramic
antennas, buzzers, thick film heaters, chip components,
ozone generators, etc. [1-3]. These ECAs are required to
possess good high temperature stability. The cured pro-
ducts should be able to bear short-term high temperatures
around 350 °C in hot-press leading, long-term high tem-
peratures at 150-170 °C, and above 200 °C, in storage
assessments [1-3]. Therefore, functional resins, e.g., epoxy
[4-6], silicone resin [7, 8], polyimide resin [9, 10], phenol-
formaldehyde resin [11, 12], polyurethane [13, 14], and
acrylic resin [15, 16], and functional fillers, e.g., copper
particles [17, 18], micro silver flakes [19, 20], nano silver
rods [21, 22], functionalized carbon nanotubes [23-25],
silver-plated nano graphite sheets [26, 27], nano silver
wires [28, 29], and nano hexagonal boron nitride particles
[30-32], have been developed to improve the thermal
conductivity and thermal resistance. Most of these ECAs
are cured by heat in 30-60 min at 120-150 °C or by
ultraviolet rays in several to tens of minutes.

In a previous study [33], the ECAs were fabricated using
vinyl ester resin and micro silver flakes, and a series of
high-intensity pulsed light from a Xenon flash lamp was
used to cure the adhesives under ambient atmosphere at
room temperature. The ECAs absorbed the intensity pulsed
light, which initialized the double bonds in the resin to
achieve crosslinking and curing. The photonic curing could
be finished within a second under ambient atmosphere at
room temperature over a large area. A typical curing time
was 140 ms. The ECAs had low bulk resistivity
(e.g., 7.54 x 107° Q cm), high bonding strength (e.g.,
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6.75 MPa), and high thermal decomposition temperatures
above 350 °C. However, the thermal degradation kinetics
was not involved in the previous study. In order to clearly
understand the reaction mechanism, the thermal degrada-
tion kinetics of the adhesive after photonic curing was
attempted to study. To obtain the kinetics, the reaction
mechanism, activation energy (E), and pre-exponential
factor (A) should be determined by using thermal analysis
techniques to study the physical changes or chemical
reactions. The kinetics has important significances: in
theory, it can be used to investigate the reaction mechanism
of physical changes and chemical reactions, especially for
heterogeneous and non-isothermal reactions; in production,
it can provide design parameters for reactors; in applica-
tion, it can be used to build the relationships among pro-
gress, time, and temperature, predict the shelf life for
materials and products, estimate the decomposition of
environmental pollutants, assess the risks and provide the
storage conditions for energetic materials [34-36]. There
are several methods to study the kinetics, including the
isoconversional methods, the Kissinger method, the
invariant kinetic parameters method, the model fitting
methods, and the determination of reaction models and pre-
exponential factors for model-free methods [37, 38]. The
most common differential isoconversional method is that
of Friedman [38]. In this study, the Friedman method was
used to study the thermal degradation kinetics of photoni-
cally cured ECAs, hoping to provide helpful guidance for
the fabrication and application of ECAs.

Experimental
Samples

In this study, the ECAs were composed of a matrix resin
and electrically conductive fillers. The matrix resin was a
Ripoxy SP-1507 vinyl ester resin from Showa Denko,
Chibaken, Japan, which was a bisphenol A epoxy acrylate
diluted by ethoxylated bisphenol A diacrylate. The vis-
cosity was 18,700 mPa s (25 °C). The electrically con-
ductive fillers were AgC-239 micro silver flakes (size
2—-15 pm, thickness about 0.5 pm) from Fukuda Metal Foil
& Powder Co., Ltd., Kyoto, Japan. The ECAs, containing
80 % of micro silver flakes by the mass, was named ECAs-
80. To fabricate the ECAs, micro silver flakes were
incorporated into the vinyl ester resin using a THINKY
ARV-310 planetary vacuum mixer (THINKY Corporation,
Laguna Hills, CA, USA.) with a mixing speed of
2,000 rpm for 20 min. After the fabrication, the ECAs
were stored at room temperature for further use.

To prepare the cured products, the ECAs were printed into
films (thickness 50 pum) on glass substrates. They were then
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photonically cured using a high-intensity Xenon flash lamp
(PulseForge 3300 Photonic Curing System, Novacentrix,
Austin, TX, USA.) under an ambient atmosphere at room
temperature. 100 pulses were applied to cure the ECAs. The
repetition rate was 3 Hz. The capacitor bank voltage was set at
220 V, the pulse duration was set to 1,400 ps, and the mea-

sured radiant exposure for each pulse was 2.4 J cm™>.

Characterization

The thermal degradations of the samples were measured
using a NETZSCH 2000SE/H/24/1 thermogravimetric
analyzer (TGA, NETZSCH, Selb, Germany) operated
under a pure N, atmosphere. The sample (ca. 10 mg) was
placed in a Pt cell and heated at a rate of 5, 10, 15, and
20 °C min~}, respectively, from 30 to 900 °C under a N,

flow rate of 60 mL min~".

Results and discussion

Figure 1 presents the TG traces of photonically cured vinyl
ester resin and ECAs-80. The mass loss began at about
300 °C and quickly increased from about 350-450 °C,
where the thermal degradation rate was the maximum.
Above that, the mass loss was slow. The thermal degra-
dation temperature above 350 °C suggested the ECAs had
high temperature stability. The mass curves were shifted to
high temperature regions as heating rate increased from 5
to 10, 15, and 20 °C min~". Especially in the range of
350-450 °C, the shift was very clear. This is because high
heating rate often caused a reaction hysteresis phenomenon
and increased temperature gradients within the samples.

To investigate the thermal degradation kinetics, the thermal
degradation processes between 300 and 500 °C were mainly
focused. All kinetic studies can start with the basic equation, i.e.,
the rate of conversion equation, which relates to some function
of the concentration of reactants. In this study, the ECAs matrix
resin was a thermosetting resin, which also exhibited some
thermosetting behavior, such as chemical structure and bonding
strength [33]. For the thermosetting resins, the rate of conver-
sion (do/dr) is usually expressed as [39, 40]:

d E
T = A Ff(a), (1)

where A and E are kinetic parameters, the pre-exponential
factor and the activation energy, respectively, R is the
universal gas constant, and 7 is the absolute temperature at
time ¢.

Logarithmic Eq. (1) as:

In %) _— R—ET + In[Af()] 2)
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In Eq. (2), o is the fractional extent conversion at a
given time (or given temperature), expressed as:
mi — ny

(3)

o= )
mi — mg
where m; is the mass of samples before thermal degrada-
tion, m, is the mass of samples at time ¢ during thermal
degradation, and m; is the mass of samples after thermal
degradation (also called char yield).

Differentiating Eq. (3):

dm
do &
dr

m, 4)
where dm,/dt is the thermal degradation rate, which can be
obtained from the differential curves of mass curves in
Fig. 1.

Because the thermal degradation of thermosetting resins
also follows the kinetics of the mechanism of solid-state
reactions [41], f{«), can be expressed as:

f(@) = (1= a)'am,

where m + n is the overall order of reaction [42, 43].

From Egs. (2) and (4), a plot of In(de/df) versus 1/T
values at the same fractional extent of conversion « from a
series of dynamic TG experiments at different heating rates
will result in a straight line with a slope of —E/R and an
intercept of In[Af{«)]. Repeating this procedure, the E and
In[Af(o)] values corresponding to different o from the mass
curves at different heating rates can be obtained. Thus, the
relationship of E versus « and In[Af(a)] versus « can be
determined. Simulating these relationships, the kinetic
equations of the thermal degradation reaction can be
obtained [38, 44].

Figure 2 is the plots of In(da/df) versus 1/T for pho-
tonically cured vinyl ester resin and ECAs-80 at various
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Fig. 2 Plots of In(da/df) versus 1/T for a vinyl ester resin and
b ECAs-80 photonically cured under a radiant exposure energy of
2.4 J cm™? per pulse for 100 pulses

values of o (¢=0.05, 0.10, 0.15, 0.20, ..., 0.90, 0.95) cov-
ering the experimental range. Making fitted linear regres-
sion lines, the groups of E and In[Af(x)] values were
obtained for each value of a. Figure 3 shows the plots of
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Fig. 3 Plots of E versus o for a vinyl ester resin and b ECAs-80
photonically cured under a radiant exposure energy of 2.4 J cm ™2 per
pulse for 100 pulses

E versus o and Fig. 4 shows the plots of In[Af(«)] versus o,
of photonically cured vinyl ester resin and ECAs-80. The
different value of E corresponding to different o confirms
the conversion-dependence of E. Trying different multiple
regression equations to fit the data in Fig. 3, a cubic
polynomial was found to be a good fit, i.e., if high-order
moments were utilized to fit the data in Fig. 3, the coeffi-
cient of the items, whose number of order are greater than
or equal to 4 in the equations, will be less than 1073, so
cubic polynomial will suffice. The data in Fig. 4 were also
fitted with a cubic polynomial achieving the required pre-
cision. As shown in Figs. 3 and 4, the fitted curves can
represent dynamic TG results over a broad temperature
range with a good fit.

Here, the photonically cured ECAs-80 was taken for an
example to show the calculation of E, A, m, n, and f(®).
Figures 1b, 2b, 3b, and 4b present the mass curves and
plots of In(do/df) versus 1/T, E versus o, and In[Af(x)]
versus o, respectively. The fitted multiple regression
equations in Figs. 3b and 4b can be expressed as:

E(x) = 961.730° — 1453.9¢* + 669.79¢ + 79.859,  (6)
In[Af ()] = 158.710 — 248.020% + 117.052 + 7.4366.  (7)

@ Springer

a

Fig. 4 Plots of In[Af(a)] versus o for a vinyl ester resin and b ECAs-
80 photonically cured under a radiant exposure energy of 2.4 J cm™>
per pulse for 100 pulses

Substitute Eq. (5) into Eq. (7):
InA+nin(1 — o) +mino = 158.710° — 248.024
+ 117.050 4 7.4366 (8)
o€ (0,1).
To obtain more accurate m and n, here we let o = 0.05/
0.50/0.90, 0.10/0.50/0.90, 0.15/0.50/0.85, 0.20/0.50/0.80,
..., 0.40/0.50/0.60, 0.45/0.50/0.55, respectively. Taking

o = 0.05/0.50/0.95 for an example, an equation set with
three variables can be obtained:

InA + n1n0.95 + mIn0.05 = 12.69, (9)
InA + nIn0.50 + mIn0.50 = 23.80, (10)
InA + nIn0.05 + mIn0.95 = 30.87 (11)

Solving these equations yields the kinetic parameters:
m ~ 430, n x —1.87, InA ~ 25.48.

Repeating this procedure for m and n values at
o = 0.05/0.50/0.90, 0.10/0.50/0.90, 0.15/0.50/0.85, 0.20/
0.50/0.80, ..., 0.40/0.50/0.60, 0.45/0.50/0.55 (Table 1). In
this study, the average values [45, 46] were used: m = 1.85
and n = 2.22, to calculate the kinetic equation of thermal
degradation as follows:
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Table 1 Calculated m, n, and InA for vinyl ester resin and ECAs-80
photonically cured under a radiant exposure energy of 2.4 J cm™? per
pulse for 100 pulses

o Vinyl ester resin ECAs-80

m n InA m n InA
0.05/0.50/0.95 3.63 —0.49 2553 430 —1.87 2548
0.10/0.50/0.90  3.86 0.17  26.15 401 —-0.89 2596
0.15/0.50/0.85  3.79 0.89  26.60 3.33 0.30 26.31
0.20/0.50/0.80  3.60 1.59 2696 2.52 1.50 26.58
0.25/0.50/0.75  3.36 223 2723 1.70 2.62  26.79
0.30/0.50/0.70  3.12 278 2745 0.96 3.60 2696
0.35/0.50/0.65 2.91 323 27.61 0.35 440 27.09
0.40/0.50/0.60  2.75 355 2773 -0.11 499 27.18
0.45/0.50/0.55  2.65 375 2780 —0.40 535 27.23
Average 3.30 1.97 27.01 1.85 222 26.62
do E(x)
do _ 626.62(1 _ OC)2‘22061.8567ﬁ7 (12)
dr
with
E(0) = 961.736% — 1453.952 + 669.79 + 79.859 (13)

a € (0,1).

Making the differential equation of E(x), viz. dE/do:

dE
P 2885.190% — 2907.80 + 669.79

= 2885.19[(oc — 0.50)2 —0.15%) a € (0,1) (14)
The E variations were expressed as the follows:
0<oa<0.35, dE/do > 0; o = 0.35, dE/do = 0;
035 <a<0.65 dE/da<0; o=0.65, dE/da=0;

0.65 <o < 1, dE/do. > O (Table 2).

Using the same method, the m, n, do/dt, E(x), In[Af(x)],
dE/do, and E variations of photonically cured vinyl ester
resin were calculated from the fitted multiple regression

equations in Figs. 3a and 4a. They were listed in Tables 1
and 2 together with those of photonically cured ECAs-80.
The kinetic equation of thermal degradation for photoni-
cally cured vinyl ester resin was:

do _ e201(] — d)1A97a3.3oe—L,'§;> (15)
dt
with
E(x) = 488.07«° — 766.84> -+ 394.470 + 103.28 (16)
ae(0,1)
The differential equation of E(x), viz. dE/do:
dE
o 1464210 — 1533.60 + 394.47
= 1464.21[(0t — 0.52)* — 0.07%] (17)

2 €(0,1),

which showed E variations: 0 < o < 0.45, dE/do > O;
o=045 dE/doe =0, 045<au<0.59, dE/da<O0;
o = 0.59, dE/da = 0; 0.59 < a < 1, dE/da > 0.

Figure 3b shows E versus o of photonically cured
ECAs-80. The fitted multiple regression line presented the
variations of E clearly. The value of E spanned from 110 to
233 kJ mol ™. During the thermal degradation, the value of
E first increased at 0 < o < 0.35, and reached a maximum
value of 177 kJ mol ™" at o = 0.35. Then it decreased at
0.35 <o <0.65, and reached a minimum value of
164 kJ mol ™" at o = 0.65. Finally, the value of E increased
again at 0.65 < o < 1 as the thermal degradation further
progressed. This may be related to the crosslinked network
structures by photonic curing [33]. In the initial heating
stage, it is difficult to decompose and volatilize these
crosslinked network structures, so E increased at low
conversions (0 < a< 0.35) and reached a maximum value
at 177 kJ mol ™' when o« = 0.35. As the temperature rose
continually from 350 to 450 °C (Fig. 1b), thermal

Table 2 Thermal degradation kinetics of vinyl ester resin and ECAs-80, photonically cured under a radiant exposure energy of 2.4 J cm ™2 per

pulse for 100 pulses

Vinyl ester resin

ECAs-80

do/dt 27011 — a)19713.306—# %€ (0,1) 2062(] — o6)2-220{1856—# xe(0,1)

In[Af(e0)] 78.3970 — 130.460% + 69.2460 + 11.552 o € (0,1) 158.710% — 248.020% + 117.050 + 7.4366 o € (0,1)
E 488.070 — 766.80% + 394.47a + 103.28 o € (0, 1) 961.7303 — 1453.902 + 669.792 + 79.859 o € (0, 1)
dE/do 1464.216% — 1533.60. + 394.47 o € (0, 1) 2885.194% — 2907.8x + 669.79 « € (0,1)

dE/do Variation

0.59 <a <1, dE/da > 0.

InA 27.01
m+n 5.27
m 3.30
n 1.97

0<a<045,dE/do > 0; o = 0.45, dE/doe = O;
0.45 < o < 0.59, dE/doe < 0; o« = 0.59, dE/do = O;

0 <a<0.35, dE/da > 0; o = 0.35, dE/do = O;
0.35 < o < 0.65, dE/do. < 0; o« = 0.65, dE/do = 0;
0.65 < o < 1, dE/do > 0.

26.62

4.07

1.85

2.22
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degradation mainly occurred for these crosslinked network
structures to decompose into low molecular substances. As
the thermal degradation reaction progressed more easily,
these low molecular substances were decomposed and
volatilized at high temperatures. Therefore, E decreased at
medium conversions (0.35 < o < 0.65) and reached a
minimum value at 164 kJ mol™" when o = 0.65. In the
final heating stage, because the crosslinked network
structures were destroyed completely and the low molec-
ular substances were decomposed fully, only thermal
degradation residues were left. They contained aromatic
compounds, which were also difficult to decompose and
volatilize, so E increased again at high conversions
(0.65 <o < 1). In this study, the minimum value of
164 kJ mol ™' (« = 0.65) was used as the activation energy
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for the thermal degradation of photonically cured ECAs-
80, because the minimum value is always closer to the
“real” activation energy [38, 41, 42, 44].

Because of the same reasons mentioned above, pho-
tonically cured vinyl ester resin showed similar E varia-
tions as photonically cured ECAs-80. Figure 3a shows
E versus o and the fitted multiple regression lines of pho-
tonically cured vinyl ester resin. E spanned from 115 to
215 kJ mol™'. As the thermal degradation progressed, the
E first increased to a maximum value of 170 kJ mol™' at
o = 0.45, then decreased to a minimum value of
169 kI mol™" at « = 0.59, subsequently, E increased
again. In this study, the minimum value of 169 kJ mol~" at
o = 0.59 was used as the activation energy for the thermal
degradation of photonically cured vinyl ester resin.
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Apparently, photonically cured vinyl ester resin and ECAs-
80 had similar, or even identical, variations of E, which
both showed increasing—decreasing—increasing variation
trends presumably due to the inclusion of the same vinyl
ester resin that determined the thermal degradation.

However, there were some differences between the
variations of E of photonically cured vinyl ester resin and
ECAs-80. During the thermal degradation of photonically
cured vinyl ester resin, the heat transferred between/among
the thermosetting polymers and passed through the cross-
linked network structures (Fig. 5a). In the case of ECAs-
80, micro silver flakes were the electrically conductive
fillers, which were excellent thermal conductors (thermal
conductivity 429 W m~' K™'). During the thermal degra-
dation, the micro silver flakes formed many new thermally
conductive channels (Fig. 5b). This process increased the
transfer rate of heat, improved the decomposition rate, and
accelerated the thermal degradation. Therefore, photoni-
cally cured ECAs-80 reached the maximum value of
177 kJ mol ™! at o = 0.35 (Fig. 3b). This was earlier than
that of photonically cured vinyl ester resin at 170 kJ mol ™"
at o = 0.45 (Fig. 3a), and suggested that the crosslinked
network structures in photonically cured ECAs-80 can be
destroyed more quickly than in photonically cured vinyl
ester resin at high temperatures.

During thermal degradation, polymers are always
decomposed into small molecules which are taken away by
the gas stream. This process is called volatilization. In this

study, the crosslinked network structures were destroyed
and decomposed into low molecular substances. As the
temperature rose and the thermal degradation continued to
progress, these low molecular substances were further
decomposed and volatilized gradually. In photonically
cured vinyl ester resin, they were volatilized easily without
any impediment to escape (Fig. 5a). In contrast, micro
silver flakes blocked the volatilization in photonically
cured ECAs-80. This is because they can transfer heat, but
they cannot transfer mass. As Fig. 5b shows, the volatili-
zation was not like that of heat flow. The volatilization
products had to take a circuitous route around the micro
silver flakes in order to escape and be swept away by the
gas stream. In other words, micro silver flakes lengthened
or delayed the volatilization processes; photonically cured
ECAs-80 needed a longer time to volatilize all of the
decomposed small molecules than photonically cured vinyl
ester resin at high temperatures. It can be seen that pho-
tonically cured ECAs-80 reached the minimum value of
164 kJ mol~! when o = 0.65 (Fig. 3b) later than that of
photonically cured vinyl ester resin at 169 kJ mol™' as
o = 0.59 (Fig. 3a).

Moreover, A and m + n also reflected the variations of
E. In the thermal degradation kinetics, A is a constant
determined by the reaction essence. It does not have any
relationship to the reaction temperatures and concentra-
tions in the system. In this study, the minimum values of
169 kJ mol™! (a2 = 0.59) and 164 kJ mol™' (o = 0.65)
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were used as the activation energies for the thermal deg-
radation of photonically cured vinyl ester resin and ECAs-
80, respectively. A changed accordingly with E [47, 48]:
photonically cured ECAs-80 presented a lower A value at
¢%%%? than that of photonically cured vinyl ester resin at
e?”%! (Table 2). Similarly, photonically cured ECAs-80
also presented a lower m + n at 4.07 than that of photon-
ically cured vinyl ester resin at 5.27. The m +n > 1
demonstrated that the thermal degradations of photonically
cured vinyl ester resin and ECAs-80 were complex, which
were also proved by the E variations during the whole
thermal degradation.

To demonstrate the applicability of the Friedman method,
the results calculated from this kinetic method were com-
pared with those from experiments, as shown in Figs. 6 and
7. Here, the experimental data were from Eq. (4), the cal-
culated data from the kinetic equations of photonically cured
vinyl ester resin [Eq. (15)] and ECAs-80 [Eq. (12)]. It can
be seen that they were in good agreements with each other.
In addition, the differences between model predictions and
experimental data were also observed when the heating rate
increased. The experimental and calculated data of 5, 10,
and 15 °C min~" heating rates presented apparent diver-
gences at medium conversions for photonically cured vinyl
ester resin (Fig. 6a, b, and c), as photonically cured ECAs-
80 did at 5 and 10 °C min~" heating rates (Fig. 7a and 7b).
The neglect of diffusion factor as the kinetic method was
deduced may be responsible for the deviations between
experimental and calculated data [49, 50]. The calculated
data displayed good agreements with experimental data for
photonically cured vinyl ester resin at 20 °C min~' heating
rate (Fig. 6d) and photonically cured ECAs-80 at 15 and
20 °C min~' heating rates (Fig. 7c and d) in the whole
tested conversion range. The better degree of agreements of
kinetic method results with experimental data at higher
heating rates, indicating the temperature dependence of the
diffusion and reaction rate. For the dynamic TG, the higher
the heating rate, the higher the temperature range of the
thermal degradation occurred.

Conclusions

In this study, the thermal degradation kinetics of high-
intensity pulsed light cured ECAs fabricated from vinyl
ester resin and micro silver flakes was studied using the
Friedman method and deduced by assuming a variable
E. The value of E spanned from 110 to 233 kJ mol !,
which first increased, then decreased, and finally increased
again as the thermal degradation proceeded. The kinetic
equation of thermal degradation was obtained at do/
dr=e?5%%(1 — 0)> 22! 85 "ERD with E(0)=961.734> —
1453.90% 4+ 669.790 + 79.859, o € (0,1). The m + n was

@ Springer

4.07 and >1, which demonstrated that the thermal degra-
dation of photonically cured ECAs was complex. With the
Friedman method, we can have a comprehensive and in-
depth understanding of the thermal degradation kinetics of
photonically cured ECAs.
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