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Characterization and Finite
Element Modeling for Thermoset
Resin of Carbon Fiber Prepregs
During Curing
In this study, an epoxy resin, YZ-05, designed specifically for carbon fiber reinforced
polymer prepregs, was characterized and modeled. A degassing method for the highly
viscous YZ-05 was established for specimen preparation. To numerically model the beha-
vior of YZ-05 in curing, several components, including the heat transfer, curing kinetics,
and viscoelastic constitutive law ones, were developed, and the corresponding material
properties to be input were tested. As YZ-05 shows severe creep at high temperature
under mechanical loading, the combination of digital image correlation (DIC) and thermo-
graphy technique was utilized to obtain its thermal expansion and chemical shrinkage. In
the aspects of viscoelastic behavior, stress relaxation tests were performed based on
time–temperature superposition principle with a numerical method to calculate shift
factors. After development and input identification, these modeling components for YZ-05
resin were integrated and the modeling results were validated using experiments, where
bending of resin beams was induced during curing. [DOI: 10.1115/1.4053731]
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1 Introduction
Thermoset carbon fiber reinforced polymer (CFRP) draws great

attention from both industries and academia due to its high
strength-to-weight ratios, good corrosion resistance, and excellent
geometric conformability [1,2]. For the mass production of CFRP
products, various manufacturing methods, such as resin transfer
molding (RTM), thermoforming, and pultrusion, have been estab-
lished. For thermoset CFRPs, resin curing is an indispensable
step in all manufacturing methods. Because of thermal expansion
and chemical shrinkage, curing usually induces residual stress,
causing unwanted deformation or even crack. To solve this issue
and reduce residual stress, curing parameters and mold geometry
need to be optimized with the assistance of process modeling
[3,4]. However, modeling CFRP curing is challenging, partly
because (1) properties of epoxy resin are temperature and degree
of curing (DOC) dependent and (2) resin is highly viscoelastic
during curing.
In this study, a prepreg-exclusive epoxy resin, YZ-05, was charac-

terized and modeled in the aspects of curing kinetics, thermal prop-
erties, thermal and chemical strain, and viscoelasticity. Figure 1
demonstrates the modeling components involved and their relation-
shipwith each other. Accurate characterization ofmaterial properties
is the foundation of successful numerical modeling. To measure
curing kinetics, the isothermal scan by differential scanning calorim-
eter (DSC) is commonly selected to eliminate the effect of tempera-
ture [5–7]. As for thermal properties, specific heat capacity, thermal
diffusivity, and mass density are usually obtained using the DSC,
flash analysis method [8], and Archimedes’ principle [9], respec-
tively. Then, heat conductivity can be derived from the theoretical
calculation. Thermal expansion and chemical shrinkage are conven-
tionally obtained by the thermomechanical analysis (TMA) [10,11].
However, TMA cannot be easily applied in this study, as uneven sur-
faces of cured samples caused by chemical reaction and mold geom-
etry can be hardly removed by a polish that will generate heat and
change DOC of the samples. The uneven surfaces will lead to non-
uniform deformation in TMA, causing measurement inaccuracy.
Moreover, it has been observed that the curing reaction of YZ-05
resin happens above the glass transition temperature when serious
creep can occur. Therefore, it is impossible to measure the chemical
shrinkage of YZ-05 using the contact technique.
For viscoelasticity characterization, stress relaxation tests using

dynamic mechanical analyzer (DMA) are mostly utilized [12,13].
Obtaining long-term stress relaxation curves using experiments is
time-consuming and labor-intensive. Thus, time–temperature super-
position principle (TTSP) has been established to convert short-term
relaxation tests in a range of temperatures into a long-term relaxation
modulus master curve using shift factors [14–16]. Although TTSP
has been used and validated for various polymers previously, there
is no universal approach to derive shift factors. Several authors pre-
sented automatic algorithms to implement relaxation curve shifting
[17,18]; however, these methods are based on curve fitting that

could introduce error from function selection. Liu et al. [19] devel-
oped a data-driven formula to determine shift factors, but this
formula only works for rheological simple materials.
Apart from characterization, the high viscosity of YZ-05 resin

leads to difficulty in degassing during sample preparation. The
vacuum method [20] is commonly used for degassing resin since
bubbles become less soluble under lower air pressure. To prevent
resin from precuring and even boiling, the resin is usually degassed
at ambient temperature, which, however, cannot work on YZ-05
since bubbles inside would be trapped by the high viscosity of
the resin at ambient temperature. To reduce viscosity and at the
same time avoid precuring and boiling, a temperature stepwise
vacuum method was adopted based on the DSC measurement.
To tackle the issues abovementioned in experimental characteri-

zation, in this study, the fabrication of partially/fully cured resin
samples with the special degassing procedure (Sec. 2) was estab-
lished. Subsequently, curing kinetics was determined using the iso-
thermal scan of DSC, and the obtained kinetic equation is validated
by isothermal scan under different conditions (Sec. 3). Afterward,
thermal properties were experimentally characterized as modeling
input (Sec. 4). Then, based on the technique documented in
Ref. [21], digital image correlation (DIC) combined with the ther-
mography technique was applied to measure thermal expansion
and chemical shrinkage coefficients of the resin under elevated tem-
perature (Sec. 5). Next, a data-driven method was developed to cal-
culate the shift factors to construct the viscoelasticity master curve
(Sec. 6). Finally, the obtained material properties were input to the
resin curing numerical model, which was then validated using
experiments where resin beam samples were cured and deformed
under nonuniform temperature boundary conditions.

2 Material and Sample Preparation
Epoxy resin in this study, YZ-05, is provided by Shandong Jiang-

shan Fiber Technology Co., Ltd. (Dezhou, China). YZ-05 is made
up of bisphenol-A 128/902 mixed with dicyandiamide 100S as a
curing hardener. YZ-05 is a prepreg resin, and for ease of storage,
the fully uncured YZ-05 requires a higher temperature to initiate
curing compared with that of partially cured YZ-05. This curing
temperature feature was utilized in resin sample degassing and
will be further discussed in Sec. 4.2.
When fabricating resin samples, the first critical step is degassing.

YZ-05 resin shows great viscosity at room temperature, making it
impossible to be degassed by vacuum at ambient temperature.
Thanks to the abovementioned high temperature resistance to pre-
curing of fully uncured resin, this issue is tackled by putting
YZ-05 in a vacuum environment under a relatively high tempera-
ture to lower the viscosity and eventually drag bubbles out. The
temperature should be precisely controlled to effectively reduce
resin viscosity while avoiding precuring. Based on the curing
kinetic tests to be elaborated in Sec. 3, the upper limit of the degas-
sing temperature should be 110 °C, below which the curing rate is
negligible. As for the lower limit, experiments using a heat gun and
an infrared (IR) camera indicated that the resin would exhibit good
flowability starting from 80 °C.
Once the degassing temperature rangewas determined, fabrication

of YZ-05 samples started with putting the resin at around 20 °C into
silicone molds made from RTV664-J (Momentive, Tokyo, Japan).
Subsequently, the resin was placed into the vacuum oven at 80 °C
until it can flow. Next, the oven was vacuumed and heated up to
95 °C to burst bubbles. Afterward, the resin was taken out, and the
top surface was swept away to eliminate leftover bubbles. Then,
the resin was heated up to 105 °C to further reduce viscosity, and
the top surface was swept once more to remove any possible new
bubbles. Finally, the resin was cured at 110–150 °C depending on
the targetDOC.After curing, theDOCof the sampleswasdetermined
using the isothermal scan of DSC [22]. During the scan, the tempera-
ture rose from 30 °C to 160 °C at the rate of 80 °C/min first and then
held for 30 min until the samples were completely cured.

Fig. 1 Relationship among different components in curing
modeling
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3 Curing Kinetic Modeling and Testing
3.1 Fundamental Theory of Curing Kinetics. Curing of

thermoset polymer can be precisely captured with the assumption
that curing rate is proportional to heat flow [23–25]

da

dt
= (dH/dt)/ΔHt (1)

where da/dt and dH/dt denote the reaction rate and heat flow,
respectively. ΔHt represents total heat generation in curing,
obtained by the integral of the exothermic peak of the heat flux
curve. The total heat generation was measured from isothermal con-
ditions of 110, 120, 140, and 160 °C and dynamic scanning at 3, 6,
and 10 °C/min using DSC (Q1000, TA Instrument, New Castle,
DE). For isothermal measurements, the temperature initially
ramped at 80 °C/min from 40 °C to the target curing temperatures
of 110, 120, 140, or 160 °C. Then, the temperature was held for
80 min for temperatures of 110 or 120 °C, or 30 min for tempera-
tures of 140 or 160 °C to complete curing. For dynamic scanning,
the temperature was increased from 30 up to 250 °C with a rate
of 3, 6, or 10 °C/min. The results are presented in Table 1. ΔHt is
the largest measured heat generation in experiments, which is 418
J/g from isothermal scan at 160 °C. Then, DOC can be calculated as

a =
ΔH(t)
ΔHt

(2)

whereΔH is the accumulated heat estimated by integrating the DSC
peak up to time t.

3.2 Autocatalytic Model. Experimental results show that the
autocatalytic model can capture curing kinetics of the YZ-05
resin with the highest accuracy. The autocatalytic model can be
expressed as

da

dt
= (k1 + k2α

m)(1 − α)n (3)

where reaction rate constants ki (i= 1, 2) are calculated using the
Arrhenius law

ki = Ai exp −
Ea,i

RT

( )
(i = 1, 2) (4)

where Ai are the pre-exponential factors and Ea,i denote the activa-
tion energy. R is the universal gas constant of 8.31 J/mol · K and T
refers to material temperature. With the initial conditions of α(0)
being 0, k1 can be obtained from Eq. (4) as

k1 =
da

dt
|t=0 (5)

where da/dt|t=0 was measured from the isothermal reaction rate
curves. The determination of kinetic parameters k2, m , and n is

the core of curing kinetic model development, and in this study,
these parameters were determined using the Kenny analytical–
graphical method combined with segmented characterization [26].

3.3 Differential Scanning Calorimeter Characterization. In
this research, the curing kinetics of YZ-05 resin was characterized
under isothermal scanning conditions with temperatures of 110,
120, 140, and 160 °C as described in Sec. 3.1. The sample weight
before DSC testing was 2 mg, same as that in the following valida-
tion tests and residual heat measurement. Argon was used as a pro-
tective gas in all DSC measurements. Experiments under each test
condition were repeated three times to calculate the average results.
The characterized autocatalytic model is established as follows:

dα

dt
= (k1 + k2α

m) (1 − α)n, α ∈ (0, 0.5]

dα

dt
= (k3α

m) (1 − α)n, α ∈ (0.5, 1]

⎧⎪⎨
⎪⎩ (6)

It should be noted that k1 is canceled out from the model when α
ranges from 0.5 to 1, as k1 implies the effect of the initial point,
which is not contained in the second segmentation. After DSC mea-
surement, the values of the parameters in Eq. (4) for ki and exponen-
tials m and n in Eq. (6) were determined through iteration and the
results are listed in Table 2. Figure 2 shows the curing kinetic
curves between the characterized model and experimental
measurement.

3.4 Validation of Autocatalytic Model. Once the curing
kinetic model and its input parameters were determined, the
model was validated by DSC isothermal scanning at 150 °C with

Table 1 Total heat generation for different DSC measurements

DSC measurements

Isothermal scanning Dynamic scanning

110 °C 120 °C 140 °C 160 °C 3 °C/min 6 °C/min 10 °C/min

Heat generation (J/g) 343 382 391 418 410 408 403

Table 2 Curing kinetic parameters of the YZ-05 resin

Parameter Value (kJ/mol) Parameter Value (s−1) Parameter Value

Ea,1 125.4 A1 2.94 × 1012 m (α≤ 0.5) −0.008*T+ 1.8239
Ea,2 62.7 A2 1.61 × 106 (α> 0.5) −0.024*T+ 3.0123

n (α≤ 0.5) 0.0122*T+ 0.5119
Ea,3 35.6 A3 1.10 × 102 (α> 0.5) 0.9

Fig. 2 Autocatalytic model fitting with experimental data
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the same procedure as that of 140 and 160 °C. The comparison is
shown in Fig. 3, where the time starts from the onset of curing reac-
tion instead of the real measurement for better illustration. It can be
observed that under this condition, the prediction error of the model
is only 0.1%.

4 Heat Transfer Modeling and Testing
The temperature distribution within the material domain is crucial

in modeling residual stress during curing as resin properties are tem-
perature dependent. In this study, transient temperature variation
within the resin during curing is modeled by the three-dimensional

(3D) isotropic Fourier’s law as

ρC
∂T
∂t

=
∂
∂xi

k
∂T
∂xi

( )
+ ϕ̇ (7)

where ρ, C, and T represent the mass density, specific heat capacity,
and temperature of the YZ-05 resin, respectively. k is the heat con-
duction coefficient of the resin, and xi represents 3D spatial coordi-
nates. ϕ̇ is the internal heat source induced by chemical reaction,
and it is denoted by

ϕ̇ = ρΔHt
dα

dt
(8)

Since ΔHt and dα/dt have been determined in Sec. 3.3 during the
characterization of curing kinetics, the remaining parameters to be
identified are ρ, C, and k.

4.1 Mass Density. The mass density was measured following
ASTM D792 [27]. Samples with different curing states were tested
and presented in Table 3. As no obvious tendency of density varia-
tion is observed when the curing state changes, the resin is assumed
to have a constant average density of 1.214 g/cm3 during curing.

4.2 Specific Heat Capacity. The DSC was applied to charac-
terize the specific heat capacity of the YZ-05 resin in accordance
with ASTM E1269-11 [28]. Resin with an average weight of 2 mg
and different DOCs of 0, 0.28, 0.41, 0.74, and 1 were tested to inves-
tigate the relationship between DOC and specific heat capacity. All
tests were conducted from 20 °C to 150 °C at the rate of 10 °C/min
to cover the real curing temperature range. Testing on each DOC
group was repeated three times, and the average results are shown
in Fig. 4(a). The result of samples with 0.74 DOC is taken as an
example to demonstrate specific heat capacity variation under ele-
vated temperature, as shown in Fig. 4(b).
Curing reaction starts from the peak of specific heat capacity

curve as shown in Fig. 4(b), which will be elaborated on later in
this paragraph. As observed from Fig. 4(a), the temperature corre-
sponding to the peak of specific heat capacity curve for YZ-05
resin with 0 DOC is around 112 °C, significantly higher than
those of partially cured samples, indicating that the uncured
YZ-05 resin requires the higher initial temperature to start curing,
although once curing has been initialized, the onset temperature
of curing displays positive relation with DOC as normal resins do
[21,29,30]. The reason for this high temperature resistance of
YZ-05 with 0 DOC is that this resin is designed specifically as a
prepreg matrix, and for ease of storage, stabilizer constituents
have been added to prevent it from precuring at low temperature.

Fig. 3 Model validation with the DSC experiment using isother-
mal scanning at 150 °C

Table 3 Densitymeasurement for the resin with different curing
states

Sample number
Curing temperature

(°C) Curing time (min)
Density
(g/cm3)

1 110 15 1.2071
2 110 25 1.2188
3 110 30 1.2143
4 110 35 1.2159
5 110 40 1.2120

Fig. 4 Average specific heat capacity for samples with (a) different DOCs and (b) the DOC of 0.74 as a representative under
elevated temperatures
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However, after curing initialization, these stabilizer constituents
will decompose, making curing happen at a lower temperature.
Figure 4(b) shows that specific heat capacity grows mildly as tem-
perature increases until the glass–rubber transition (Tg) zone, where
the specific heat capacity curve turns to a sharp increase. Afterward,
the heat-releasing curing begins, so the heat absorption changes to
heat-releasing until the end of the measurement. Since curing
mainly happens above Tg, specific heat capacity should be calcu-
lated using data measured below this temperature point. Following
this criterion, the average specific heat capacity of samples with
various DOCs was obtained and is demonstrated in Fig. 5. As no
obvious trend can be observed when the testing deviation is consid-
ered, it is assumed that the YZ-05 resin has DOC-independent spe-
cific heat capacity of 1.564 J/(g ·◦C).

4.3 Thermal Conductivity. Thermal conductivity is the
product of mass density, specific heat capacity, and thermal diffusiv-
ity, the former two of which have been measured in Secs. 4.1 and
4.2. Thermal diffusivity was determined using Light Flash Apparatus
(LFA 467, NETZSH) following ASTM E1461-13 [31]. The dimen-
sion of the specimens was ø12.7 × 1 mm. Samples with DOCs of
0.63, 0.74, 0.88, and 1 were measured from 30 °C to Tg, because
glass transition would not only change specimenDOC but also signif-
icantly affect heat transfer due to enthalpy change. The measurement
was conductedwith a laser pulsewidth of 300 μs andvoltage of 250 V,
and nitrogen as protective gas. Experiments for eachDOCgroupwere
repeated three times, and the results are shown in Fig. 6.
Although thermal diffusivity shows variation when sample DOC

or temperature changes, the variation does not exceed the maximum
testing deviation. Therefore, for modeling convenience, thermal dif-
fusivity was considered as DOC- and temperature-independent,
with the average value of 0.139 mm2/s. Then, the thermal conduc-
tivity of YZ-05 resin was calculated as 0.264 W/(m ·◦C).

5 Viscoelastic Modeling and Testing
The viscoelastic constitutive equation for resin relaxation can be

expressed as [32,33]

σi = C∞
ij ε

eff
j (t) +

∑N
m=1

Cij,mq j,m(t), i, j = 1 to 6 (9)

where

q j,m(t) = exp −
Δξt
τm(αt)

( )
q j,m(t − Δt) +

1 − exp −
Δξt
τm(αt)

( )

Δξt/τm(αt)
Δεeffj (t)

(10)

where Δξt =
	t
t−Δt(1/aT (α, T))ds, and aT(α, T ) is the shift factor. τm

represents discrete relaxation time. Subscript t indicates that the
quantity is in current time t.Δεeffj (t) is the increment in current time-
step Δt of the effective strain, which is defined as

εeffj = εj − CTEj · ΔT − ηj · Δα (11)

where ɛj is the total strain; CTEj and ηj are thermal expansion coef-
ficients (CTE) and chemical shrinkage coefficients (CSC),
respectively.
In this study, CTE and CSC of the YZ-05 resin were character-

ized using DIC coupled with an IR camera. C∞
ij , Cij,m, τm, and aT,

on the other hand, were measured with stress relaxation experiments
on DMA 850 (TA Instruments).

5.1 Function Between Glass Transition Temperature and
Degree of Curing. Prior to the identification of material properties
in Eqs. (9)–(11), sample DOC needs to be measured as the mechan-
ical performance of resin will be significantly influenced by its cross-
linking status. However, the DOC of partially cured samples used in
CTE and CSC measurement, as well as the subsequent verification
experiments, can hardly be determined byDSCbecause (1)DOCdis-
tribution within large samples is not uniform due to heat transfer and
exothermic reaction during fabrication, so taking a crushed part out
of a large sample for DSC measurement cannot represent the
whole piece, and (2) samples in these experiments must remain
intact, so they cannot be tested byDSCbeforehand.As an alternative,
the average DOC of samples in viscoelasticity characterization and
verification will be indirectly measured using Tg.
The relationship between Tg and DOC of the YZ-05 resin was

identified by DMA 7e (Perkin Elmer, Waltham, MA) following
ASTM D7028-07 [34]. During tests, the three-point bending
mode was adopted and the sample dimension was 5 × 25 × 1 mm
(width × length × thickness). The length of samples was larger
than the 20 mm width of the sample holder, and the excessive
part was cut off for DSC measurement to determine sample DOC.
Due to a small thickness, curing was regarded as uniform across
the sample. A 1-Hz cycled loading was added to the beam
samples under a heating rate of 5 °C/min from 25 °C to 150 °C,
and the temperature at the peak of the loss modulus is Tg. Tests
for each DOC group were repeated three times.
The average Tg of the YZ-05 resin with various DOCs is shown

in Fig. 7. Using the second-order polynomial regression, the

Fig. 6 Thermal diffusivity of resin with different DOCs under ele-
vated temperatures

Fig. 5 Average specific heat capacity versus different DOCs

Fig. 7 Tg of the YZ-05 resin with various DOCs
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relationship between Tg and DOC can be expressed as

Tg(α) = 19.46 − 25.73α + 158.14α2 (12)

This function is also shown in Fig. 7 for comparison. It should be
noted that Eq. (12) was derived using samples with DOC over 0.40,
as samples with less than 0.40 DOC behave more like a fluid than
solid and can only store negligible residual stress.

5.2 Thermal Expansion and Chemical Shrinkage
Coefficients. CTE and CSC of polymer are commonly measured
using TMA [10,11]. However, this method does not work for the
YZ-05 resin. First, the curing reaction of YZ-05 would be initialized
only after phase transition when severe creep would happen, so
chemical shrinkage cannot be distinguished from the creep in the
contact mode measurement. Second, the geometry quality of the
samples imposes a significant impact on TMA accuracy. In prepa-
ration of partially cured samples, only limited polishing could be
applied to avoid excessive heat generation that can cause further

curing. This might lead to uneven and unparallel top and bottom
sample surfaces, resulting in nonuniform pressure and displacement
at the sample–TMA interface. These uncontrollable variables in
partially cured samples make a measurement using TMA difficult.
As a solution, in this study, a noncontact method combining DIC
and thermography technology was developed based on the work
in Ref. [21] to measure CTE and CSC of the YZ-05 resin samples.
The setup of the system for noncontact measurement is shown in

Fig. 8(a), and it consists of a 12MP camera equipped with a 28-mm
lens (Schneider), a heat plate (Germay Heater) connected with a
temperature controller, and an IR camera (FLIR) to record tempera-
ture on the top surface of the sample during curing. The software
VIC-2D (Correlation Solutions, Irmo, SC) was used to calculate the
planar strain of the sample. The sample was stamped with a
speckle pattern after its top surface was sprayed with acrylic resin
paint for DIC tracking, as shown in Fig. 8(b). Temperature measure-
ment using thermography technique depends on the surface emis-
sivity of the sample, and the acrylic paint has an emissivity
coefficient of 0.94. The digital camera was placed orthogonal to
the sample for accurate in-plane deformation recording, and its
height was adjusted until the full speckle pattern on the sample
was captured in the field of view. The heat plate was sprayed
with demoulding agent to reduce friction and adhesion at the
resin–plate interface. The sample with a size of ϕ 46mm×1mm
was prepared with different DOCs following the procedures in
Sec. 2. The temperature started from 25 °C to 150 °C at the rate
of 10 °C/min and followed by temperature dwelling for 30 min
until the curing completed.
For data analysis after measurement, the top surface of the sample

was selected as the region of interest (ROI). In Fig. 9(a), y-axis
represents the temperature difference along pixels of ROI at the
same horizontal position. It can be observed that the maximum tem-
perature variation is less than 2.5 °C when the average temperature
of ROI is 137.5 °C. Therefore, the temperature distribution can be

Fig. 8 (a) Thermal expansion and chemical shrinkage measure-
ment setup and (b) speckle pattern on the sample

Fig. 9 (a) Tempreature variation on the sample surface along the horizontal line marked by
the dash line and (b) thermal strain distribution on the YZ-05 sample in the heating step at
92 °C captured by the DIC

Fig. 10 (a) Temperature history and strain growth of one sample during the test and (b) Tg
determined from the temperature curve
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considered uniform. Although not affecting the measurement of
resin temperature, it should be noted that the emissivity of alumi-
num deviates significantly from that of the white acrylic paint, so
the temperature read of the heat plate is inaccurate. One example
of the thermal strain distribution at 92 °C captured by DIC is
shown in Fig. 9(b). Since polymer resin is isotropic in CTE and
CSC, the average strain value from DIC will be utilized for the sub-
sequent analysis.
Figure 10(a) demonstrates the temperature history captured by

the IR camera and the true strain development induced by thermal
expansion and chemical shrinkage. Variation in the slope of the
temperature curve indicates glass transition that causes an increase
in specific heat capacity. The glass transition temperature is
obtained by the intersection of extrapolation of the slopes of pre-
and post-transition regions according to ASTM E1545-11 [35], as
shown in Fig. 10(b). It was noticed from experiments that the differ-
ence in Tg measured by DMA and the rheological method is within
5% for the YZ-05 resin. After Tg is determined, the DOC of the
sample can be derived using Eq. (12). CTE is obtained by the
linear regression of the strain–temperature curve in Fig. 10(b)
prior to Tg to avoid possible DOC variation, as well as material soft-
ening and residual stress accumulation, which will be elaborated in
Sec. 5.3.
Measured CTEs of the resin with different DOCs are shown in

Fig. 11. It can be observed that CTE decreases linearly as DOC
increases, which has also been observed for other epoxy resins
[21,36]. The regression line for CTE and DOC is

CTE = −3.58 × 10−5α + 1.11 × 10−4 (13)

During the experiment, the DOC of the samples is difficult to be
measured directly. Therefore, to correlate chemical shrinkage with
DOC and obtain CSC, DOC evolution in the experiment was com-
puted using the developed curing kinetic equations, i.e., Eq. (6),
with the temperature captured by the IR camera. To eliminate the

effect of thermal expansion, only shrinkage in the temperature
dwelling step was taken for CSC characterization. The relationship
between chemical shrinkage and DOC for different samples is
shown in Fig. 12. It can be found that chemical shrinkage has a
strong linear relationship with DOC, and the average value of the
measured CSC is 0.02115, which will be input to the final numerical
model for resin curing prediction.
The negative correlation between CTE and DOC combined with

the fact that CTE grows larger after Tg explains why chemical
shrinkage can hardly be observed in density measurement docu-
mented in Sec. 4.1. The samples underwent the curing cycle in
material preparation, where DOC in the heating step is smaller
than that in the cooling step. From Eq. (13), this DOC difference
results in higher thermal expansion in heating than contraction in
cooling. Moreover, this expansion-larger-than-shrinkage phenome-
non was more obvious after Tg, possibly counteracting the sample
volume reduction caused by chemical shrinkage.

5.3 Stress Relaxation Tests. Resin samples with the DOC of
0.41,0.50, 0.65, 0.74, 0.89, and 1 were prepared in the same dimen-
sion as that of samples in Sec. 5.1 for stress relaxation tests. Tensile
load type and stress relaxation mode of DMA 850 were chosen to
measure the relationship between elastic modulus and time under
various temperatures. In the beginning, the sample was soaked for
3 min at the testing temperature and then deformed for 10–15 min
depending on the curing states. Afterward, the sample was recov-
ered for 3 min prior to temperature rise to the next step. The tem-
perature increase step was set as 5 °C for samples with a lower
DOC of 0.41–0.74, and 10 °C for samples with a higher DOC.
These procedures were repeated from 30 °C to corresponding Tg

Fig. 11 CTE versus DOC of the YZ-05 resin

Fig. 12 Determination of the CSC of different samples Fig. 13 Rawdataof theDMAtest foronesamplewith theDOCof1

Journal of Manufacturing Science and Engineering AUGUST 2022, Vol. 144 / 081007-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/m

anufacturingscience/article-pdf/144/8/081007/6846352/m
anu_144_8_081007.pdf by Southern U

niversity of Science & Technology user on 18 April 2022



to prevent curing initiation. It should be noted that samples with the
DOC of 0.74 were used for validation, while the other samples were
for characterization.
Stress relaxation data captured by DMA 850 for one sample with

the DOC of 1 are shown in Fig. 13 as an example. The testing time
will be converted to logarithmic form with the base of 10 for data
shift and master curve construction using TTSP. Tg of fully cured
samples is 146 °C, as shown in Fig. 13. Elastic modulus, E, of
the fully cured samples at 150 °C decreases to nearly zero in
Fig. 13, meaning that the resin becomes fully soft above Tg. This
phenomenon applies to partially cured samples as well, which
helps explain why thermal expansion and chemical shrinkage of
the resin cannot be measured accurately using TMA above Tg.
In TTSP, to move relaxation modulus curves of different tem-

peratures to corresponding positions, researchers have come up
with different strategies. Buttlar et al. [17] determined shift
factors by minimizing the horizontal distance of the overlapping
portions between two adjacent curves. Naya et al. [18] proposed
to shift the curves based on their first derivatives. However, these
numerical methods involve regression, introducing uncertainty
caused by the selection of functions. As an improvement, Liu
et al. [19] presented a calculation formula of the shift factor based
on experimental data. However, this formula can only work for
rheological simple material. In this study, the shift factors were cal-
culated by minimizing the overlapping area encompassed by two
adjacent relaxation curves using experimental data only. The sche-
matic of the shifting process is provided in Fig. 14. Two example
curves, a and b, represent relaxation modulus curves at lower and
higher temperatures, respectively. The range of the shift factors is
defined as the distance between the point where b joins a and the
point where b leaves a. Curve b was moved along the shift factor
range in ns equally spaced steps, and the overlap area, shown in
Fig. 14, was calculated using discrete integration for each step.
As a result, the smallest area can be located, denoted as nsp0.
Then, the subrange from nsp0− 1 to nsp0+ 1 was discretized into
ns1 equal steps and procedures above were repeated to pinpoint
the minimum overlap area.
To fit the master curve, the Prony series model has been widely

adopted because it can capture the relaxation behavior of epoxy
resin on long-timescale [30,37]. To investigate the curing state
effect on the terms in the Prony series, different reference times
for varying curing states are usually required so that the master
curve could be aligned for comparison [37]. In this study,
however, the initial relaxation time τ0 remains constant at 10−0.9 s
for various curing states, so it was taken as the fixed reference
time. Then, discrete relaxation time in Eq. (10) could be expressed
using initial relaxation time for each DOC as

τm(α) = τ0 · q(a) · 10m (14)

where m ranges from 1 to 50, and q(a) is one coefficient to be fitted
as a function of DOC α. A challenge to use the Prony series is that a

large number of coefficients need to be utilized, consuming compu-
tation resources in numerical analysis and increasing the difficulty
in regression [38]. To tackle this issue, in this study, the number
of terms in the Prony series was reduced based on experimental
observation. Terms in the Prony series whose discrete relaxation
time deviates further from peak relaxation time contribute less to
the master curve. Therefore, the closer the terms are to the peak
relaxation time of 102 s, the denser the terms of discrete relaxation
time were set. After adjustment, it was determined that m should
take the values of 0–11, 13, 15, 18, 22, 26, 30, 35, 40, 45, and 50.
Preliminary regression showed that for the YZ-05 resin, discrete

relaxation modulus becomes constant when the exponential of dis-
crete relaxation time is over 15. Therefore, elastic modulus for stress
relaxation in the Prony series model is written as

E(ξ) = p16(α) +
∑N1

m=0

pm+1(α) exp −
ξ

p15(α) · 10m
( )

+ p13(α) exp −
ξ

p15(α) · 1013
( )

+ p14(α)
∑N2

m=15

exp −
ξ

p15(α) · 10m
( )

(15)

where N1 takes the values of 0–11, and N2 takes the values of 15, 18,
22, 26, 30, 35, 40, 45, and 50. It should be noted that p15(α) is the
q(α) in Eq. (14). To minimize the effect of local optimization, a
genetic algorithm (GA) in MATLAB was chosen to determine all
p1∼16(α), and the seed population was set to be 500. Constraints
on p1∼16(α) include (1) the discrete relaxation moduli, p1∼12 and
p14, should always be non-negative and (2) when ξ exceeds the
full relaxation time, the corresponding discrete relaxation terms
will vanish. Tg is assumed to share the same mechanism with that
of stress relaxation [30], so the exponential of full relaxation time
for the resin when DOC changes can be constrained using the nor-
malized Eq. (12) as

τ(α) = Tg(α)/Tg(1) · τmax(1) = 6.15 − 8.135α + 49.98α2 (16)

Fig. 14 In this specific shifting operation, ns=8, nsp0=4, and ns1=4

Table 4 Linear regression term values for the suitable Prony
series

p k b p k b

1 −283.20 512.90 9 0 153.99
2 −278.77 487.59 10 167.85 −6.53
3 −265.90 555.09 13 484.53 −161.85
4 −450.81 823.08 14 −289.08 368.71
5 −236.81 472.78 15 0 1.50
6 −199.73 356.54 16 236.11 −98.01
7 −195.74 278.77 — — —
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where τmax is the order of magnitude of full relaxation time and
τmax(1) is 48. Based on trends of the measured data, Prony series
coefficients p1∼16(α) as functions of DOC α were determined
using the linear regression for terms 1–7, 9–10, and 13–16, and
the second-order polynomial regression for the other terms. The
obtained linear functions are listed in Table 4, where E= kα+ b,
and the polynomial functions are presented in Table 5, where
E = Aα2+Bα+C.
The obtained master curves and the experiment results for the

YZ-05 resin with various DOCs are shown in Fig. 15 for compari-
son. It can be observed that the developed regression method is
capable of capturing resin viscoelasticity during curing.
The shift factors to construct master curves for the YZ-05 resin

with different DOCs are shown in Fig. 16. It can be observed that
the shift factors decrease linearly as the temperature becomes
higher. In addition, the slope of the shift factor shows that the tem-
perature function decreases as DOC increases. Therefore, the rela-
tionship among shift factors, temperature, and DOC can be
described using a second-order polynomial function

log(aT(α, T)) = (0.296α2 + 0.775α − 0.922) × (T − Tr) (17)

where Tr= 30 °C.
To construct the relaxation stiffness matrix of the resin, Poisson’s

ratio ν also needs to be identified. To this end, uniaxial tension tests
were performed on resin samples with DOC ranging from 0.88 to 1
following ASTM D638 [39], and the deformation was captured by
the DIC system. The measured Poisson’s ratios with different DOCs
are presented in Table 6. It has been found that the variation of Pois-
son’s ratio during curing has a negligible impact on residual stress
accumulation [30,37,40]. Therefore, in this study, Poisson’s ratio of
the YZ-05 resin is regarded as constant 0.4 during curing for mod-
eling convenience.

6 Experimental Validation
Experiments were conducted to validate the established numeri-

cal model in the aspect of deformation during resin curing. Input
material properties to the model were characterized as mentioned
from Secs. 3 to 5. Resin with DOC lower than the gel point
changes to viscous liquid during curing, and the residual stress
accumulated under this condition is negligible. Therefore, the

experiments were for partially cured samples with DOC over the
gel point. Considering the relaxation behavior of the resin in differ-
ent curing states, the initial DOC of the samples should be not lower
than 0.5. The actual initial DOC of each sample was determined
using Eq. (12), and Tg was identified from the strain–temperature
curve measured using the DIC and IR camera, as mentioned in
Sec. 5.2.
The initial dimension of the samples is shown in Fig. 17. The

length and width were controlled by the mold. However, the top
surface of the samples cannot be completely flat due to resin
flow. As samples were partially cured, the complete polish cannot
be applied, either. Therefore, to accurately capture the sample
geometry, the thickness was measured every 1 cm along the
length direction, as shown in Fig. 17 in the dots.

6.1 Experiment Setup. As shown in Fig. 18, the experiment
setup consists of an IR camera to record sample temperature, a
heat plate, a heat dissipator to cool down the sample, and a DIC
system equipped with a 50 mm lens to capture the deformation of
the sample. VIC-3D software (Correlation Solutions) was used to
post-process the DIC images to measure the vertical deflection of
the whole sample.

Fig. 16 Shift factors for the resin with various DOCs

Table 6 Poisson’s ratios from tensile tests for resin samples
with different DOCs

DOC υ

0.88 0.372± 0.0058
0.92 0.40± 0.0312
1 0.40± 0.020

Table 5 Polynomial regression term values for the suitable
Prony series

p A B C

8 −1025.18 1490.66 −335.48
11 −723.23 979.60 −207.30
12 −728.39 977.60 −202.30

Fig. 15 Shifted stress relaxation data from experiments and master curves from regression
for the resin with DOCs of (a) 0.41, 0.5, and 0.65; (b) 0.74, 0.89, and 1
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6.2 Curing Procedures. At the beginning of curing, one
sample with a speckle pattern was placed on the heat plate. Then,
the temperature of the heat plate ramped from 25 °C to 160 °C in
15 min. Subsequently, the temperature holds for 30 min to fully
cure the sample. Finally, the sample was cooled down by the heat
dissipator to 25 °C in 4.5 min.

6.3 Simulation Configuration. Curing of the resin sample
was simulated using the coupled temperature and the displacement
analysis provided by the Abaqus Standard solver. The automatic
time increment was used with a minimal increment of 0.01 s and
a maximum at 20 s. The curing kinetic model described in Eq. (6)
and the viscoelastic constitutive law described in Eqs. (9)–(10)
and (15)–(17) were realized using the user subroutine UMAT. A
user subroutine UEXPAN was utilized to capture DOC- and
temperature-dependent thermal strain and chemical shrinkage fol-
lowing Eq. (11). Heat generation induced by curing reaction, as
described in Eq. (8), was modeled using the user subroutine
HETVAL. Heat loss due to heat convection with and radiation to

the environment was considered using the user subroutine
DFLUX. The measured density, specific heat capacity, thermal con-
ductivity, and Poisson’s ratio in Secs. 4 and 5.3 were input into
Abaqus as essential material properties. To accurately model the
sample geometry, thickness measured at different positions was uti-
lized to create the top surface points, which were then connected by
a spline curve. Afterward, the samples geometry model was discre-
tized using 7250 C3D8T elements, as shown in Fig. 19.
To avoid the complex heat transfer modeling at the interface

between the sample and the heat plate, the temperature boundary
condition was applied directly to the bottom surface of the
sample. The nonuniform temperature field of the sample was
recorded by the IR camera, as shown in Fig. 20(a). As the IR
camera could not see the whole bottom surface, the temperature
on the bottom line of the side surface was measured, and it was
assumed that temperature was constant along the sample width
due to its relatively small size. In the curing cycle, because of the
exothermic reaction, along the sample length direction, the tempera-
ture in the central area was higher than that of the side ones. To
capture this phenomenon, the bottom line was divided into three
segments with equal length, as shown in Fig. 20(a). Average tem-
perature profiles of the side and middle segments of one sample
during the experiment are shown in Fig. 20(b) as an example. It
can be observed that the temperature in the middle is higher than
that on the side during most of the curing time.
To apply the nonuniform temperature distribution boundary con-

dition in simulation, the modeled bottom surface was divided into
three corresponding sets, as shown in Fig. 21. The average tempera-
ture profiles of both side and middle segments measured in experi-
ments were input directly to the side and middle sets. The two ends
of the modeled bottom surface were constrained to move only in the
x–z plane. The symmetry condition about the y–z plane was applied
to the middle of the sample to avoid possible translational move-
ment. In addition, the top surface of the real sample was subjected
to heat dissipation to ambience through convection and radiation.
To capture this heat loss, the surface heat flux was applied to the
modeled top surface. The radiation was counted as a part of convec-
tion, and the heat convection coefficient was optimized to be
9.5 W/(m2 ·◦C), so that the top temperature could be closed to
the measured value. A discrete rigid plane shown in Fig. 19 was
fixed and placed underneath the sample to simulate the heat plate
in experiments.

Fig. 17 Initial dimensions of the resin samples for validation
experiments and the dots represent thickness measurement
points

Fig. 18 Setup for validation experiments

Fig. 19 Mesh of the finite element model for the validation test

Fig. 20 (a) Temperature distribution of one sample in the temperature dwelling step during
the validation experiment; temperature of the bottom surface was measured along the dash
line and (b) average temperature profiles of the side and middle segments
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6.4 Result Comparison. The downward bending of samples
appeared in both experiment and simulation after one curing
cycle, which is primarily due to different cooling rates on bottom
and top surfaces of the samples, and stress relaxation of the resin.
Three samples have been tested. For demonstration, Figs. 22(a)
and 22(b) show post-curing deflection on the top surface of one
sample predicted by the numerical model and measured by the
DIC, respectively. It can be observed that the deflection contour
from the simulation and experiment exhibits good consistency.
The high temperature gradient and its result of nonuniform DOC

distribution within the sample were designed intentionally to intro-
duce significant curing-induced deformation for clearer measure-
ment and validation. Although the fast heating at around 9 °C
will lead to high temperature gradient and nonuniform DOC distri-
bution, it does not affect the validation of the developed models as
DOC evolution within the sample could be precisely captured in the
simulation using the established curing kinetic and heat transfer
models.
The maximum deflection on the top surface of the sample from

experimental DIC measurement and simulation is listed in Table 7
for comparison. The established resin curingmodel is capable of cap-
turing post-curing deflectionwith less than 7%average error,making
it suitable for industry application or to serve as a foundation formore
complicated CFRP composite resin curing modeling. In the fabrica-
tion of partially cured samples, especially the ones with large thick-
ness, it is difficult to achieve perfectly uniform curing status
throughout the samples due to exothermic reaction and thermal gra-
dient as mentioned in Sec. 5.1. However, it is extremely difficult to
acquire actual DOC distribution within the entire samples, because
the DSC measurement of DOC requires the tested materials to be
smashed. Therefore, for each sample, only average DOC could
be obtained and was input to simulation, possibly introducing
some errors in prediction results.

7 Conclusion
In this study, a numerical model was developed to simulate

the curing process of the YZ-05 prepreg thermoset resin. Essential
properties to be input to the model were experimentally character-
ized. Due to the high viscosity of the YZ-05 resin, a special degas-
sing method was introduced utilizing vacuum and high
temperatures based on DSC results. Curing kinetics described
using the autocatalytic model was determined with the isothermal
scan of the DSC. Thermal properties, including mass density, spe-
cific heat capacity, and thermal conductivity, of resin samples with
various DOCs were identified following ASTM standards. The
combination of DIC and thermography techniques was applied
for CTE and CSC measurement to avoid significant resin creep
observed in the conventional contact measuring method. Afterward,
the viscoelastic constitutive law of the resin in different curing states
was characterized using the DMA, and a numerical method was
used to determine the shift factors.
The developed numerical model, with the characterized proper-

ties, was implemented in Abaqus Standard to predict the vertical
deflection of beam-shaped resin samples. The comparison of the
simulation results with the experimental ones shows that the numer-
ical model is capable of predicting curing-induced deformation of
the YZ-05 resin with less than 7% error. Therefore, the model
can be applied to predict and analyze the curing of more complex
composite materials and structures with the same resin matrix in
the future.
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Fig. 21 Boundary conditions applied to the sample in simulation
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Table 7 Comparison of deflection and DOC between experiments and simulation

Sample
number

Thickness
(mm)

Initial
DOC

Final DOC in
experiments

Final DOC in
simulation

Measured deflection
(mm)

Predicted deflection
(mm)

Error
(%)

1 2.97± 0.17 0.65 1.00 0.97 0.640 0.665 3.8
2 2.71± 0.12 0.75 0.98 0.95 0.370 0.415 10.8
3 2.84± 0.25 0.77 1.00 0.96 0.504 0.474 6.3

Note: The final DOCs from both experiments and simulation were measured at the sample corners.
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