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A B S T R A C T   

Due to the incapability of one-dimensional (1D) and two-dimensional (2D) models in simulating the frontal 
polymerization (FP) process in laminated composites with multiple fiber angles (e.g., cross-ply, angle-ply), 
modeling a three-dimensional (3D) domain, which is more representative of practical applications, provides 
critical guidance in the control and optimization of the FP process. In this paper, subroutines are developed to 
achieve the 3D modeling of FP in unidirectional and cross-ply carbon fiber laminates with finite element analysis, 
which are validated against the experimental data. The 3D model is employed to study the effect of triggering 
direction in relevance to the fiber direction on the FP process, which cannot be studied using traditional 1D/2D 
models. Our findings suggest that triggering in the fiber direction leads to a higher front velocity, in comparison 
to cases where front was triggered in the direction perpendicular to the fiber. Moreover, the average front ve
locity in cross-ply laminates is on average 20–25% lower than that in unidirectional laminates. When triggered 
using two opposite fronts in the in-plane direction, the maximum temperature of the thermal spike in the cross- 
ply laminate, when two fronts merge, is about 100 ◦C lower than that in the unidirectional laminate. In cross-ply 
laminates, a sloped pattern forms across the thickness direction as the front propagates in the in-plane direction, 
as opposed to the traditionally observed uniform propagation pattern in unidirectional cases. Furthermore, the 
effect of thermal conductivity is studied using two additional composite laminates with glass (1.14 W/m⋅K) and 
Kevlar fibers (0.04 W/m⋅K). It is shown that the frontal velocity, degree of cure, and the thermal spike tem
perature decrease as the thermal conductivity reduces.   

1. Introduction 

The manufacturing methods of thermoset-based fiber reinforced 
composites considering the cost, the ease, and the time-consuming is
sues, have a significant impact on industries and economy, due to their 
extensive potential to be employed in different structural applications. 
The manufacturing process for thermoset-based composites relies on the 
polymerization process, which typically leads to a prolonged heating 
cycle, significant energy consumption, and environmental damage, with 
the costs escalating exponentially with the size of the structure [1–5]. 
Frontal polymerization (FP), an emergent alternative among various 
manufacturing methods (e.g., reactive extrusion [6,7], microwave 
curing [8], ultraviolet (UV) photocuring [9–11], vacuum assisted resin 
transfer molding (VARTM) [12,13], thermal press curing [14], hand 

laying-up [15]), employs a self-propagating exothermic reaction zone, 
named “the curing front”, which converts a monomer into a polymer, 
providing a rapid and more energy-efficient method of manufacturing 
thermoset-based composite structures [16,17]. This manufacturing 
method features a self-sustained process, since the generated heat 
propagates forward and drives the curing front through the entire 
monomer [16,18]. Several polymeric materials, including thermoset 
monomers, functionally graded polymers, hydrogels, nanocomposites 
have been synthesized using FP [19–28]. Among these materials, the FP 
of dicyclopentadiene (DCPD) resin presents high energy density, high 
reactivity, and low viscosity [29,30]. Moreover, due to its high fracture 
toughness, impact resistance, stiffness, and chemical resistance [29], the 
DCPD is a thermoset polymer appropriate for the manufacturing of 
durable resin and fiber reinforced plastic composites. As a result, the 
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fabrication of composites with DCPD resin would be a point of interest to 
benefit from its appropriate material properties. 

The demand for carbon fiber reinforced polymer (CFRP) matrix 
composites is nowadays integral to aerospace, civil infrastructure, ma
rine, automotive, and the transportation sector, due to the light 
weighting and extraordinary mechanical properties, including high 
specific strength and stiffness, excellent energy absorbing properties. 
The main factors for manufacturing these composites using the FP 
method are the rate of the polymerization and cure front velocity, which 
have an impact on the amount of the matrix penetration into the carbon 
fiber and mechanical properties of the final product [31–34]. Due to its 
high rate of the polymerization, the FP is particularly intriguing and has 
the potential to enable rapid production of massive structural compo
nents [35]. Thus, fabricating CFRP consisting of a compatible 
thermoset-based resin, such as DCPD and epoxy resin, via the FP method 
is a promising technique to achieve proper material properties alongside 
with reducing overall costs associated to the manufacturing process. 
Tran et al. [36] successfully cured the thermoset-based composites 
which contains up to 40 vol% of short fiber employing the radical 
induced FP. They investigated the effect of different fiber volume frac
tion and wight contents of the thermal initiator. It was revealed that 
CFRP laminate with 40 vol% fiber and 10% thermal initiator exhibited 
high storage stability. In a research by Robertson et al. [16], it was re
ported that the mechanical properties, including the tensile strength, 
Young’s modulus, and the fracture toughness of neat DCPD and CRFP 
with DCPD matrix are comparable to those fabricated through the 
conventional oven curing method. 

To guide the control and optimization of the FP process, predictive 
modeling studies have recently been reported. For example, Solovyov 
et al. [37] proposed a model which predicts the propagation of the cure 
front in a highly exothermic reaction for FP of methacrylic acid and 
n-butyl acrylate monomers. In another study, Goldfeder et al. [38] 
developed a mathematical model based on the structure of polymeri
zation wave, front velocity, temperature, and degree of conversion of 
monomer. These two models investigate the FP process in pure resin by 
coupling the degree of conversion with the heat diffusion formulation. 
Studies have identified several key factors in the FP of composites, 
including the cure kinetics, operating temperature, and thermal con
duction [39–41]. In light of this, finite element models can be greatly 
simplified by using phenomenological models based on a cure kinetics 
relation rather than solving for the monomer’s conversion. For example, 
Goli et al. [35] employed a one-dimensional (1D) finite element 
approach to solve the transient, coupled diffusion-reaction equations to 
characterize FP in unidirectional carbon fiber composites with DCPD 
resin. They examined the front velocity, as well as the thermal and de
gree of cure characteristics in the local region of the front, using a ho
mogenized fiber and matrix composite model. Triggering of FP along the 
fiber direction, they also showed that front velocity increased by 
increasing the fiber volume fraction from 0 to 15% but decreased with 
higher fiber volume fractions. The competing mechanisms between the 
exothermic heat generation and the heat diffusion in the carbon fiber 
tows are perceived to have caused this behavior. 

In addition to the heat diffusion through the resin, the thermal 
properties of fiber significantly affect the propagating mechanisms of 
the curing front [42,43]. Carbon fibers accelerate the front velocity at 
low fiber volume fractions, due to the high thermal conductivity. 
Recently, Wang [44] employed a two-dimensional (2D) 
reaction-diffusion model to predict the effect of the microstructure 
characteristics on the FP behavior of unidirectional CFRP. In contrast 
with the previous studies, the fiber and the matrix are modeled as two 
separate domains for better comprehension of effects of the fiber volume 
fraction, fiber tow size, and fiber tow shapes. The results showed that the 
fiber volume fraction and the tow shape (e.g., circular or elliptical cross 
section) have major impact on the characteristics of FP in contrast with 
the fiber tow size. 

Although recent modeling attempts have been made for FP of CFRP 

composites [17,18,35,40,43,45], these models have focused on 1D and 
2D configurations, which are insufficient to study FP in laminated 
composites with multiple fiber angles, such as cross-ply and angle-ply 
laminates. These composites are widely known to be more representa
tive of those used in the industry. Without 3D models, one cannot 
investigate how the composite layup and other factors affect the FP 
process of composites with multiple fiber angles. Extending the current 
1D and 2D models into 3D is challenging, due to the numerical treatment 
of coupling the heat transfer and cure kinetics equations in a 3D 
computational domain. In this paper, user subroutines are developed 
including, HETVAL (i.e., heat flux subroutine) and USDFLD (i.e., user 
defined field subroutine) to accommodate the numerical treatment 
using the finite element software ABAQUS, which are validated against 
experimental data. This proposed 3D model models the fiber tow and the 
DCPD as separate geometric domains, which are different from the 
existing 1D and 2D models, which homogenizes the fiber tow and the 
DCPD resin as a smeared part. By modeling the fiber tow and DCPD resin 
separately allows us to uniquely capture the effects of layup and trig
gering directions on the FP process, which cannot be achieved in existing 
1D and 2D models. The 3D model is also employed to study the effect of 
thermal conductivity of the fiber on the FP process of the composite 
laminates. 

2. Problem description 

2.1. Thermo-chemical formulation of neat DCPD resin 

The thermo-chemical relation between the heat transfer problem and 
the front propagation in a neat DCPD resin is mathematically governed 
by a classical heat condition equation for the temperature T and the 
degree of cure α. The heat is generated by an enthalpic reaction, which is 
formulated as: 

k
(

∂2T
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∂2T
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∂2T
∂z2
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+ ρHr
∂α
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= ρCP
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(1)  

where k represents the thermal conductivity, ρ is the density, Cp in
dicates the specific heat, Hr is defined as the total enthalpy of reaction 
(for the resin only). This mathematical model is solved for fiber tow and 
matrix separately in the 3D domain using their corresponding material 
properties. To define the relation between temperature (T) and degree of 
cure (α), the Arrhenius equation with the classical Prout-Tompkins (PT) 
autocatalytic model is utilized: 
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(
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)
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1 + exp [C(α − αc)]
(2)  

where A, E, n, m, C, and αC are cure kinetics characteristics. These pa
rameters can be obtained by conducting Differential Scanning Calo
rimetry (DSC) experiments and fitting the rate of cure curve. The 
corresponding values of the cure kinetics parameters and the material 
properties of the DCPD resin are presented in Table 1 [16]. 

2.2. Problem setup 

In this study, the effect of triggering direction, including directions 
that are parallel and perpendicular to the fiber direction are studied in 
unidirectional and cross-ply CFRP composite laminates. Moreover, 
laminates with glass and Kevlar fibers are considered to investigate the 
effect of thermal conductivity on the temperature profile and evolution 
of the degree of cure in comparison with laminates with carbon fiber. 
Throughout our study, the unidirectional composite laminate is speci
fied by a letter “U” and the cross-ply laminate is denoted by “C”. Letters 
followed by that in the label represent the triggering direction. For 
example, the label “UT” represents the unidirectional case where the 
front is initiated from the top side (see Fig. 1) through the thickness 
direction. For both unidirectional and cross-ply laminates, “L” 
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represents cases where the front is initiated from the left side, “LR” 
represents cases where two fronts are initiated from both the left and 
right sides, “F” represents cases where the front is triggered from the 
front side, and “FB” represents cases where the front is triggered from 
both the front and back sides. These sides for the unidirectional and 
cross-ply laminates are depicted in Fig. 1. 

Fig. 1 shows a schematic of frontal polymerization process and the 
geometrical representation of unidirectional and cross-ply CFRP com
posites. The computational size is consistent with the 2D model in our 
prior work [44], where the effect of the computational size on the FP 
process was reported and not repeated here for brevity. The fiber volume 
fraction is 36%, which is also consistent with prior work [44]. The other 
reason for such a choice is that increasing the fiber volume fraction 
decreases the degree of cure, front velocity, and front temperature [16, 
41,46]. The fiber volume fraction of 36% is conservative and has been 
achieved in the experiments [18]. For the elliptical cross section of the 
fiber tow, the cross-sectional area is 0.12 mm2, which represents a 3 K 
tow of HexTow AS4 carbon fiber [47]. Note that the fiber tows are 
twisted during the weaving process which results in an elliptical cross 
section of the fiber [48–51]. Moreover, the ratio between the larger 
radius and the smaller radius of the elliptical cross section is set to 4. Our 
prior work [44] reported that the fiber volume fraction and fiber tow 
shape have a significant effect on the maximum temperature and the 
front velocity during the polymerization. Also, increasing the ratio be
tween the larger and the smaller radii of the ellipse caused the maximum 
temperature and the front velocity to decrease. Furthermore, due to the 
high thermal conductivity of the carbon fiber (i.e., 10.45 W/m⋅K [16]), 
increasing the fiber volume fraction causes more volumetric heat to be 
consumed, which is generated in the FP process, thereby decreasing the 
heat required for propagating the front and reducing the front temper
ature and finally the degree of cure. Moreover, it was reported that the 
void volume for DCPD resins fabricated using FP is about 0.15% [16,44, 
46]. Therefore, the effect of the void contents is considered negligible 

and not considered in our simulations. 
Note that to capture the resin infiltration within the fiber tow, we 

homogenized the individual fiber filaments in the fiber tow and the 
resin, but only in terms of the thermal properties (i.e., thermal con
ductivity, specific heat). The geometric domain of the fiber tow is kept as 
an integral solid part because the majority volume of the fiber tow is 
taken by the solid fiber filaments, where the resin only flows through the 
voids within the fiber tow. If we homogenize the fiber tows, it will 
permit the front to propagate through the entire domain of the fiber tow, 
which does not represent the true condition, where the resin only flows 
through the voids within the fiber tow. To provide a more accurate and 
detailed prediction of the FP within the fiber tow, a microscopic intra- 
tow model will need to be developed and integrated into the current 
3D model, which will be a subject of our future work. 

2.3. Numerical simulation 

The built-in heat transfer step of ABAQUS only enables the user to 
simulate the general heat transfer problem. However, the heat generated 
during the polymerization process is an internal heat caused by the 
enthalpic reaction, which cannot be directly simulated using the ABA
QUS built-in heat transfer step. To solve this problem, we developed a 
heat flux subroutine (i.e., HETVAL) and a user defined field subroutine 
(i.e., USDFLD). These subroutines are used together to solve the heat 
transfer equations by incorporating the rate of cure (∂α/∂t) at each 
integration point and each time increment. Specifically, the rate of cure 
is stored as a solution-dependent state variable (i.e., SDV1) in the 
USDFLD subroutine. The accumulation of the product between the rate 
of cure and the step time will allow us to calculate the degree of cure (α), 
which is stored as another solution-dependent state variable (i.e., SDV2). 
Then, the rate of cure will be passed to the HETVAL subroutine to update 
the volumetric heat flux in the heat transfer equation, which is solved to 
obtain the temperature for the next time increment. It was employed 

Table 1 
Material properties and curing kinetics parameters of the DCPD [16,44].  

Material properties Curing kinetics characteristics 

Density (ρ) Thermal conductivity 
(k) 

Specific heat 
(Cp) 

Total enthalpy of 
reaction (Hr) 

Pre-exponential 
coefficient (A) 

Activation energy 
(E) 

Orders of 
reaction 

Diffusion 
parameters 

980 (kg/ 
m3) 

0.15 (W/m⋅K) 1600 (J/kg⋅K) 350 (J/g) 8.55e15 (s−1) 116.75 (kJ/mol) n = 1.72 C = 14.48 
m = 0.77 αc = 0.41  

Fig. 1. Problem configuration of the FP of CFRP/DCPD resin composites: (a) schematic representation of frontal polymerization process, geometric representation of 
(b-1) unidirectional, (b-2) cross-ply laminate, and (b-3) the meshed model of the cross-ply laminate. 
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here for a 3D model to investigate three design parameters which are 
mentioned in the previous section in both cross-ply and unidirectional 
CFRP composites with DCPD resin. The density, thermal conductivity, 
and the specific heat of the carbon fiber, glass fiber, and Kevlar fiber are 
listed in Table 2. Note that the material properties of the DCPD resin are 
shown in Table 1. 

The initial and boundary conditions are as follows: 

T|t=0 = T0 = 23 ◦C and α|t=0 = α0 = 0.07 (3)  

Ttrig = 220 ◦C, 0 ≤ t ≤ ttrig, applied at different triggering sides (4)  

where Eqs. (3) and (4) denote the initial condition, including the initial 
temperature (T0) and the initial degree of cure (α0). Note that the value 
of α0 is obtained from the experimental study [16]. The triggering time 
duration, ttrig, and triggering temperature, Ttrig, are chosen as 3.5 s and 
220 ◦C, respectively in accordance with the reported experiments [16, 
44]. It should be noted that unspecified thermal boundary conditions are 
set as insulated boundary conditions. Moreover, based on our pre
liminary studies and the results in Ref. [53], the convection and radia
tion BCs play insignificant roles in the heat transfer and FP process due 
to the short duration of the process, which are therefore not considered 
in the simulation. 

The 8-node linear heat transfer quadrilateral brick elements are used 
to mesh the 3D domain (i.e., DC3D8 in ABAQUS). The model is meshed 
by an extremely fine mesh with an average element size of 18 × 18 × 18 
μm3 (see Figs. 1(b-3)). Prior mesh dependency research has confirmed 
that mesh-independent results can be attained using current mesh 
settings. 

3. Model validation 

The proposed subroutines for the finite element analysis model is 
validated against the experimental data in Ref. [16]. In the experiments, 
the DCPD resin is placed within a glass test tube with a 5.50 mm radius 
and a 1 mm wall thickness. A single carbon fiber tow consisting of 3 k 
individual carbon fiber filaments is located at the center of the glass 
tube. The polymerization is initiated using a soldering iron on the 
opening side of the glass tube. Noted that the external heat source was 
applied only to the monomer to ensure that the heat is diffused via the 
monomer rather than the fiber tow. Additionally, a two-dimensional 
axisymmetric model was generated to reduce the computational cost, 
due to symmetricity of the problem along the center axis of the glass 
tube. The problem configuration is illustrated in Fig. 2(a). By comparing 
the experimental findings in Ref. [16] and simulation results, the 2D 
model followed the same propagation pattern when compared to optical 
measurements (Fig. 2(b)). The average front velocity resulted from the 
simulation (1.07 mm/s) shows good agreement with experimental data. 
The maximum temperature of numerical results is 223 ◦C (Fig. 2(c)), 
which also agrees well with the maximum temperature in the experi
ment (220 ◦C). 

To further validate the 3D model, additional validation cases are 
performed for a unidirectional carbon fiber composite laminate with 
varying fiber volume fractions (i.e., 0–50%). The frontal velocity and the 
maximum temperature vs. fiber volume fraction predicted by the 3D 
modeling are compared with those by 1D and 2D modeling and the 
experimental data [18]. The detailed description and results are 

included in the supplementary file. It is shown that the 3D modeling 
exhibits a high level of concordance with the 1D and 2D modeling and 
the experimental data. 

4. Results and discussions 

4.1. Effect of laminate layup and triggering direction 

Simulation videos for all studied cases showing the evolution of the 
degree of cure field in the unidirectional and cross-ply laminates are 
extracted and can be found in the supplementary file. 

Table 3 shows the effect of the triggering direction on the FP char
acteristics, including the initial curing duration, average front velocity, 
and average degree of cure, for unidirectional composite cases. Note that 
the initial curing duration is chosen as the duration when the curing 
front initially reaches the opposite surface of the triggering surface. The 
average front velocity is calculated by dividing the actual distance that 
the front propagated over the corresponding duration. The results 
showed that the front triggering direction significantly affects the front 
velocity and the curing time. Generally, the curing duration is longer 
than 0.40 s for the considered unidirectional cases, except for the case 
with multiple triggering direction (i.e., ULR), which shows a much faster 
polymerization with a curing duration of only 0.14 s. Moreover, the UF 
specimen is much less cured (24.80% degree of cure) at the end of the 
analysis, where the average front velocity and degree of cure are lowest 
among all unidirectional cases. 

Fig. 3 illustrate the FP history of the UT case, where the front is 
triggered from the top surface, including the degree of the cure contours 
and temperature history. Fig. 3(a) shows the temperature profiles 
extracted along the y direction at varying times (i.e., along the path 
highlighted in red in the inset of Fig. 3(a)). Fig. 3(b) and (c) show the 
evolutions of the degree of cure captured in front and left side views, 
respectively. As we can see, as the front initiates from the top surface, 
the higher thermal conductivity of carbon fibers than the DCPD resin, 
along with the uniform distribution of carbon fiber tows, causes the front 
to propagate quickly to the bottom surface. On the other hand, due to the 
thermal insulating boundary condition, the heat generated in each stage 
is trapped in the specimen, which results in increasing the temperature 
up to 220 ◦C (see Fig. 3(a)). Moreover, due to the bottom surface being 
insulated, at t = 1.10 s, the curing front travels backward to the top 
surface, resulting in the further polymerization of the UT specimen. 
When comparing the temperature history and the degree of cure at 0.50 
s and 1.10 s, it can be observed that the maximum temperature dropped 
from 300 ◦C to 180 ◦C (Fig. 3(a)). During the upward movement of the 
curing front, the middle part of the laminate is cured up to 94.30% (see 
Fig. 2(b-3) and (c-3)). At the end of the step at t = 3.50 s, only regions 
near the top and bottom surfaces have achieved a cure of above 95%, 
due to the top and bottom surfaces being thermally insulated. 

The degree of cure contours and temperature profiles at varying 
times for UL and ULR cases are illustrated in Figs. 4 and 5. In Fig. 4 (b) 
and 4(c), the cure front exhibits a symmetric shape as the front is 
initiated from the left side of the specimen. The elliptical cross section of 
the fiber tow influences the heat transfer in the surrounding DCPD resin. 
Specifically, since carbon fiber has a higher thermal conductivity than 
the DCPD resin, the front in regions between adjacent carbon fiber tows 
propagates further into the fiber direction, as indicated in the Fig. 4(b-1) 
and 4 (c-1). As the temperature rises to 260 ◦C, in regions near the 
triggering side (Fig. 4(a)), the front velocity in regions between two 
adjacent carbon fiber tows is accelerated. In other words, the heat 
transfer and the increasing temperature in the DCPD resin cause the 
front in regions between adjacent carbon fiber tows to propagate with a 
higher velocity than in other regions, as shown in Fig. 4(b-1) and 4 (c-1). 
This pattern is observed in the FP process until the curing front first 
arrives the opposite side of the laminate. After that, the curing front 
travels backward towards the triggering side of the domain. This phe
nomenon has also been observed in the UT specimen (Figs. 3(c-2)). 

Table 2 
Thermophysical properties of carbon fiber, glass fiber, and Kevlar fiber [41,44, 
52].   

Density (kg/ 
m3) 

Thermal conductivity (W/ 
m⋅K) 

Specific heat (J/ 
kg⋅K) 

Carbon 1760 10.45 795 
Glass 2230 1.14 800 
Kevlar 1440 0.04 1420  
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However, the curing time for the UL specimen is much lower than that of 
the UT specimen, indicating a much faster polymerization. 

It should be mentioned that the predicted front velocity of 6.17 mm/ 
s for the UL case is two times faster than the front velocity reported in 
Ref. [18]. The reason for this difference is that the geometry and 
boundary conditions used in the experiment [18] are completely 

different from those used in our simulations. First, the size of our 
computational domain (i.e., 2.60 mm × 2.60 mm × 1.58 mm) is much 
smaller than that of specimens used in the experimental tests (i.e., 10 cm 
× 20 cm, thickness not mentioned). As reported in our prior work [44], 
scaling up the dimension of the model decreases the front velocity. For 
example, for a computational domain with a thickness of 3.50 mm, the 
front velocity is about 60% slower than the case when using an equiv
alent domain with a thickness of 2.60 mm. Second, the boundary con
ditions used in our model are assumed to be an ideal insulation, which is 
different from the experimental setup, in which the PDMS substrate or 
polyurethane rubber gasket could still allow the heat exchange with the 
ambient environment. The difference in the boundary conditions in
fluences the amount of trapped heat within the specimen, which has 
caused the differences in the front velocity. 

By comparing Fig. 3(a) to Fig. 4(a), it can be seen that the temper
ature increases up to 320 ◦C when the curing front reaches the opposite 
side of the UL specimen, in comparison with the temperature in the UT 

Fig. 2. Illustrations of (a) problem configuration for model validation, (b) experimental optical measurement, (c) evolution of temperature field and (d) degree of 
cure for DCPD resin with a single carbon fiber tow at the center of the glass tube. 

Table 3 
Comparison of frontal polymerization (FP) process characteristics of unidirec
tional laminates with different triggering directions.  

Specimen Initial curing 
duration (s) 

Average front velocity 
(mm/s) 

Average degree of 
cure (%) 

UT 0.48 1.80 94.30 
UL 0.42 6.17 95.30 
ULR 0.14 9.13 99.50 
UF Not fully cured 0.27 24.80 
UFB 1.11 1.16 77.30  

Fig. 3. (a) Temperature profiles along the y direction, (b) and (c) evolution of the degree of cure for UT specimen in the y-z and x-y planes.  

Fig. 4. (a) Temperature profiles along the z direction, (b) and (c) evolution of the degree of cure field for UL specimens in the y-z plane and in the x-z plane.  
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specimen, which is 280 ◦C. This indicates that when the front is triggered 
in the direction parallel to the fiber tow direction, the FP can be 
significantly accelerated (about 2.43 times faster), when compared to 
the case when the front is triggered in the direction perpendicular to the 
fiber. As shown in Fig. 4(a), the temperatures remain higher than 150 ◦C 
through the whole UL specimen, in contrast with the UT specimen (see 
Fig. 3(a)). It should be noted that the higher temperatures in the UL 
specimen result in a higher degree of cure in the UL specimen (up to 
95.30%), when compared to the that in the UT specimen (up to 94.30% 
in the middle regions), at the end of the analysis step. 

Results in Fig. 5 illustrate the FP process in the ULR case. It can be 
seen, the initial propagation pattern of the curing front in the ULR 
specimen is identical to the UL specimen. By comparing Fig. 5(b-1), 5(b- 
2), 5(c-1), and 5 (c-2), the degree of cure achieved 80–95% for ULR with 
a duration of 0.12 s, whereas the UL case only achieved 60–75% but with 
a much longer duration of 0.35 s. In addition, as shown in Fig. 5(b-2) and 
5 (c-2), once the left and right curing fronts collide, a thermal spike 
forms. This thermal spike phenomenon has also been experimentally 
observed in a study reported by Centellas et al. [46] for woven CFRP 
composites. Our predicted temperature escalates dramatically up to 
360 ◦C in the middle part of the specimen. After that, the two fronts 
travel backwards, which results in an increase in the degree of cure and a 
steady temperature of 230 ◦C. This left-right movement of the fronts 
with a lower velocity causes the ULR specimen to be highly cured at the 
end of the process (as shown in Fig. 5(b-3) and 5 (c-3)). In Fig. 5(a), (b), 

and 5(c), it can be seen that our computational domain possesses a 
sufficiently large interaction distance between two fronts to capture the 
merging of the thermal spike. Specifically, Fig. 5(b-1) and 5 (c-1) show 
that the two fronts did not interact until they both reach to the middle. 
Before that, the two fronts propagate independently. 

The results for the UF and UFB cases are presented in Figs. 6 and 7. 
The degree of cure in the UF and UFB specimens is, on average, 20% and 
70%, respectively, lower than those in the ULR, UL, and UT cases. Ac
cording to Figs. 6(b-1), the front is formed at approximately 0.50 s. A 
portion of the supplied heat is consumed to increase the temperature of 
the carbon fiber tow, where the rest of the heat is transferred to the 
lateral side of the carbon fiber tow to the DCPD resin domain to drive the 
cure front. It can be noticed that the volumetric heat is trapped in re
gions between two adjacent carbon fiber tows in the initial stages. 
Subsequently, the temperature lowers down to 80 ◦C (Fig. 6 (a)) and the 
average degree of cure only reaches to 24.80%. At the end of the step, 
less than one third of the UF specimen is cured. 

For the UFB specimen, the FP process is similar to the UF case. By 
comparing to the ULR model (see Fig. 5(b) and (c)), the average front 
velocity in ULR is 7 times higher than that in UFB. Additionally, the 
degree of cure is about 80% in ULR, in comparison with 65~70% degree 
of cure in UFB. On the other hand, the thermal spike is not observed in 
the UFB. The maximum temperature for the UFB specimen is only about 
140 ◦C, whereas the temperature dramatically increased up to 360 ◦C in 
the ULR specimen (see Fig. 5(a) at t = 0.35 s). 

Fig. 5. (a) Temperature profiles along the z direction, (b) and (c) evolution of the degree of cure field for ULR specimens in the y-z plane and in the x-z plane.  

Fig. 6. (a) Temperature profiles along the x direction, (b) and (c) evolution of the degree of cure field for UF specimen in the x-y plane and in the x-z plane.  
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Table 4 below compares the FP characteristics for cross-ply speci
mens, including CT, CL, and CLR cases. The FP history of the CT case is 
depicted in Fig. 8. The front propagation pattern in the CT specimen is 
identical to that in the UT specimen. In CT and UT specimens, the 
average front velocity (1.58 mm/s) and degree of cure (94%) are almost 
the same. This indicates that the laminate layup has insignificant effect 
on the curing front velocity and degree of cure for cases when the trig
gering is initiated on the top surface. 

The effect of triggering directions on the CL case is presented in 
Figs. 9 and 10(a). Specifically, the front propagation pattern is different 
from the UL case. Note that the temperature is plotted along two parallel 
paths along top and bottom edges for CLR cases (see the red highlighted 
paths in the insets in Fig. 10), due to the different propagation pattern of 
the curing front between the upper part and the bottom part. As shown 
in Figs. 9(a-1), the curing front exhibits a sloped pattern as the front near 
the bottom surface of CL propagates at a faster velocity than regions near 
the top surface. The reason is related to the larger concentration of DCPD 
in the bottom part, which allow more volumetric heat to be transferred 
to neighboring elements, when compared to the middle and upper parts. 
In the middle part (Figs. 9(a-1)), the curing front collides with carbon 
fiber tows that are placed perpendicular to the triggering direction. 
Thus, the front slows down in upper regions of the laminate. This phe
nomenon is not observed in the UL case (Fig. 4), where the front moves 
through the specimen uniformly in the in-plane direction. 

The average front velocity in CL is about 35% lower than UL. In 
Figs. 9(a-2), it can be seen, the front propagated to the right upper corner 
of CL. The temperature history of the CL case shows that the fiber tow 
temperature in the right upper corner is lower than other parts, even 
when the front reaches the right side of the specimen. As mentioned 
before, the curing front exhibits a sloped propagation pattern. This 
causes the curing front to propagate from the lower to the upper edges 
(Figs. 9(a-3)). As the front travels back to the left side, the curing front 
continues to propagate in a pattern identical to that of UL. But the 
temperature field is not distributed uniformly, in contrast to the UL case. 
During the backward movement of the front, the heat collides with the 
fiber tows perpendicular to the front direction, which results in a tem
perature decrease. This phenomenon is observed in the UL case. Spe
cifically, by comparing Figs. 4(b-3) to Figs. 9(a-4), the temperature in 

the left side of CL decreases to 180 ◦C (Fig. 10(a) at t = 3.50 s) while the 
temperature field in UL is 200 ◦C (Fig. 4(a) at t = 3.50 s). This higher 
temperature field in UL leads to a greater value of the degree of cure 
(95.30%) in comparison with the CL specimen (87.80%), where it shows 
the backward movement of the curing front. 

In Fig. 9(b), the propagation pattern in CLR is similar to that in CL. 
The front is initiated from the left bottom part of the specimen (Figs. 9(b- 
1)) and propagate towards the middle region near the top surface. From 
Figs. 9(b-1)-(b-3), it can be seen that the two fronts do not interact with 
each other. This causes the middle parts to remain intact with a degree of 
cure lower than 10%. Specifically at 0.10 s and 0.20 s, the temperature 
graphs show the temperature are 60~80 ◦C in regions near the top 
surface (see Figs. 10(b-1)). Furthermore, the front in both CL and CLR 
cases forms a sloped shape (see Fig. 11(a)). This phenomenon is more 
noticeable in the CLR specimen. The middle near the top surface expe
riences low temperatures (Figs. 10(b-1) at t = 0.10 s). As the two fronts 
propagate through the middle region of the laminate, the slope of the 
front, that is linearly fitted, decreases from 2.14 to 1.52. This slope 
clearly indicates the impact of composite layup on the propagation 
pattern. 

In Figs. 10(b-2), at t = 0.20 s, the thermal spike forms near the 
bottom part and the temperature rapidly rises to 256 ◦C for the CLR case. 
Fig. 11(b) shows how the fiber direction significantly affects the thermal 
behaviors of the composite laminates. Specifically, the unidirectional 
case has a temperature of 355 ◦C at thermal spike moment, which is 
about 100 ◦C higher than that of the cross-ply case. Additionally, the 
thermal spike in woven CFRP experimentally reported by Centellas et al. 
[46] is 157 ◦C. Based on the result in Fig. 11(b), the difference between 
the experimental results and our predicted values should come from the 
different carbon fiber architectures (i.e., woven, unidirectional vs. 
cross-ply), which merits further investigation. Moreover, the fiber vol
ume fraction also plays a significant role in the maximum temperature. 
In the experiments of Centellas et al. [55], the fiber volume fraction of 
their woven composites is 47~52%, whereas in our simulation, the fiber 
volume fraction is 36%. In our prior modeling work [17], we have found 
that the maximum temperature dropped by about 15% when the fiber 
volume fraction increased from 0 to 67%. Therefore, the difference in 
the temperature thermal spikes is jointly impacted by the differences in 
the carbon fiber architecture and the fiber volume fraction. 

Fig. 12 compares the front location vs. time for the unidirectional and 
cross-ply cases. Specifically, the multiple-front cases (see Fig. 12(a)), 
including ULR and CLR cases, show a continuous and an approximate 
linear front velocity in the polymerization process. In comparison, the 
front velocity changes within different range of time for single-front 
cases, including the UL and CL cases. The cross-ply layup reduced the 
lower front velocity when comparing the CL case to the UL case. These 
findings are also prominent in UT and CT cases (see Fig. 12(b)), where 
the front velocity is not steady in single front cases. Additionally, the 

Fig. 7. (a) Temperature profiles along the x direction, (b) and (c) evolution of the degree of cure for UFB specimen in the x-y plane and in the x-z plane.  

Table 4 
Comparison of frontal polymerization (FP) process characteristics of cross-ply 
laminates with different triggering directions.  

Specimen Initial curing 
duration (s) 

Average front velocity 
(mm/s) 

Average degree of 
cure (%) 

CT 0.54 1.58 94.00 
CL 0.56 4.59 87.80 
CLR 0.17 7.27 99.40  
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cross-ply laminate CT case exhibits a lower front velocity in different 
times than the UT case. 

Generally, comparing the FP characteristics of unidirectional and 
cross-ply laminates showed that single-triggering direction parallel to 
the fiber direction results into faster polymerization and higher degree 
of cure. For unidirectional laminates, the ULR triggering method is 
preferred and recommended due to the higher front velocity (48%) and 
higher degree of cure (4%), when compared to the UL triggering case. 
For the cross-ply laminates, the CLR triggering method is preferred and 
recommended, because the CLR triggering case shows 86% higher in the 
front velocity and 11.60% higher in the degree of cure, when compared 
to the CL case. 

4.2. Effect of thermal conductivity 

To investigate the thermal conductivity of the fiber on the FP per
formance, additional simulations were performed using laminates with 
glass and Kevlar fibers. Note that the difference in the FP performance is 
due to the different thermophysical properties of the fibers (see Table 2), 

in which the thermal conductivity plays the most critical role. Fig. 13 
shows the predicted curing front location vs. time for the ULR and CLR 
cases of laminates with carbon, glass, and Kevlar fibers. It is shown that 
the front velocity drastically decreases as the thermal conductivity de
creases from 10.45 W/m⋅K (for carbon fiber) to 1.14 W/m⋅K (for glass 
fiber) and 0.04 W/m⋅K (for Kevlar fiber). Specifically, for ULR cases, the 
average front velocity is only 0.07 mm/s for the Kevlar fiber laminate 
and 0.76 mm/s for the glass fiber laminate, in contrast to 9.13 mm/s for 
the carbon fiber laminate. Additionally, for ULR cases, the front position 
in carbon and glass fiber laminates follows a linear trend in comparison 
with that of the Kevlar fiber laminate, in which it plateaus at around t =
1.00 s. Moreover, decreasing the thermal conductivity also significantly 
reduces the degree of cure. Specifically, for the glass fiber laminate, 
where the thermal conductivity is 90% lower than the carbon fiber, the 
average degree of cure is only 79%, which is 20% lower than that of the 
carbon fiber laminate. For the Kevlar fiber laminate, due to having the 
lowest thermal conductivity, the curing front distinguishes during the 
propagation after 1 s and the average degree of cure only reached 22%. 

A similar trend is observed for CLR cases when compared to ULR 

Fig. 8. (a) Temperature profiles along the y direction, (b) and (c) evolution of the degree of cure field for CT specimen.  

Fig. 9. Evolution of the degree of cure field for (a) CL and (b) CLR specimens.  
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Fig. 10. Temperature profiles along z direction for (a) CL and (b) CLR specimens at varying times.  

Fig. 11. Sloped pattern of the curing front in CLR laminate (front view).  
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cases with different fibers, as shown in Fig. 13. Generally, changing the 
layup from unidirectional to cross-ply increases the overall curing 
duration, and thus, decreases the front velocity. The reduction in the 
front velocity is more pronounced in the CLR case with glass fiber, where 
the average front velocity is only 0.58 mm/s, which is 13% lower than 
its ULR case. The average degree of cure for the glass fiber CLR case is 
68%, which is 14% lower than its ULR case. For the Kevlar fiber lami
nate, the average front velocity and degree of cure for the CLR case are 
identical to its ULR case. 

Fig. 14 (a) compares the slopped pattern formed across the thickness 
direction during the front propagation for CLR cases of Kevlar and glass 
fiber laminates. Specifically, the front in the Kevlar fiber laminate moves 
uniformly along the propagating direction, and thus, the slopped pattern 
is not formed. This phenomenon is due to the low thermal conductivity 
of Kevlar fiber, which indicates a minimum heat exchange between the 
fiber and the resin, and hence, the resin is the only medium for the heat 
conduction. Therefore, due to the low thermal conductivity of the resin, 
the front propagates slowly and finally distinguishes at around t = 1.00 

Fig. 12. Curing front location vs. time for (a) side triggering and (b) top triggering cases.  

Fig. 13. Curing front location vs. time in the composite laminates with carbon, glass, and Kevlar fibers for the ULR and CLR cases.  
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s. As such, the thermal spike also disappears (see Fig. 14 (b)). For the 
CLR case with glass fiber laminate, since the thermal conductivity is 
higher than Kevlar fiber, the slopped pattern still forms during the 
propagation at t = 0.20 s. After that, the front gradually returns to a 
vertical position, as shown in Fig. 14. Overall, it is shown that the higher 
the thermal conductivity, the lower the slope of the front. Additionally, 
the front temperature at the thermal spike moment significantly drops as 
the thermal conductivity reduces. As shown in Fig. 14(b), the thermal 
spike temperature dropped from 255 ◦C and 355 ◦C for the carbon fiber 
CLR and ULR cases to only 133 ◦C and 117 ◦C for the glass fiber ULR and 
CLR cases. For cases with the Kevlar fiber, the thermal spike is not 
formed. 

5. Conclusions 

In this study, 3D frontal modeling in unidirectional and cross-ply 
carbon fiber reinforced DCPD matrix composites was conducted to 
investigate the effects of laminate layup, triggering direction, and the 
thermal conductivity of the fiber on the frontal polymerization (FP) 
process, including the degree of cure, curing front velocity, and tem
perature distributions. The 3D frontal modeling was achieved using 
finite element analysis with ABAQUS, accompanied by two coupled user 
subroutines, i.e., the heat flux subroutine (HETVAL) and the user defined 
field subroutine (USDFLD), that are developed to implement the heat 
transfer and cure kinetics equation in a 3D computational domain. The 
subroutines are validated with 1D and 2D modeling and experimental 
data. The findings lead mainly to the following conclusions:  

• Triggering from both the left and right sides (i.e., ULR and CLR cases) 
results in a higher front velocity and can allow the composites to 

achieve a higher average degree of cure, when compared to cases 
where triggering is initiated from only one side (i.e., UL, UT, CL, and 
CT cases). For example, the average front velocity of the CLR case is 
86% higher than the CL case and 360% higher than the CT case. The 
average degree of cure of the CLR case is 11.60% higher than the CL 
case and 5.40% higher than the CT case. Hence, the ULR and CLR 
cases present better performance in practical applications.  

• Triggering in the direction perpendicular to the fiber direction is not 
preferred. It was found that degree of cure in the UF and UFB spec
imens is, on average, 20% and 70%, respectively, lower than those in 
the ULR, UL, and UT cases. 

• The laminate layup (i.e., unidirectional vs. cross-ply) essentially in
fluences the relative positions between the fiber tows and the trig
gering direction. The average front velocity in CT, CL, and CLR cases 
decreases by 20~25% in comparison to UT, UL, and ULR cases. 
Moreover, the front propagates in a sloped pattern in cross-ply 
laminates, as opposed to the traditionally observed uniform pattern 
in unidirectional laminates.  

• The front velocity and the degree of cure are expected to be greatly 
reduced in laminates with fibers that have lower thermal conduc
tivity when compared to the carbon fiber laminates, such as in glass 
fiber (92% reduction in front velocity and 20% reduction in average 
degree of cure for the ULR case) and Kevlar fiber (99% reduction in 
front velocity and 78% reduction in average degree of cure for the 
ULR case) laminates. 

• The laminate layup also significantly affects the maximum temper
ature of the thermal spike for cases with both left and right triggering 
front. Specifically, it was found that the thermal spike temperature in 
a CLR carbon fiber laminate is about 100 ◦C lower than its ULR case. 
Moreover, laminates using fibers with a lower thermal conductivity 

Fig. 14. (a) Comparison of sloped pattern of the curing front in the glass and Kevlar fiber composite laminates for the CLR case (front view) and (b) comparison of the 
temperature profiles along the z direction of composites with carbon, glass, and Kevlar fibers for the ULR and CLR cases. 
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are expected to show reduced temperature at the thermal spike and 
could even lead to not forming the thermal spike (e.g., Kevlar fiber). 

The aforementioned findings are envisaged to be provide guidance in 
the control and optimization of the FP process for manufacturing CFRP 
composites. Other parameters, including the weight fractions of the 
initiators and the uniformity of the dispersion of the initiators in the 
monomer, could also impact the FP process in addition to those factors 
examined in this study. These variables can affect the monomer mix
ture’s thermal characteristics and cure kinetics, which would change the 
behavior of the FP. These factors may also influence the viscosity of the 
resin mixture, which changes capillary flow through the fiber tow’s 
microstructure and, consequently, alters the intra-tow FP process. Due 
to the capillary effect and the permeability of the fiber tow, these factors, 
alongside with the fiber microstructures and composite layup, are 
anticipated to jointly affect the intra-tow FP process, which need to be 
further studied. 
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