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As packaging technologies are demanded that reduce the assembly area of substrate, thin composite lam-
inate substrates require the utmost high performance in such material properties as the coefficient of thermal
expansion (CTE), and stiffness. Accordingly, thermosetting resin systems, which consist of multiple fillers,
monomers and/or catalysts in thermoset-based glass fiber prepregs, are extremely complicated and closely
associated with rheological properties, which depend on the temperature cycles for cure. For the process
control of these complex systems, it is usually required to obtain a reliable kinetic model that could be used
for the complex thermal cycles, which usually includes both the isothermal and dynamic-heating segments.
In this study, an ultra-thin prepreg with highly loaded silica beads and glass fibers in the epoxy/amine resin
system was investigated as a model system by isothermal/dynamic heating experiments. The maximum
degree of cure was obtained as a function of temperature. The curing kinetics of the model prepreg system
exhibited a multi-step reaction and a limited conversion as a function of isothermal curing temperatures,
which are often observed in epoxy cure system because of the rate-determining diffusion of polymer chain
growth. The modified kinetic equation accurately described the isothermal behavior and the beginning of
the dynamic-heating behavior by integrating the obtained maximum degree of cure into the kinetic model
development. 

Keywords: cure kinetics, epoxy prepreg, multi-step cure reaction, diffusion-controlled reaction, differential

scanning calorimetry

1. Introduction

Along with the advancement in miniaturizing of mobile

devices, the utmost high-performance of thin composite

laminates is required in packaging technology in terms of

material properties, such as the coefficient of thermal

expansion (CTE), and stiffness. These properties have

been enhanced by incorporation of secondary fillers into

thermosetting resin/glass fiber prepregs, which are adopted

as the framework of the packaging substrate (Shim et al.,

2012). During the printed circuit board (PCB) fabrication,

the welding assembly processes are accompanied by

repeated thermal cycles, which are usually elevated up to

260°C. Because of the repeated thermal cycles, precise

thermal control is required for process optimization of

PCB and the mass production of mobile devices. There-

fore, it is required to carry out a thermal kinetic simulation

to understand the structure-property-processing relation-

ships, and to determine the optimal cure cycle for high-

performance composite manufacturing and utilization. 

However, quantitative descriptions of the prepregs sys-

tem kinetics have not been well predicted (Halley and

Mackay, 1996; Kim et al., 2002; Yousefi et al., 1997) due

to the extremely complicate composition of the commer-

cialized prepregs, which contain a number of reacting/

non-reacting materials. Numbers of reacting materials

usually involve multi-step reactions, which require multi-

step reaction models appropriate for the description of

complex kinetics (Kim et al., 2002). In particular, the high

contents of the secondary fillers, which restrict the flow-

ability and molecular mobility of reacting materials, are

likely to affect the reaction rate and the total heat of reac-

tion (Kubota, 1975). In addition, a thermal cycle of PCB

is usually accompanied by isothermal and dynamic heat-

ing conditions giving the accumulated thermal history of

the equivalent curing time, which makes cure kinetics*Corresponding author; E-mail: jdnam@skku.edu
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more complicated. 

Two different rate-determining stages take place: The

reaction-controlled, and the diffusion-controlled stages

(Turi, 1981) in the curing reaction of thermosetting poly-

mers. In the reaction-controlled stage, the reaction rate

dominantly depends on the concentration of unreacted

monomers. The reaction rate is dominantly affected by the

diffusion rate of growing polymer chains and/or unreacted

monomers as the polymer chain grows longer. This dif-

fusion-controlled reaction is generally dominant near the

glass state of polymers as Tg reaches Tcure with the progress

of cure reactions, and the polymer chains are subsequently

vitrified when Tg = Tcure. The vitrification that triggers a

switch from the reaction-controlled to the diffusion-con-

trolled stage could cause a change in activation energies,

which possibly affects the cure kinetics in addition to the

ultimate properties of cured thermosetting polymers (Mat-

suoka et al., 1989; Vyazovkin et al., 2011). In this sense,

it is essential for the quantitative description of the cure-

dependent diffusion phenomena.

In this study, an ultra-thin glass fiber epoxy prepreg with

highly loaded silica beads (ultra-thin glass fiber/silica

bead epoxy prepreg) was chosen as a model system for the

study of the multi-step and the diffusion-controlled cure

kinetics in isothermal/dynamic heating conditions. A

multi-step reaction model for the overall kinetics was

developed, and a phenomenological approach for the dif-

fusion-controlled cure kinetics was adopted in the second-

step reaction model. The practical applicability of the pro-

posed model was verified by comparison with the isother-

mal and dynamic experiments.

2. Experimental

2.1. Materials
The most recently commercialized prepreg which was

the same prepreg investigated in previous work was used

in this study as a model system. The ultra-thin glass fiber/

silica bead epoxy prepreg was composed of 17-20 wt.%

thermosetting resin, 60-70 wt.% silica beads, and 20-23

wt.% glass fiber (Kim et al., 2016). The thermosetting

resin was composed of 10-55 wt.% of a cyanate-based

resin or bismaleimide-triazine, 35-80 wt.% of an epoxy

resin, and 5-15 wt.% of a multi-functional phenolic resin.

Silica beads were in the diameter range of 0.3 to 3.2 μm

with a mean particle size of 0.7 μm (SFP-30MHE, Denka).

The glass fabric was a T-glass woven fabric of 0.025 mm

thickness, 24 g/m2 weight, and 5 μm fiber diameter (T-

1039, Nitto Boseki Ltd).

2.2. Preparation of ultra-thin glass fiber/silica bead
epoxy prepreg samples

A solvent impregnation process was used in fabrication

of prepregs at room temperature and ambient humidity.

The silica beads were mixed with epoxy resin solution

using a mechanical stirrer for about 2 h at room tempera-

ture. In the silica beads/epoxy resin solution, the glass

woven fabric was immersed for 120 s at room tempera-

ture, and was then squeezed by squeezing rollers. In a

convection oven, the prepreg was dried at 160°C for 120

s to remove the remaining solvent. The final resin content

in the prepreg was controlled between 15-20 wt.%.

2.3. Differential scanning calorimetry
TA Instruments differential scanning calorimetry (DSC)

Q20 was used to perform DSC measurement. Both iso-

thermal and dynamic-heating experiments were conducted

in a flowing N2 environment (50 mL/min), using the ultra-

thin glass fiber/silica bead epoxy prepreg samples of 14 ±

1.0 mg size. The DSC cell was preheated for isothermal

experiments to the temperatures at 180, 190, 200, 210, and

220°C. The sample pan was then placed directly in the

DSC cell. For dynamic experiments, various heating rates

of 5, 7, 10, 15, and 20°C/min with the temperature range

of 25 to 350°C were used.

3. Results and Discussion

The curing reaction rate of thermosetting polymers can

be expressed as a function of two variables; the tempera-

ture, T, and conversion, α,

 (1)

where, f (α) is a conversion-dependent function, and k(T)

is the rate constant, which is defined by the Arrhenius

equation:

 (2)

where, A is the intrinsic pre-exponential constant, E is the

activation energy, and R is the gas constant. 

Table 1 shows the total heat of reaction with the max-

imum degree of cure obtained at different isothermal tem-

peratures. The total heat of reaction at the isothermal

reaction temperatures corresponds to the area under the

DSC cure. The heat of cure increases with the curing tem-

perature, which should be described in modeling cure. In

this isothermal curing, the degree of cure may be defined

as the heat of generation normalized by the total amount

of heat up to a specific time, expressed as: 

 (3)

where, H(t) is the heat of reaction as a function of time,

and HT is the total heat of curing reaction. The curing reac-

tion may be considered as being finished when the exo-

thermic curve levels off to the baseline. The total heat of

cure (HT) used for the normalization of the isothermal heat

dα

dt
------ = k T( )f α( )

k T( ) = A exp
E

RT
--------–⎝ ⎠

⎛ ⎞

α = H t( )/HT
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of cure was 115.2 J/g, which was obtained from the total

area under the dynamic heating DSC curve at a heating

rate of 10°C/min.

Figure 1 shows a dynamic-heating condition DSC ther-

mogram expressing the rate of heat generation as a func-

tion of temperature at different heating rates. The maximum

temperatures of two peaks increased as heating rates

increased, while the heat of reaction is considered to be a

constant. It seems that two peaks are overlapped at all

heating rates, which may suggest a multi-step reaction

having more than two activation energies. The evidence of

the multi-step reaction can be found in an isothermal DSC

thermogram as well. 

Figure 2 shows the isothermal DSC thermogram, which

expresses the rate of heat generation as a function of time

at different temperatures. The curves are very well described

by division into two regions: a hyperbolic region, and a

gradually decreasing region. The figure shows that in the

first region, which is the beginning of the reaction, the rate

of heat generation exhibits a typical autocatalytic reaction

behavior. For the second region, the rate of heat genera-

tion exhibits a maximum at the break point of the two

regions, and gradually decreases. Such a decelerating-rate

characteristic of exothermic reaction may be expressed by

an nth-order reaction. Therefore, a reasonable multi-step

model consists of two equations to represent the two dif-

ferent regions divided by a break point (αbp), which is

expressed as,

,  (4)

 (5)

where m, n, and l are reaction orders, and often found to

be temperature dependent (Garschke et al., 2013; Kim et

al., 2002), and k1, k2, and k3 are specific rate constants

related to different activation energies and preexponential

factors reactions. 

Figure 3 shows the maximum conversion as a function

of isothermal temperatures. With increasing curing tem-

perature, the maximum conversion appears to approach

1.0, corresponding to the fully cured state of the model

system in dynamic condition. As previously mentioned,

isothermal curing of thermosetting polymers may go through

two stages of curing reaction affected by the chemical

reactivity of reacting groups (rate controlled reaction), and

the physical mobility of polymer chains (diffusion con-

trolled reaction). In most thermosetting polymer systems,

the curing reaction proceeds in liquid state when the Tg of

the B-staged system is generally lower than the curing

temperature (Tcure). In this stage, the reactivity of unreacted

monomers determines the apparent reaction rate, until the

Tg approaches Tcure. The case of  is often called

the vitrification of thermoset systems (Park et al., 2002;

Turi, 1981). When the system reaches the glassy state due

dα

dt
------ = k1 k2α

m
+( ) 1 α–( )n, α αbp≤

dα

dt
------ = k3l, α αbp≥

Tg Tcure≈

Table 1. Heat of reaction and maximum degree of cure obtained

in isothermal cure conditions.

Temperature 
(°C)

H(t) 

(J/g)

Maximum Degree of Cure 

(αm)
a

180 89.4 0.776

190 92.6 0.804

200 99.3 0.862

210 104.9 0.911

220 110.1 0.956

aBased on HT = 115.2 J/g obtained by dynamic heating at 10°C/

min.

Fig. 1. Dynamic-heating condition DSC thermogram of the ultra-

thin glass fiber/silica bead epoxy prepreg at heating rate of 5, 7,

10, 15, and 20°C/min.

Fig. 2. Isothermal DSC thermogram of the ultra-thin glass fiber/

silica bead epoxy prepreg at 180, 190, 200, 210, and 220°C iso-

thermal temperatures.
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to the vitrification, the diffusion rate of unreacted groups

in polymer chains is considered to control the overall reac-

tion rate. The structural relaxation of polymer chains

causes the slow segmental motions, which are the only

ones permitted in glass-state polymers, and the degree of

cure tends to exhibit a practically constant limiting value,

hence preventing the full conversion of cure reaction.

The second equation should be modified to express the

limitation of reacting polymer chains by diffusion con-

trolled reaction. The maximum conversion approaches 1.0

corresponding to the fully cured state of the model system

in dynamic heating conditions, with the increasing curing

temperature. Thus, we may express the maximum degree

of cure shown in Fig. 2 quantitatively, by using an empir-

ical equation in the form of logistic functions:

.  (6)

The values of fitting parameters a, b, c, and T0 obtained by

a curve fitting method are 0, 1, 20.06, and 430.51, respec-

tively. Equation (6) shows that the conversion approaches

1.0 with curing temperature desirably resulting in a lim-

iting value of glass temperature ( ). Incorporating the

maximum degree of cure represented by Eq. (6) into Eq.

(5), the model equation may be expressed as: 

(8)

where, α /αm(T) is a relative conversion that can be

achieved in each isothermal cure temperature. Equation

(8) expresses characteristic behavior of isothermal curing

reaction, where the reaction rate approaches zero as the

degree of cure approaches αm.

If the reaction order is properly determined in accor-

dance with Eqs. (4) and (8), the reaction rate (dα/dt)

should give a linear relation with the conversion-depen-

dent function, which provides the reaction rate coefficients

from the slope of the relation (Nam and Seferis, 1991;

1992). Successively, the activation energy (E) and preex-

ponential factor (A) were determined by plotting the reac-

tion constant as a function of inverse temperature according

to the Arrhenius expression. Figure 3 shows E1, E2, and E3

determined from the isothermal curing experiments. Tak-

ing the activation energies determined in Fig. 4 as a rep-

resentative value of the model prepreg system, all the

kinetic parameters of the model equation can be deter-

mined, and Table 2 shows the obtained values.

Using the model Eqs. (4) and (8) and parameters in

Table 2, Fig. 5 shows the cure rate of the experimental

αm T( ) = b + 
a b–

1
T

T0

------
⎝ ⎠
⎛ ⎞

c

+
⎩ ⎭
⎨ ⎬
⎧ ⎫
---------------------------

Tg∞

dα

dt
------ = k3 1

α

αm T( )
---------------–⎝ ⎠

⎛ ⎞
l

, α αbp≥

Fig. 3. Maximum degree of cure of the ultra-thin glass fiber/sil-

ica bead epoxy prepreg plotted as a function of isothermal tem-

perature.

Fig. 4. Activation energies of the ultra-thin glass fiber/silica bead

epoxy prepreg from isothermal cure experiment.

Table 2. Estimated parameters of the modified kinetic model

using isothermal DSC data.

Kinetic Parameters
Cure Temperature (°C)

180 190 200 210 220

k1 (× 10
−2 min−1) 4.50 6.49 9.58 12.67 17.42

A1 (min) 7.77 × 105

E1 (kJ/mol) 62.71

k2 (× 10
−1 min−1) 9.22 10.00 10.80 11.43 12.73

A2 (min
−1) 41.37

E2 (kJ/mol) 14.33

k3 (× 10
−1 min−1) 1.67 2.04 2.38 3.16 4.04

A3 (min
−1) 8.40 × 103

E3 (kJ/mol) 40.90

m 1.54 1.45 1.34 1.20 1.09

n 2.8 2.8 2.8 2.8 2.8

l 1.71 1.72 1.81 1.86 1.93

αbp 0.358 0.338 0.304 0.319 0.322
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data and the kinetic model as a function of conversion for

several isothermal cure temperatures. As the isothermal

cure temperature decreases, the maximum cure rate appears

at lower conversions, which may be caused from the tran-

sition of chemically-controlled reaction to diffusion-con-

trolled reaction occurring at lower temperatures and/or the

initiation efficiency, which drops more rapidly as the tem-

perature is decreased. As the temperature increases, the

degree of cure increases, due to a delay in vitrification of

the resin. 

Figure 6 shows that the modified kinetic model is in

good agreement with the experimental data, in terms of

the progress of curing reactions and the conversion equi-

librium, which seemingly results from the diffusion-con-

trolled rate of cure reaction. This demonstrates the validity

of the modeling methodology, which is capable of describ-

ing such phenomenological results of cure reactions as

thermally limited to a partial degree of cure in isothermal

conditions. 

The first-step model and kinetic parameters are applied

to describe the dynamic cure of the prepreg using numer-

ical integration. Figure 7 compares the experimental data

and the predicted conversion as a function of temperature

in dynamic-heating conditions. The first-step model shows

good agreement with the experimental data in the first

region (α < 0.3) for each heating rate, and starts to deviate

from the experimental data. The second-step model does

not match well with the dynamic-condition experiments.

The mismatch between the kinetic models and dynamic-

heating experiments is often seen in the model-fitting meth-

ods, and is mainly due to the forced fitting of dynamic-

heating experiments to hypothetical reaction models (Fava,

1968; Ng and Manas-zloczower, 1989; Prime, 1973). As

previously reported, the overlap of the multi-step reactions

and the diffusion-controlled reaction affects the activation

energies, which vary with the conversion of the reaction

(Kim et al., 2016). The modified kinetic models that

assume constant kinetic parameters cannot represent the

overall kinetics, and do not match well after the first

region. 

Despite the limitation of the model-fitting method, the

first-step model matches well with the dynamic-heating

experiments before the overlap of two reactions. This

demonstrates the validity of the first-step model describ-

ing the kinetic behavior of the beginning of the reaction,

both in isothermal and dynamic-heating conditions. During

the fabrication of PCB, the lamination processes requires

resin flow, due to the void issues, and the via hole filling.

The kinetics analysis for the beginning of the reaction,

where the curing reaction proceeds in liquid state, could

apply to determine the process conditions for the lamina-

Fig. 5. The conversion rate of the ultra-thin glass fiber/silica

bead epoxy prepreg plotted as a function of the conversion for

each isothermal cure temperature, comparing experimental data

with the modified models.

Fig. 6. The conversion of the ultra-thin glass fiber/silica bead

epoxy prepreg plotted as a function of time for each isothermal

cure temperature, comparing experimental data with the modi-

fied models.

Fig. 7. The conversion of the ultra-thin glass fiber/silica bead

epoxy prepreg plotted as a function of temperature for each heat-

ing rate, comparing experimental data with the modified models.
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tion processes and to understand chemorheology of the

resin system.

In chemorheology, which includes knowledge of the

variations in viscosity due to chemical reactions and pro-

cessing conditions and characterization of gelation and

vitrification (Halley and Mackay, 1996), the degree of

cure obtained from cure kinetics is a one of key variable

to understand viscoelastic behavior of reacting system.

The effect of temperature and time on the chemoviscosity

could be described in terms of the degree of cure. In gela-

tion, the gel point is also described in terms of the degree

of cure, which is constant for a given thermoset and inde-

pendent of cure temperature. For precise design and con-

trol of the lamination processes, it is considered that

further investigation on the chemoviscosity of the model

system is required.

4. Conclusions

An ultra-thin glass fiber epoxy prepreg with highly

loaded silica beads (ultra-thin glass fiber/silica bead epoxy

prepreg) was investigated as a model system through iso-

thermal/dynamic heating experiments. The curing kinetics

of the model prepreg system exhibited a multi-step reac-

tion, which divided into two regions of reactions: (1)

Autocatalytic reaction, and (2) nth-order reaction with a

limited degree of cure as a function of isothermal curing

temperatures, seemingly caused by the rate-determining

diffusion of polymer chain growth. The two-step kinetic

model was developed to describe a multi-step reaction and

a diffusion-controlled reaction. Incorporating the obtained

maximum degree of cure into the kinetic model develop-

ment, the developed kinetic equations accurately described

the isothermal behavior, but showed a limitation in describ-

ing the overall kinetics of the dynamic-heating conditions.

Nevertheless, the first-step model showed good agreement

with both isothermal and dynamic-heating experiments. It

is considered that the proposed models could be applied to

process optimization, especially for the beginning of the

reaction. 
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