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ABSTRACT
Epoxy underfill materials are critical to advanced semiconductor packaging by enhancing mechanical integrity, redistributing 
thermomechanical stresses, and improving solder-joint reliability in flip-chip and other fine-pitch interconnect architectures. 
Their performance is strongly influenced by cure evolution during processing and thermal stability during service, making 
quantitative evaluation important for process optimization and long-term reliability assessment. The cure kinetics and thermal 
degradation behavior of a highly-filled epoxy underfill were investigated using differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA), and diffusion-incorporated kinetic modeling. Isoconversional analysis showed that the apparent 
activation energy varied with conversion and increased sharply at high conversion, indicating multi-step cure behavior and dif-
fusion control. A two-step modified Kamal–Sourour model incorporating diffusion control in the second step improved predic-
tion of conversion after vitrification and was used to predict cure evolution under a designed oven cure schedule, which achieved 
nearly complete cure. Cryomilling improved TGA reproducibility without causing detectable chemical changes. Analysis follow-
ing the ASTM E1641/E1877 protocols revealed a strong temperature dependence of estimated thermal endurance based on a 5% 
mass-loss criterion under nitrogen. Together, the results provide a quantitative framework for predicting cure evolution under 
practical thermal schedules, evaluating late-stage diffusion effects, and estimating degradation-based thermal endurance for 
highly-filled industrial thermosets.

1   |   Introduction

Epoxy underfill materials are widely used in advanced elec-
tronic packaging to improve mechanical integrity, redistribute 
thermomechanical stresses, and enhance solder-joint reliabil-
ity. They are used as encapsulants that fill the gap between the 
semiconductor die and the substrate, particularly in flip-chip 
and other fine-pitch interconnect architectures [1]. By encap-
sulating the interconnect region, underfill helps protect solder 

joints from fatigue, cracking, delamination, and environmental 
damage during service. Their performance depends not only on 
the final epoxy network structure after processing [2], but also 
on the cure path itself, since the evolution of conversion, glass 
transition temperature, and residual stresses [3, 4] during pro-
cessing can strongly influence long-term reliability [5]. A quan-
titative understanding of cure evolution is important for both 
fundamental insight and industrial practice, supporting process 
optimization and materials qualification [6]. For commercial 
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underfill formulations used at industry scale, the combined 
effects of multi-step cure behavior arising from complex resin 
chemistry and high inorganic filler loading make it difficult to 
predict cure completion using simplified kinetic descriptions 
commonly employed in industry practice [7–10].

Kinetic analysis of thermoset curing is commonly performed 
using model-free and model-based approaches. Isoconversional 
methods are useful for assessing changes in activation energy 
and thus whether a single-step kinetic description is appropri-
ate, whereas model-based approaches can be used to describe 
the full reaction path [11]. For many epoxy systems, however, 
the apparent activation energy varies with conversion [12–14], 
indicating that multiple reaction steps may be involved [15]. 
Furthermore, at high conversion, vitrification reduces molecu-
lar mobility and diffusion limitations increasingly suppress the 
reaction rate [16, 17]. Under these conditions, purely chemically 
controlled models may adequately describe the early and inter-
mediate stages of cure but often fail to capture the late-stage 
regime. A kinetic description that accounts for both multi-step 
cure behavior and diffusion limitations is therefore needed to 
predict cure evolution across all cure stages relevant to practical 
processing conditions.

In addition to cure kinetics, thermal stability is also an import-
ant consideration for underfill materials used in demanding ser-
vice environments. For example, electronic components in an 
automotive engine compartment experience an ambient service 
temperature of around 150°C, and operating temperatures can 
range from 175°C to 200°C [18]. Thermal degradation behavior 
of epoxy underfill is influenced by its chemical composition, in-
cluding both the polymer network and inorganic filler content. 
Dynamic thermogravimetric analysis (TGA) [19] performed at 
multiple heating rates, together with ASTM E1641 and ASTM 
E1877 methods [20, 21], provides a practical route for estimat-
ing apparent activation energy from degradation-based kinetic 
analysis and for assessing temperature-dependent thermal en-
durance [22]. For highly filled thermosets, reproducible TGA 
measurements require consistent sample preparation because 
heat and mass transfer during decomposition are sensitive to 
sample geometry [20]. Establishing a reproducible method for 
thermal degradation analysis is therefore essential for obtaining 
meaningful kinetic parameters and lifetime predictions.

The cure kinetics and thermal degradation behavior of a highly 
filled epoxy underfill have been investigated using dynamic 
differential scanning calorimetry (DSC), dynamic TGA, and ki-
netic modeling. Model-free analysis was first used to evaluate 
the conversion dependence of the apparent activation energy, 
and a two-step modified Kamal–Sourour model with diffusion 
control was then used to describe cure evolution and predict 
conversion under a practical oven cure schedule. To evaluate 
thermal stability, cured samples were cryomilled to improve 
TGA reproducibility, and the dynamic TGA data were analyzed 
using ASTM E1641 and ASTM E1877 to estimate the apparent 
activation energy and temperature-dependent thermal endur-
ance. Together, these results provide a quantitative framework 
for linking cure schedule design, diffusion-incorporated cure 
kinetics modeling, and degradation-based lifetime assessment 
for highly filled epoxy underfill systems used in advanced pack-
aging applications.

2   |   Experimental

2.1   |   Materials

A commercial epoxy underfill, Loctite ECCOBOND UF 1173, 
was purchased from Henkel Corporation.1 It is a one-part, silica-
filled, epoxy-based thermosetting resin system widely used in 
industrial processes for flip-chip and fine-pitch device encapsu-
lation. The liquid underfill material was shipped on dry ice from 
the manufacturer and stored at −40°C upon receipt prior to use.

2.2   |   DSC Measurements

A TA Instruments Discovery DSC 2500 differential scanning 
calorimeter with an RCS 90 intracooler maintained at −90°C 
and nitrogen purge gas was used to study the cure kinetics of 
the commercial underfill. The masses of DSC samples ranged 
from 10 to 20 mg. After removal from the −40°C freezer, the 
liquid underfill was allowed to equilibrate to room temperature 
for 10 min before being loaded into 40 μL hermetic aluminum 
pans and sealed for measurement. The DSC temperature was 
calibrated using indium, tin, and lead at 10 K min−1, and the heat 
flow was calibrated with indium. The standard uncertainties for 
temperature and heat flow are estimated to be ±1% and ±3%, 
respectively.

For dynamic DSC experiments, the uncured samples were 
heated from 30°C to 300°C at constant heating rates of 0.6, 1, 
3, 5, 10, and 20°C min−1. The samples were then quenched to 
−30°C at a rate of approximately 50°C min−1 after the first heat-
ing scan, and a second heating scan up to 300°C at 10°C min−1 
was performed to measure the cured material Tg and any resid-
ual heat. To measure the Tg of the uncured material, a broader 
temperature range, from −90°C to 300°C, was used for the first 
heating scan.

2.3   |   Preparation and Processing of Cured Epoxy 
Underfill

The uncured liquid material was deposited onto a glass substrate 
laminated with a fluorinated ethylene propylene (FEP) protec-
tive film with an aluminum support backing. It was then placed 
in a forced-air oven (Cascade TEK model TFO-3) and cured 
using a two-step schedule: first at 150°C for 30 min, followed 
by 185°C for 30 min. A thermocouple was directly attached to 
the surface of the glass substrate to monitor the substrate tem-
perature, and the temperature data were recorded every 100 ms 
throughout the thermal curing process. The oven was allowed 
to equilibrate to room temperature before retrieving the cured 
samples.

The cured samples were removed from the glass substrate and 
cut into approximately 50 mm2 pieces (1–2 mm thick) using a 
razor blade. The pieces were then weighed to obtain a total mass 
of approximately 4 g. Cryogenic milling (cryomilling) was per-
formed using a Retsch CryoMill equipped with a stainless-steel 
grinding jar with a 25 mm diameter milling ball continuously 
cooled with liquid nitrogen from an autofill system to main-
tain a cryogenic temperature of −196°C. The milling procedure 

 26424169, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pola.70283 by N

ational Institute O
f Stds and T

echnology, W
iley O

nline L
ibrary on [18/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3Journal of Polymer Science, 2026

consisted of an initial 15 min precooling step at 5 Hz, followed 
by 30 grinding cycles of 2 min each at 30 Hz, for a total grinding 
duration of 60 min. A 2 min aftercooling step at 5 Hz was applied 
after each cycle. The jar was opened after full equilibration to 
ambient temperature to minimize moisture condensation. The 
total sample mass (≈4 g) was maintained after cryomilling. 
Particle size distribution of the cryomilled powder was charac-
terized using a laser diffraction particle size analyzer (Horiba 
Partica LA-950V2). The powder was dispersed in 0.01% (w/v) 
aqueous Tergitol 15-S-15 (Sigma-Aldrich) at a 0.1% (w/v) solids 
concentration using probe ultrasonication. This stock suspen-
sion was then diluted to an appropriate concentration for laser 
diffraction measurements. Fourier transform infrared (FTIR) 
spectroscopy was used to evaluate the effect of cryomilling on 
the chemical structure of the cured material. Hand-cut bulk and 
cryomilled powder samples were measured in triplicate, and 
spectra were acquired between 4000 and 800 cm−1 at a resolu-
tion of 4 cm−1 using a Thermo Scientific Nicolet iS50 FTIR spec-
trometer equipped with a Nicolet iTX diamond attenuated total 
reflectance (ATR) accessory. FTIR spectra were post-processed 
for baseline correction using Origin Pro software.

2.4   |   TGA Measurements

Thermal stability and decomposition kinetics of the cured un-
derfill were evaluated using a TA Instruments Discovery TGA 
550 thermogravimetric analyzer under a nitrogen atmosphere. 
Sample masses ranged from 10 to 20 mg. Cryomilled underfill 
samples were loaded into 100 μL alumina pans for measure-
ment. For the hand-cut bulk sample, a single piece of material 
weighing 15 to 20 mg was measured from 30°C to 800°C at heat-
ing rates of 1, 3, 5, 10, and 20°C min−1. For the cryomilled sam-
ple, a two-step procedure was used. In the first run, the samples 
were heated from 30°C to 130°C at 10°C min−1, followed by a 
30 min isotherm hold to remove residual moisture (pre-drying 
step) [23]. A second dynamic heating run was performed from 
30°C to 800°C at heating rates of 1, 3, 5, 10, and 20°C min−1. 
Thermal degradation temperatures were determined from the 
second dynamic heating run. The first derivative of the TGA 
curve (derivative thermogravimetry or DTG), d(mass)/dT, was 
also evaluated.

3   |   Results and Discussion

3.1   |   Cure Kinetics

Figure  1 shows the DSC heat flow curves, scaled by �ref ∕� 
(where � is the heating rate � = dT∕dt and �ref = 10 K min−1), for 
the uncured samples measured at different heating rates rang-
ing from 0.6 to 20 K min−1. This scaling provides a more effective 
way to compare DSC results at different heating rates with the 
same sensitivity [7]. An exothermic peak corresponding to the 
curing reaction is observed for all curves. As the heating rate 
increases, the reaction exotherm shifts to higher temperatures 
due to the reduced reaction time available at a given tempera-
ture. Although each curve appears to display a single exother-
mic peak, both the height and width of the reaction peaks vary 
noticeably with heating rate: at low rates (0.6 and 1 K min−1) 

the exotherms are sharp and narrow, whereas at higher rates 
(3 to 20 K min−1) they broaden in width and decrease in inten-
sity. Furthermore, the peaks are asymmetric, exhibiting a dis-
tinct tail on the high-temperature side, as shown in the enlarged 
view in Figure  S1, especially for slower heating rates. Taken 
together, the pronounced peak broadening, intensity variation, 
and asymmetry clearly indicate that the curing does not follow 
a single-step kinetic process, but instead involves overlapping 
multi-step reactions and/or a rate-limiting stage that becomes 
more prominent at higher conversion. Importantly, the apparent 
absence of peak shoulders or multiple peaks in the DSC curves 
should not be interpreted as evidence of single-step kinetics [24].

No residual heat was observed during the second heating scan 
for all heating rates, which confirmed the fully cured state of 
the material (Figure S2). It is also noted that Tg measurements 
by conventional DSC for cured, highly filled thermosets can be 
challenging [7]. The value of ΔCp at Tg reflects the amount of 
polymer contributing to the mobility and configurational en-
tropy of the network. As the crosslink density increases, the 
fraction of mobile, disordered polymer chains decreases, lead-
ing to a minimal step change in the heat flow curve. As shown 
in Figure  S2, ΔCp∞ is only weakly resolved, with a value of 
0.05 J g−1 K−1. Other techniques, such as temperature-modulated 
DSC, may be valuable for measuring Tg in partially cured, highly 
filled thermosets [14].

3.2   |   Model-Free Kinetic Analysis

To better discern the reaction steps, a more rigorous approach 
is to evaluate the apparent activation energy (E) from the tem-
perature dependence of the reaction rate using single-step ki-
netic analysis. Isoconversional analysis enables estimation of 
E without assuming a specific kinetic model and is therefore 
often referred to as a ‘model-free’ approach. This approach 
assumes that, at fixed conversion �, the reaction rate depends 
only on temperature and is described by the kinetic equa-
tion d�∕dt = k(T)f (�) with an Arrhenius-type rate constant 
k(T) = A exp(−E ∕RT). Here we use the Friedman method [25], 

FIGURE 1    |    Dynamic DSC heat flow curves for the uncured under-
fill material measured at different heating rates (�). Heat flow (Q̇) is 
scaled by (�ref ∕�), where �ref is taken to be 10 K min−1.
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which applies the isoconversional principle to the differential 
form of the rate equation shown below:

where the subscript � denotes the values at a given conversion, 
i stands for the data from the ith temperature program, A is 
the conversion-specific pre-exponential factor, and R is the gas 
constant. Figure 2a shows Friedman plots of ln(d�∕dt) versus 
1000/T from six dynamic heating runs at selected conversions 
from � = 0.02 to 0.98. Linear fits to the isoconversional data 
across different heating rates yield slopes of (−Eα/R) at each α, 
as described by Equation  (1). The nearly parallel lines for � ≤ 
0.7 contrast with the steeper slopes at higher conversion (e.g., 
α ≥ 0.8), indicating an increase in E. Additionally, at the start of 
the reaction, the slope of the experimental data in the Friedman 
plot is steeper than that of the isoconversional lines, indicat-
ing the initial reaction is of an accelerating (autocatalytic) type 
[26, 27].

The resulting E values are plotted in Figure  2b. The acti-
vation energy decreases slightly from an initial value of 
≈75.7 kJ mol−1 at low conversion (α ≤ 0.1) to a shallow mini-
mum of ≈49.2 kJ mol−1 near α ≈ 0.58, followed by a sharp in-
crease for α ≥ 0.75, reaching a peak value of ≈208.0 kJ mol−1 
around α = 0.95 before final cure. According to the quanti-
tative criterion that variation in 𝐸 is insignificant when the 
difference between its maximum and minimum values is 
less than 20% of the average [24], the activation energy can 
be considered essentially constant over α = 0.33–0.73, with 
an average value of 52.5 kJ mol−1. The non-constant E, vary-
ing from 75.7 to 52.5 kJ mol−1 and then to 208.0 kJ mol−1, es-
pecially the upturn at high conversion, provides quantitative 
evidence of changes in reaction mechanism and underlying 
multi-step kinetics. Furthermore, the error bars remain small 
in the intermediate-conversion regime but increase markedly 

for α ≥ 0.75, with values of E exceeding 200 kJ mol−1, indicat-
ing the reaction becomes progressively diffusion controlled 
as vitrification occurs. Similar behavior, characterized by 
an increase in E accompanied by rapidly growing uncertain-
ties at high conversion, has been reported for epoxy systems 
exhibiting partial diffusion control in model-free analyses 
[13, 28, 29]. Several studies have also reported similarly high 
activation energy values, up to 200–300 kJ mol−1, upon vitrifi-
cation [13, 28, 30].

3.3   |   Model-Based Kinetic Analysis

Once multi-step kinetic behavior is identified, the next step is to 
construct a kinetic model with the minimum necessary number 
of reaction steps and adjustable parameters, as recommended 
by the International Confederation for Thermal Analysis and 
Calorimetry (ICTAC) [24]. A two-step consecutive process, 
A → B → C, was therefore considered. Each step i is described 
by a modified Kamal–Sourour model [31] of n th order with m-
power autocatalytic reaction:

and the overall degree of conversion is given by

where wi is the contribution of each step as wi = ΔHi ∕
∑

ΔHi and 
∑

wi = 1. Here, ΔHi is the total reaction enthalpy of step i from the 

heat flow measured by the DSC as ΔHi =
1

�
∫ Tend
T0

Q̇i(T)dT, where 

T0 is a temperature below the onset of the curing reaction and Tend 
is the temperature after completion of the reaction. The heat flow 
Q̇i(T) corresponds to the heat flow of individual reaction step i, 
and the total measured heat flow Q̇(T) is the sum of heat flows of 
all individual reaction steps Q̇(T) =

∑

Q̇i(T). The degree of cure 

(1)ln

(

d�

dt

)

�,i

= ln
[

A� ⋅ f (�)
]

−
E�

RT�,i

(2)
d�i
dt

= A1,i exp

(

−
Ei
RT

)

(

1−�i
)ni

(

1 + A2,i�
mi

i

)

(3)� = w1�1 + w2�2

FIGURE 2    |    (a) Friedman analysis of the dynamic DSC data at different heating rates (�). The lines represent isoconversional lines at various con-
versions (�), as indicated with slopes equal to (−Eα/R). Dashed lines correspond to � = 0.02–0.3, and solid lines correspond to � = 0.5–0.95. View in 
color for best clarity. (b) Apparent activation energy (E) as a function of conversion determined using the Friedman isoconversional method.
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(or conversion) of the ith step, �i, is directly correlated with the 
measured heat flow during the reaction: �i = ΔHT ,i ∕ ΔHi, where 
ΔHT ,i =

1

�
∫ T

T0
Q̇i(T)dT is the partial reaction enthalpy of the i-th 

step up to temperature T. The modeling was performed using the 
Netzsch Kinetics Neo software (version 3.5.1.9) by minimizing 
the least-squares error between the experimentally measured 
and calculated conversion values. Because of the high nonlinear-
ity of the reaction model, it is important to use initial parameter 
estimates that are reasonably close to their true values for param-
eter optimization. Otherwise, nonlinear least-squares fitting may 
converge to a local rather than the global minimum, resulting in 
erroneous kinetic parameters regardless of the amount of data 
used [8, 24]. The activation energy values from the model-free 
analysis can serve as reliable initial estimates for this purpose.

Figure 3 shows the fitted results as solid lines and the conver-
sion values obtained from the DSC data as symbols. The best 
fits are listed in Table S1. For all heating rates, the α–T profile 
exhibits a sigmoidal shape characteristic of thermoset curing 
upon dynamic heating scan [9, 11]. The two-step autocatalytic 
model (Equations  2 and 3) without diffusion-controlled kinet-
ics provides a reasonable description of the conversion curves, 
capturing the initial acceleration and the rapid rise through in-
termediate conversion across all heating rates; however, it sys-
tematically overestimates the conversion at high � as the reaction 
gradually approaches full cure. Figure S3 compares the conver-
sion rate d�∕dt as a function of temperature for the 0.6 and 1 K 
min−1 scans. The results indicate that the actual reaction rate is 
more strongly suppressed at late stages than would be expected 
from purely chemically controlled kinetics, consistent with the 
onset of diffusion control, which slows the overall reaction rate. 
As a result, the model without diffusion overestimates the con-
version at high � in Figure 3. Additionally, as discussed earlier, 
the large errors in the activation energy, as well as the high E 
values at high conversion from the isoconversional analysis 
(Figure 2b), also indicate a shift from predominantly chemically 
controlled curing to a mobility-limited regime (e.g., vitrification). 

For epoxy systems, it is well known that partial diffusion control 
arises once Tg approaches the reaction temperature. This concept 
has been described by the time–temperature–transformation 
(TTT) diagram, where the vitrification line intersects the cure 
path at high conversion during isothermal cure [6, 32]. Upon 
dynamic heating, this effect is most pronounced at low heating 
rates, where the progressively increasing Tg surpasses the cure 
temperature under a slow, linear heating profile. The influence 
of heating rate on the curing progression due to vitrification-
induced diffusion control has been widely reported in the litera-
ture [14, 28, 33, 34].

After vitrification, diffusion becomes increasingly important. 
The time scale of the overall reaction can be viewed as the sum 
of the time scales for the chemical reaction and for diffusion. 
The effect of the diffusion control can be incorporated into 
the reaction kinetics by modifying the effective rate constant 
[16, 30, 35], following the Rabinowitch equation: [36]

where keff, kr, and kd denote the effective, reaction, and diffusion rate 
constants, respectively. The reaction rate constant kr follows the 
Arrhenius temperature dependence kr,i(T) = Ai exp

(

−Ei ∕RT
)

. 
For T ≥ Tg, the diffusion rate constant can be considered inversely 
proportional to the polymer relaxation time, which is described by 
the well-known Williams–Landel–Ferry (WLF) equation: [37]

For T < Tg, the diffusion rate constant follows the Arrhenius form:

where k0 is the reaction rate constant at T = Tg, and 
E ∕R =

(

C1T
2
g

)

∕C2. As the reaction proceeds, the value of Tg in-

creases nonlinearly with conversion and follows the DiBenedetto 
equation: [38]

where Tg0 and Tg∞ are the glass transition temperatures of the un-
cured and fully cured underfill, respectively (Tg0 = −47.5°C and 
Tg∞ = 171.0°C). The parameter � = 0.4 is taken as the theoretical 
ratio ΔCp∞∕ΔCp0, as proposed by Pascault and Williams [17], 
where ΔCp∞ and ΔCp0 are heat capacity differences between the 
glassy and rubbery states at Tg for the fully cured and uncured ma-
terials, respectively. A plot of Tg versus � is shown in Figure S4.

Modeling of the overall reaction (Equations  2 and 3) incor-
porating diffusion control in the second reaction step via the 
modified rate constant (Equations 4–7), was performed using 
the Netzsch Kinetics Neo software (version 3.5.1.9). The best fit 
kinetic parameters are listed in Table 1. Figure 4 shows conver-
sion as a function of temperature for the diffusion-incorporated 

(4)k−1eff = k−1r + k−1d

(5)kd(T) = k0 exp

[

C1
(

T − Tg
)

C2 +
(

T − Tg
)

]

(6)kd(T) = k0 exp

[

−
E

R

(

1

T
−

1

Tg

)]

(7)Tg(�) = Tg0 +

(

Tg∞ − Tg0
)

��

1 − (1 − �)�

FIGURE 3    |    Degree of cure (�) as a function of temperature at dif-
ferent heating rates (�). The symbols represent experimental data, and 
solid lines represent the best fits to a two-step reaction described by the 
modified Kamal–Sourour model (Equations 2 and 3).
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model. The model predictions (lines) are in excellent agree-
ment with experimental data (symbols) across the entire 
conversion range. A closer examination of the reaction rate 
profiles at the two lowest heating rates (Figure S5) shows that, 
compared with Figure  S3, the diffusion-incorporated model 
reproduces the high-temperature shoulder associated with 
the onset of vitrification, leading to improved predictions at 
high conversion. We also note that, unlike gelation, vitrifica-
tion is not an isoconversional event. The onset of vitrification, 
as indicated by the deviation of the model from the data in 
Figure 3, shifts to higher conversion with increasing heating 
rate. Because vitrification can occur over a wide range of con-
versions depending on the temperature program [33], it may 
be observed only at slow heating rates and may not occur at 
faster rates [34]. Therefore, dynamic heating DSC scans over 
a wide range of heating rates, especially at slow heating rates 

that can reveal diffusion effects, are important for careful 
cure kinetics analysis.

The kinetic model can then be used to simulate conversion for 
any temperature program. Figure 5 shows the temperature pro-
file following the designed cure schedule. The programmed 
oven temperature (dashed line) follows a first ramp from 30°C 
to 150°C at 5°C min−1, an isothermal hold for 30 min, a second 
ramp to 185°C at 5°C min−1, and a final 30 min hold. The actual 
cure temperature experienced by the sample/substrate is shown 
by the solid line, as measured using a thermocouple attached 
directly to the surface of the glass substrate in the oven. After 
the scheduled cure, the sample is allowed to cool to room tem-
perature before being removed from the oven for subsequent 
measurements.

As expected for oven-based cure, the sample temperature does 
not follow the setpoint perfectly during transients: the measured 
temperature lags behind the programmed ramp, and step changes 
appear more gradual, owing to finite heat-transfer rates and the 
time required to equilibrate the relatively large thermal mass of 
the substrate/tooling. Once the setpoint is held, the measured tem-
perature approaches a quasi-steady plateau and tracks the isother-
mal segments more closely. Figure 5 (green symbols, right y-axis) 
shows the model-predicted conversion, �(t), calculated based on 
the measured temperature history, that is, the actual cure tempera-
ture. The predicted conversion remains near zero at early times 
and then increases sharply during the initial ramp, reaching ≈0.94 
by the end of the first dwell. During the second ramp and hold 
(post-cure), further curing proceeds toward completion, with � ris-
ing to ≈0.99. The conversion remains essentially constant during 
the subsequent cooldown. This model-based prediction is import-
ant for underfill materials used in advanced electronic packaging, 
where insufficient cure or inaccurate cure-path assumptions can 
directly affect reliability, residual stress development, and long-
term performance.

TABLE 1    |    Kinetic parameters for a two-step modified Kamal–
Sourour model with diffusion control included in the second step.

Parameter First step Second step

E (kJ mol−1) 75.7 52.5

ln
(

A1

)

 (s−1) 5.87 4.61

n 0.24 1.69

ln
(

A2

)

 (s−1) 2.16 0.57

m 0.69 1.72

ln(kdiff) — −6.28

C1 — 17.78

C2 (K) — 23.20

wi 0.07 0.93

FIGURE 4    |    Degree of cure (�) as a function of temperature at differ-
ent heating rates (�). The symbols represent experimental data, and the 
lines represent best fits to a two-step reaction described by a modified 
Kamal–Sourour model, with diffusion control included in the second 
step (Equations 4–7).

FIGURE 5    |    Comparison of the programmed oven temperature 
versus the sample temperature during the scheduled cure (left y-axis). 
Also shown is the model-predicted conversion following the actual cure 
temperature using the same model and parameters as in Figure 4 (right 
y-axis).
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3.4   |   Thermal Stability of Cured Underfill

Thermal degradation of polymeric materials is strongly gov-
erned by chemical composition and temperature and typically 
involves mass loss accompanied by the release of volatile degra-
dation products [39]. Figure S6 shows dynamic TGA results for 
the cured underfill samples prepared as single, razor-blade–cut 
pieces (“hand-cut bulk”) at different heating rates. While the 
overall degradation behavior is qualitatively similar across runs, 
the residual mass exhibited noticeable variability, which is at-
tributed to the sensitivity of TGA to sample shape and surface-
to-volume ratio [40].

To minimize these artifacts and improve sample uniformity, 
the hand-cut bulk specimens were subsequently cryomilled 
into a fine powder for the dynamic TGA measurements. 
Cryomilling is widely used for material homogenization in the 
pharmaceutical industry as well as in thermoplastic or poly-
mer nanocomposite processing [41, 42]. This approach follows 
common TGA guidance that powdered or granular specimens 
with a high surface-to-volume ratio are preferred for better 
specimen-to-specimen uniformity [20]. In crosslinked thermo-
sets (such as this underfill), which do not melt and flow during 
heating, specimen geometry can strongly influence the appar-
ent mass-loss profile because thermal gradients are larger, and 
the diffusion and escape of volatile products are more limited 
in compact or thicker pieces. As a result, repeat TGA runs on 
different cryomilled samples yielded highly consistent results 
(Figure  S7), demonstrating that improved sample homogene-
ity and reduced heat- and mass-transfer limitations improve 
measurement reproducibility. Cryomilling substantially in-
creases the surface area of the material. With a median parti-
cle size (D50) of 4.2 μm from the volume-weighted distribution 
(Figure S8), the resulting powder is more susceptible to mois-
ture uptake; therefore, a pre-drying step was used prior to the 
dynamic TGA scans (Experimental). The mass loss at the end 
of this step is 0.34% ± 0.04% (Table S2).

Cryomilling is expected to homogenize the composite material 
without altering its chemical characteristics. FTIR-ATR was used 
to investigate the effect of cryomilling on the chemical structure 
of the cured underfill. As shown in Figure S9, the spectra of the 
hand-cut bulk and cryomilled powder samples overlap closely 
across the measured range, with no new bands, band losses, or 
significant peak shifts detected within the measurement sen-
sitivity. The dominant absorptions are consistent with a silica-
filled epoxy network, including strong Si  O  Si stretching in the 
≈1000–1200 cm−1 region as well as organic matrix features such 
as aromatic or aliphatic C  H stretching near ≈2800–3000 cm−1, 
a carbonyl peak at 1728 cm−1, and aromatic-, amine-, and ether-
related bands in the fingerprint region (aromatic-ring bands and 
primary amine bands at 1600–1500 cm−1 and 900–650 cm−1, and 
the ether/C  O  C region around 1100 cm−1 which is likely ob-
scured due to the large Si  O  Si peaks) [43]. The near-identical 
appearance of these bands indicates that cryomilling does not 
introduce detectable changes in the chemical structure of the 
cured underfill. Previous work has also shown that cryomill-
ing does not affect the chemical structure and crosslinking of 
cured structural composites, that is, carbon fiber-reinforced 
polymer (CFRP) thermoset prepreg, enabling thermal analysis 
techniques (DSC and TGA) to provide improved reproducibility 

and accuracy in measurements of the degree of cure and resin 
content [44].

The dynamic TGA/DTG results for the cryomilled samples 
are shown in Figure  6. The cryomilled sample still retained 
some moisture after pre-drying, as indicated by the small 
peak in the DTG curve below 100°C. The TGA curves exhibit 
a dominant primary mass loss event with a corresponding 
main DTG peak, followed by a slower, more gradual mass 
loss at higher temperatures. As expected for kinetically con-
trolled degradation under non-isothermal conditions, increas-
ing � shifts the mass loss transition to higher temperatures. 
The DTG peak temperature (maximum rate of mass loss) also 
increases with �, rising from 348°C at 1 K min−1 to 400°C at 

FIGURE 6    |    Dynamic thermogravimetric analysis (TGA) mass (%) 
as a function of temperature for the cryomilled, cured underfill sample 
measured in N2 at different heating rates (�). Curves from left to right 
correspond to increasing �. The corresponding derivative thermograv-
imetry (DTG) curves are plotted on the right y-axis. View in color for 
best clarity.

TABLE 2    |    Degradation temperatures of the cured underfill 
materiala,b.

β (K min−1) Tonset T10% Tpeak

Residual 
mass (%)

1 318.1 339.2 348.1 73.0

3 336.8 357.5 365.7 72.6

5 343.6 363.9 374.6 72.4

10 354.6 374.3 383.2 72.2

20 369.5 389.3 400.0 72.0
aThermal degradation properties obtained from dynamic TGA results at 
different heating rates β (Figure 6) for cryogenic milled samples after the pre-
drying step.
bTonset, the intersection of the zero mass loss baseline and the tangent line 
through the maximum slope point (or the peak temperature of the DTG 
curve) of the main TGA curve; T10%, temperature at 10% mass loss; Tpeak, 
peak temperature of the DTG curve; residual mass (%) is taken as the mass 
(%) at 700°C. Standard uncertainties u are u(Tonset) = 0.8°C, u(T10%) = 0.7°C, 
u(Tpeak) = 1.1°C, and u(residual mass) = 0.02%, based on repeat measurements of 
three specimens at a constant heating rate.
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20 K min−1. Characteristic degradation temperatures, includ-
ing Tonset, T10%, Tpeak, and the residual mass, are summa-
rized in Table  2. The primary degradation step occurs over 
≈250°C–450°C, consistent with the range widely reported for 
cured diglycidyl ether of bisphenol A (DGEBA)–based epoxy 
networks materials under inert atmospheres, and is attributed 
to decomposition of the crosslinked epoxy structure [45–48]. 
The high-temperature residual mass is 72.4% ± 0.3% across 
heating rates, consistent with a highly filled epoxy underfill 
formulation in which the inorganic silica filler and any char 
yield of the polymer contribute to the residue. Underfill ma-
terials commonly incorporate high loadings of silica or other 
inorganic fillers (typically ≈50% mass fraction to 70% mass 
fraction) to control CTE, modulus, and rheology [6]. Neat (un-
filled) DGEBA-type epoxies generally leave smaller residues 
under nitrogen (only a few % mass fraction to < 15% mass 
fraction), depending on network chemistry and additives 
[46, 48–50]. Although fillers can increase high-temperature 
mass retention through interactions with polymer-derived 
char [45–48], the ≈72% residue is primarily attributed to the 
inorganic filler content.

3.5   |   Degradation Kinetics and Lifetime Prediction

Decomposition kinetic parameters were determined from 
dynamic TGA measurements using the data in Figure  6 be-
ginning at 100°C to minimize the effects of residual moisture 
loss. A mass loss of 5% was used as the failure criterion [20]. 
The temperatures at 5% TGA conversion were determined 
(Figure S10) and used for ASTM E1641 analysis, a special case 
of the Ozawa–Flynn–Wall isoconversional method [51, 52]. 
Figure  7a shows the ASTM E1641 analysis of the dynamic 
TGA data. Linear regression of the data yielded the slope 
used to calculate the activation energy. Using the iterative 

ASTM E1641 procedure with tabulated Doyle approxima-
tion [53] values, the activation energy was calculated to be 
133.7 ± 3.7 kJ mol−1.

Figure 7b shows the thermal endurance prediction according to 
ASTM E1877 [21]:

where tf is the thermal endurance (or lifetime corresponding to 
a selected temperature), and Tf is the failure temperature cor-
responding to 5% mass loss used in Figure 7a. The shaded re-
gion in Figure  7b represents the uncertainty propagated from 
the standard uncertainty in the apparent activation energy. 
As expected, the estimated thermal endurance increases with 
decreasing temperature. For example, increasing the tempera-
ture from 100°C to 150°C decreases the calculated thermal en-
durance by a factor of approximately 162, from approximately 
45 years to 102 days. We note that the predicted lifetime should 
be interpreted as an inert-atmosphere kinetic extrapolation 
based on the selected failure criterion and the assumptions 
underlying the ASTM E1641/E1877 methods, rather than as 
a direct prediction of service lifetime. Specifically, the analy-
sis applies a single apparent activation energy at a selected 5% 
mass-loss level, although the overall degradation process ex-
hibits a multi-step degradation profile (Figure  6). In addition, 
the measurements were performed under nitrogen, whereas 
degradation during service may involve oxygen and other en-
vironmental factors. The calculation extrapolates below the ex-
perimental decomposition-temperature range and has not been 
correlated with long-term aging or field-service data. The results 
are therefore most appropriately used to compare the relative 
temperature sensitivity of degradation under the specified inert-
atmosphere conditions.

(8)log
(

tf
)

=
E

2.303RT
+ log

(

E

100.4R�

)

− 0.463
E

RTf

FIGURE 7    |    (a) ASTM E1641 analysis of dynamic TGA data at 5% mass loss, showing the logarithm of heating rate as a function of 1000/T, with 
the solid line indicating the linear fit; (b) temperature-dependent thermal endurance estimates calculated from ASTM E1877 using the kinetic pa-
rameters obtained by ASTM E1641. The shaded region represents the uncertainty propagated from u(E) = 3.7 kJ mol−1. The estimates correspond to 
a 5% mass-loss criterion under nitrogen and should be interpreted as inert-atmosphere kinetic extrapolations. The top x-axis shows decreasing tem-
perature in °C, and the right y-axis indicates approximate lifetime in conventional time units.
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4   |   Conclusion

This work provides a practical and quantitatively grounded 
framework for evaluating cure evolution and long-term ther-
mal durability of highly filled epoxy underfill materials used 
in advanced semiconductor packaging. Dynamic DSC results 
show that the curing behavior cannot be described as a single-
step process. Combined isoconversional analysis and model 
fitting reveal a multistep curing mechanism, with diffusion 
limitations becoming increasingly important at high conver-
sion. A two-step modified Kamal–Sourour model incorporating 
diffusion-controlled kinetics in the second step successfully 
described the curing process over the full conversion range, in-
cluding the late-stage vitrification effects important for process-
relevant prediction.

Cryomilling improved the reproducibility of TGA measure-
ments by improving sample uniformity and reducing heat- 
and mass-transfer limitations, without causing detectable 
chemical changes in the cured material, thereby enabling 
more reliable thermal degradation analysis. The cured under-
fill exhibited a primary degradation process typical of epoxy 
networks and a high residual mass consistent with its highly 
filled composition. ASTM E1641 and E1877 analysis provided 
temperature-dependent estimates of thermal endurance, 
highlighting the strong sensitivity of projected lifetime to ser-
vice temperature.

Overall, these results establish a practical basis for predicting 
cure progression and degradation based on thermal endurance 
estimation, supporting cure schedule optimization and thermal 
stability assessment for highly filled thermosetting materials 
used in industrial applications.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: An enlarged view of the dy-
namic DSC heat flow curves shown in Figure 1 for the uncured underfill 
material, measured at different heating rates (β). Heat flow (Q̇) is scaled 
by (βref/β), where βref is 10 K min−1. The area under the 0.6 K min−1 curve 
is filled for visual distinction. Figure S2: Example DSC heat flow curve 
from the second heating scan for the underfill following the first heating 
scan at β = 10 min−1. The vertical dashed line indicates the glass transi-
tion temperature for the fully cured material. Figure S3: Conversion 
rate (dα/dt) as a function of temperature for the underfill material at 
heating rates of 0.6 K min−1 and 1 K min−1. An enlarged view is shown to 
better evaluate the goodness of fit. Symbols represent experimental data 
obtained from dynamic DSC, while solid lines represent predictions of 

a two-step autocatalytic model without diffusion-controlled kinetics 
(Equations 2 and 3). Figure S4: Glass transition temperature as a func-
tion of conversion. The line represents a fit to the DiBenedetto equation 
(Equation 7) with the Tg values for the uncured material (Tg0 = −47.5°C) 
and fully cured material (Tg∞ = 171.0°C) shown as open and filled cir-
cles, respectively, with λ = 0.4. Figure S5: Conversion rate (dα/dt) as a 
function of temperature for the underfill material at heating rates of 
0.6 K min−1 and 1 K min−1. An enlarged view is shown to better evaluate 
the goodness of fit. Symbols represent experimental data obtained from 
dynamic DSC, while solid lines represent predictions of a two-step au-
tocatalytic model (Equations 2 and 3) with diffusion control included in 
the second step (Equations 4–7). Figure S6: Dynamic thermogravimet-
ric analysis (TGA) mass (%) as a function of temperature for a single-
piece cured underfill sample measured in N2 at different heating rates 
(β). Figure S7: Dynamic TGA (solid lines, left y-axis) and DTG (dotted 
lines, right y-axis) curves for three specimens of the cryomilled, cured 
underfill powder measured at a heating rate (β) of 10 K min−1. Figure 
S8: Volume-based particle size distribution Qv (% volume fraction) as a 
function of particle diameter (μm) for the cryomilled underfill sample. 
The median diameter D50 ≈ (4.2 ± 0.1) μm. Figure S9: Representative 
Fourier transform infrared (FTIR) spectra of the cured underfill pre-
pared as a hand-cut bulk piece (black) and as a cryomilled powder (red). 
Spectra are shown in two wavenumber windows (4000 to 2500) cm−1 
and (1900 to 600) cm−1 to highlight key vibrational bands. Figure S10: 
TGA conversion (α) versus temperature for dynamic heating rates of 
(1, 3, 5, 10, 20, and) K min−1. The degree of conversion for TGA is the 
ratio of the current mass loss to the total mass loss. The dashed vertical 
lines indicate the temperatures at 5% conversion used for ASTM E1641 
analysis. Table S1: Kinetic parameters for a two-step modified Kamal–
Sourour model without diffusion control. Table S2: Mass loss (%) of the 
cryogenic milled samples after the pre-drying step in TGA. 
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