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A B S T R A C T   

UV-induced frontal polymerization is an emergent rapid curing method for thermoset resin and its fiber com-
posites which features the generation of a self-sustaining front that propagates within the entire material. This is 
different from using the commercially available UV curable resin which prohibited the curing of thermoset 
composites with opaque fibers (e.g., carbon fiber) due to the UV light being blocked by the fibers. In this study, 
we experimentally demonstrate that using the UV-induced frontal polymerization allows us to reduce the curing 
time of a standard tensile specimen of epoxy resin from traditionally 15 h using the oven curing method to only 
less than 1.5 min. The frontal polymerized epoxy specimens showed comparable and even superior tensile and 
flexural properties when compared to the traditional oven cured specimens. Moreover, we experimentally 
investigated the influence of the weight content of the photoinitiator, the UV light intensity, and the specimen 
geometry on the characteristics of the frontal polymerization process (i.e., front temperature, front velocity, and 
degree of cure) and the resulting tensile and flexural properties. The results and discussions are expected to 
provide guidance in scaling up this UV-induced frontal polymerization technique for the sustainable and additive 
manufacturing and repair of thermoset resin and its fiber composites.   

1. Introduction 

Thermoset resin and thermoset resin-based fiber reinforced com-
posites are increasingly used in a variety of industries, including aero-
space, automotive, marine and energy due to their significant weight 
saving capability and outstanding properties. Traditional manufacturing 
and repair of thermoset and thermoset-based fiber composites require 
prolonged curing duration and intensive energy consumption for cross- 
linking and consolidation, which are typically achieved through the 
thermal curing method using an oven or an autoclave. For example, the 
complete cure cycle of the Solvay CYCOM 977-2 epoxy resin requires 
about 10 h in an autoclave [1]. Such a prolonged curing time has 
significantly hindered the additive manufacturing and repair of ther-
moset resin and its fiber composites. Nowadays, with the growing de-
mand for sustainable and additive manufacturing, innovative 
out-of-oven/autoclave manufacturing techniques for thermoset resin 
and its fiber composites have been a focus of interest [2–7]. Among 
which, one of the emergent out-of-oven/autoclave manufacturing 

techniques is the frontal polymerization (FP) technique. The FP tech-
nique features a self-propagating exothermic reaction zone, i.e., a curing 
front, initiated using a localized triggering mechanism, such as a sol-
dering iron or a UV light, which converts the cold beyond monomer 
region to a hot-formed polymer [5,8], and allows the curing front to 
propagate within the entire thermoset monomer even with the presence 
of opaque fibers, such as carbon fiber and carbon nanotubes. This also 
distinguishes the FP technique from the commercially available UV 
curable resin or conventional photopolymer [9–11], which is unable to 
in-situ cure thermoset composites with opaque fibers due to the UV light 
being blocked by the opaque fibers from penetrating into the in-depth of 
the composites. When compared to the conventional autoclave/oven 
curing method, the FP is capable of reducing the curing time from 
traditionally several hours to only a few minutes or seconds, which 
substantially reduces the energy consumption and the associated envi-
ronment impact [12–14]. The performance of the FP process, including 
the front temperature and velocity, the degree of cure, and the resulting 
mechanical properties are highly influenced by the weight content of the 
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initiators (i.e., photoinitiator, thermal co-initiator) in relative to the 
monomer [15,16] as well as the microstructure and architecture of the 
fiber reinforcements (for thermoset resin-based fiber composites) [17, 
18]. 

Among thermoset resin systems, the dicyclopentadiene (DCPD) 
acrylate system, due to their robust activities and low exothermicities, 
lend themselves naturally to the FP technique, which have been exten-
sively studied [19–21]. Despite that several recent studies have 
demonstrated the success of using FP to polymerize fiber reinforced 
composites with DCPD resin, the use of the DCPD resin in the current 
industrial applications is still limited due to its short pot life of a few 
hours [5,22]. Another thermoset resin system is known as the 
epoxy-based resin. When compared to the DCPD acrylate resin, the 
epoxy-based resins are extensively utilized in the fabrication of plastics 
and fiber reinforced composites in the industry [23–25]. Although less 
widely studied, this type of monomer can also be polymerized using the 
FP technique, more specifically, using the radical-induced cationic 
frontal polymerization (RICFP) technique [26]. This method provides a 
longer resin pot life along with having the benefit of this resin system 
being more widely used in the industry, in contrast with the DCPD 
acrylate resin. The RICFP process of the epoxy resin features the unique 
use of two separate initiator systems (i.e., photoinitiator and thermal 
co-initiator), which stabilizes the resin mixture and allows it to remain 
intact for about a month in a dark environment at an ambient temper-
ature of up to 50 ◦C [27]. A few recent studies have investigated the 
RICFP process of the epoxy-based carbon fiber composites. For example, 
Tran et al. [28] investigated the mechanical properties of carbon fiber 
reinforced polymer (CFRP) composites fabricated by the RICFP process 
using bisphenol A diglycidyl ether (BADGE), diaryliodonium tetrakis 
(perfluoro-tert-butoxy) aluminate, and benzopinacol as the monomer, 
the photoinitiator, and the thermal co-initiator, respectively. They 
achieved a fiber volume fraction of 35 %. The mechanical properties of 
the composites were found to be comparable to those manufactured 
using the traditional thermal curing method. 

As aforementioned, the performance of the FP process and the 
resulting mechanical properties of the thermoset resin and its fiber 
composites are highly influenced by the weight contents of initiators in 
relative to the monomer resin. They are also affected by the triggering 
source, such as the heat from the soldering iron or the UV light intensity. 
Moreover, they are impacted by the geometry and the boundary con-
dition of the specimens. These factors essentially control the generation 
of the exothermic heat as well as the heat conduction within the epoxy 
and the heat exchange with the ambient environment. Although existing 
studies have demonstrated the successful fabrication of thermoset resin 
and its fiber composites using the FP process with various single- or 
dual-initiator systems, the fundamental effects of the initiator concen-
tration, triggering source, and the specimen geometry on the FP process 
and the resulting mechanical properties still remain unclear. The current 
study aims to fill this knowledge gap and investigate these fundamental 
effects on the UV light-induced FP process of the epoxy resin and the 
resulting mechanical properties. Results from this study not only show 
that the frontal polymerized specimens compare favorably with those 
fabricated using the traditional oven curing method, but also are ex-
pected to provide guidance and insights into the scale-up of the FP 
technology for the sustainable and additive manufacturing and repair of 
epoxy resin and its fiber composites. 

2. Materials, UV-induced frontal polymerization, and 
traditional thermal polymerization 

The monomer of the epoxy resin used in this study is: (3,4-epox-
ycyclohexane)-methyl-3,4-epoxycyclohexyl carboxylate (ECC, Milli-
poreSigma, USA). To enable the radical induced cationic frontal 
polymerization (RICFP) of the epoxy monomer, p-(octyloxyphenyl) 
phenyl iodonium hexafluorostibate (IOC-8 SbF6, AmBeed, USA) and 
benzopinacol (AAblocks, USA) were used as the photo-initiator (PI), and 

the thermal-initiator (TI), respectively. The weight contents of the TI 
was fixed at 1 wt% in relative to the weight of the epoxy monomer, as 
suggested by Ref. [5]. The weight ratio of the PI was varied between 0.1 
wt% and 0.5 wt%. For each specific PI content level, three replicate 
specimens were fabricated to account for the statistical variation. The 
mixture was poured into a silicone elastomer mold, with a cavity of 
specimens used for tensile and flexural tests (see Fig. 1). Note that 
choosing the silicone elastomer to fabricate the molds is important, 
because silicone has a low thermal conductivity, which could minimize 
the heat loss in the FP process. The front was initiated using an Omni-
Cure S2000 Spot UV Curing System. The UV light was immediately 
removed once the front has formed and started propagating. A FLIR One 
Pro thermal camera was placed on top of the mold and used to record the 
evolution of the temperature field in the FP process. 

On the other hand, to enable the comparison between the UV- 
induced FP and the traditional oven curing method, baseline epoxy 
resin specimens were fabricated using the same epoxy resin monomer 
with the cycloaliphatic 4-methylhexahydrophthalic anhydride 
(MHHPA) and Tertiary amine N,N-dimethylbenzylamine (DMBA) as the 
thermal curing agent and catalyst, respectively. 

The details of specimen fabrication using the UV-induced frontal 
polymerization (FP) technique and using the traditional oven curing 
method, as well as the experimental details regarding the character-
ization of the temperature and the degree of cure and characterizations 
of the tensile and flexural properties can be referred in Supporting 
Information. 

3. Results & discussion 

3.1. Effect of weight content of photoinitiator (PI) and the UV light 
intensity 

Fig. 2 shows the evolution of the temperature field in the FP process 
recorded using a FLIR thermal camera in two representative epoxy resin 
specimens, one fabricated in the mold with a flat beam shaped cavity 
(referred as the “flat beam specimen”) and the other fabricated in the 
mold with a dog-bone shaped cavity (referred as the “dog-bone spec-
imen”), both with a PI weight content of 0.3 wt%. Real-time spot mea-
surements were used to capture the temperature, without manipulating 
the acquired data from the FLIR thermal tools. Also, the white area 
represents the highest temperature zone, transitioning to red to indicate 
decreasing temperatures away from the front. The corresponding videos 
can be found in the Supplementary Data. The evolution of the tem-
perature field was analyzed to obtain the initiation duration, total curing 
time, the front temperature, and the average front velocity. The detailed 
methods for such analyses are documented in the Supporting 
Information. 

3.1.1. Initiation time, total curing time, front temperature, and front 
velocity 

To study the effect of the UV light intensity, two UV intensity levels 
were used, one with 42 mW/cm2, which is 15 % of the maximum UV 
light power (hereafter “15 % UV”) and the other with 82 mW/cm2, 
which represents 25 % of the maximum UV power (hereafter “25 % 
UV”). In our early experiments, we discovered that the UV light intensity 
is key to controlling side reactions (e.g., carboxylation) in UV-induced 
frontal polymerization. We observed bubble formation on specimen 
surfaces exposed to air, a result of high UV intensity levels. By reducing 
the UV intensity to 25 % and 15 % of its maximum, we initiated poly-
merization while substantially removing bubbles and oxidation. Yet, 
with 0.4 % and 0.5 % wt% PI, bubbles still formed in the flat beam 
specimens, indicating a link between PI concentration, UV intensity, and 
side reactions. 

Three levels of PI weight content were investigated at each UV light 
intensity level. Specifically, under 15 % UV, specimens were prepared 
using PI contents of 0.3 wt%, 0.4 wt%, and 0.5 wt%, while under 25 % 
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UV, specimens were prepared using 0.2 wt%, 0.3 wt%, and 0.4 wt%. 
Note that the choice of the three PI content levels at the two UV con-
ditions do not exactly overlap. This is because the 15 % UV is too weak to 
result in a meaningful degree of cure for specimens with a PI of 0.2 wt%, 
under which, although the front can still be initiated, the epoxy is far 
from being fully cured after the FP process. On the other hand, the 25 % 
UV light is too high for specimens with 0.5 wt% PI, which has resulted in 
the charring of the specimen after the FP process. 

Fig. 3(a) shows the influence of the PI weight content and the UV 
light intensity on the initiation duration and total curing time of the flat 
beam specimens (i.e., fabricated using the elastomer mold with a cavity 
of a flat beam shape). Results show that both the initiation duration and 
total curing time decrease with the increase of the PI weight content. As 
the PI weight content increases, the reductions in the initiation duration 
and total curing time becomes more significant. Such an effect is true for 
specimens at both 25 % UV and 15 % UV intensity levels. Specifically, at 
25 % UV, the reduction in the initiation duration is 12 % (from 8.3 s to 
7.3 s) when the PI content increases from 0.2 wt% to 0.3 wt%, whereas 
such a reduction increases to 55 % (from 7.3 s to 3.3 s) when the PI 
increases from 0.3 wt% to 0.4 wt%. Similarly, the reductions in the total 
curing time are 10 % (from 74.3 s to 66.7 s) as PI increases from 0.2 wt% 
to 0.3 wt% and 37 % (from 66.7 s to 42.0 s) as the PI increases from 0.3 
wt% to 0.4 wt%, respectively. Moreover, the influence of the UV light 
intensity can be checked by comparing the 0.3 wt% and 0.4 wt% cases 
under the 25 % and 15 % UV conditions. As one can see, the UV light 
intensity does not show a significant effect at a PI content of 0.3 wt%. 

However, when the PI content increases to 0.4 wt%, a higher UV light 
intensity significantly reduces the initiation duration and the total 
curing time. Specifically, the initiation duration decreased by 55 % 
while the total curing time decreased by 17 %. Our results suggest that 
the generation of the exothermic heat is highly dependent on the 
coupling between the UV intensity and the PI weight content. Increasing 
the PI weight content and UV intensity generally both increase the 
exothermic heating. Both effects are more pronounced at a higher PI =
content of above 0.3 wt%. Such a finding is also evidenced in the 
recorded front temperature as discussed below. 

To further illustrate the effect of the PI weight content and the UV 
light intensity on the generation of the exothermic heat, Fig. 3(b) pro-
vides a comparison of the front temperature vs. PI weight content at both 
25 % UV and 15 % UV conditions. Similar to the initiation duration and 
total curing time, the front temperature generally increases as the PI 
content and the UV light intensity increases. Moreover, at a higher PI 
content of above 0.3 wt%, such an increase in the front temperature 
becomes more significant as the PI content and UV intensity increase. 
Specifically, under the 25 % UV condition, the front temperature in-
creases from 242 ◦C to 247 ◦C as the PI content increases from 0.2 wt% 
to 0.3 wt% while such an increase further rises from 247 ◦C to 263 ◦C as 
the PI increases from 0.3 wt% to 0.4 wt%. Under the 15 % UV condition, 
the front temperature follows an approximate linear increase from 
248 ◦C to 259 ◦C and 268 ◦C as the PI increases from 0.3 wt% to 0.4 wt% 
and 0.5 wt%. Such a linear increase relation correlates well with the 
linear reduction relation of the total curing time vs. PI content as 

Fig. 1. Schematic of the UV light-induced frontal polymerization of epoxy resin in a PDMS elastomer mold with a flat beam cavity: (a) the initiation of the front by 
applying a spot UV light and (b) the propagation of the front during the process recorded using a FLIR thermal camera. 

Fig. 2. Evolution of the temperature field (unit in ◦C) recorded from the top surface of the flat beam specimen (left) and the dog-bone specimen (right) with 0.3 wt% 
photoinitiator (PI) content under 15 % UV condition (42 mW/cm2). 

A. Tarafdar et al.                                                                                                                                                                                                                               



Composites Communications 46 (2024) 101832

4

depicted in Fig. 3(a). This suggests that the total curing time during FP 
process is highly dominated by the generation of the exothermic heat. 
When comparing the front temperature under the 15 % UV and 25 % UV 
conditions, it can be seen that the front temperature is not much affected 
by the increase of the UV intensity at 0.3 wt%, however, it experienced a 
large reduction from 263 ◦C to 259 ◦C at 0.4 wt%. Such a behavior also 
agrees with the findings associated with the initiation duration and total 
curing time as presented in Fig. 3(a). 

Fig. 3(c) and (d) show the average front velocity measured at three 
prescribed locations in the flat beam specimen (x=21.0 mm, 32.0 mm, 
and 63.5 mm) under the 25 % UV and 15 % UV conditions, respectively. 
A similar decreasing trend can be observed under both conditions as the 
front propagates along the path. The rate of reduction becomes milder as 
the front propagates along the path and as the PI content decreases. For 
example, under 25 % UV and at 0.4 wt% PI (in Fig. 3 (c)), the front 
velocity experienced a 27 % reduction from 2.45 to 1.80 mm/s as the 
front propagates from x=21.0 to 32.0 mm. As the front further propa-
gates to 63.5 mm, the percentage drop in the front velocity has reduced 
to 16 %. When the PI decreased from 0.4 wt% to 0.2 wt%, the percentage 
drop reduced from 65 % to 12 % as the front propagates from x=21.0 to 
32.0 mm, and reduced from 16 % to 11 % as the front further propagates 
to 63.5 mm. The same effect has been observed under the 15 % UV 
condition as shown in Fig. 3(d). Comparing the front velocity under the 
same PI content shows that the front velocity increases generally as the 
UV intensity increases. Specifically, the front velocity at x=21.0 mm in 
the specimen with 0.4 wt% PI under 25 % UV condition (2.45 mm/s) is 
37 % higher than that of under the 15 % UV (1.77 mm/s). In addition, it 
was observed that the reduction in the front velocity under the 25 % UV 
condition is more significant when compared to that under the 15 % UV 
condition. For example, the reduction in the front velocity is 26 % under 
the 25 % UV light as the front propagates from x=21.0 to 32.0 mm, 
while the reduction is only 16 % under the 15 % UV light. The same 
phenomenon has also been observed in the specimen with 0.3 wt% PI. 
Overall, it can be seen that the rate of reduction in the front velocity (i.e., 
the slope of the front velocity) decreases as the front propagates in the 
specimen. Also, the rate of reduction under 25 % UV light is more sig-
nificant than that under 15 % UV light. Physically, this indicates that the 

rate of reduction in the front velocity in the FP process is highly dictated 
by the PI weight content (as further discussed in the next section). As the 
PI content increases, the rate of reduction increases. Moreover, the rate 
of the cure reduces as it propagates along the path due to the heat 
dissipation along the path caused by the heat conduction within the 
epoxy as well as the heat radiation and convection between the epoxy 
and the ambient environment. 

3.1.2. Degree of cure 
Fig. 4(a) shows a visual comparison of the specimens cured under 15 

% UV (left) and 25 % UV (right) conditions. Our results in Fig. 4(b) show 
that the degree of cure of the epoxy specimens increases as the PI weight 
content increases. Specifically, under the 25 % UV condition, the degree 
of cure increased from 76 % to 89 % and 95 % as the PI content increases 
from 0.2 wt% to 0.3 wt% and 0.4 wt%, respectively. The same trend is 
also observed in specimens under the 15 % UV condition. Specifically, 
the degree of cure improved from 74 % to 84 % and 85 % as the PI 
content increases from 0.3 wt% to 0.4 wt% and 0.5 wt%. Furthermore, 
at the same PI content level, the degree of cure is significantly higher in 
specimens under the 25 % UV condition than in those under the 15 % UV 
condition. 

The results indicate that increasing the UV intensity and the PI 
weight content are both beneficial in improving the degree of cure of the 
epoxy resin. However, although increasing the UV intensity helps 
improve the degree of cure, we observed that it could cause an adverse 
effect of substantially increasing the porosity due to the higher 
exothermic heat produced and the side reactions [29–31] in the speci-
mens, as shown in Fig. 4(a). This is also true for increasing the PI weight 
content. Our porosity analysis (see in the Supporting Information) 
shows that the porosity escalated from 0.1 % to 0.2 % as the UV intensity 
increased from 15 % to 25 % at a constant PI content of 0.3 wt% for flat 
beam specimens. Moreover, the porosity rose from 0.2 % to 1.0 % as the 
PI content increased from 0.3 wt% to 0.4 wt% under 25 % UV. A similar 
trend was also observed in dog-bone specimens. Additionally, due to the 
smaller total volume of the dog-bone specimens as opposed to the flat 
beam specimens, the exothermic heat produced is relatively lower, and 
hence, it can be visually observed that the increase in the porosity in 

Fig. 3. The influence of PI weight content and UV light intensity on the (a) initiation duration, total curing time, and (b) the front temperature. The effect of the PI 
content on the average front velocity along the front propagating path under (c) 25 % UV (82 mW/cm2) and (d) 15 % UV (42 mW/cm2) UV conditions. 
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dog-bone specimens is much less significant when compared to that in 
flat beam specimens as the UV intensity increases from 15 % to 25 %. 
Therefore, although improving the UV light helps to increase the degree 
of the cure, it adversely increases the porosity. The consequence is that 
the mechanical properties are compromised, as will be discussed in the 
following section. 

3.1.3. Tensile and flexural properties 
The influence of the PI weight content and the UV light intensity on 

the tensile properties are plotted in Fig. 4(c) and (d). A general finding is 
that increasing the PI weight content decreases the tensile strength. The 
reduction in the tensile strength becomes more significant at higher PI 
contents of above 0.3 wt%, under both UV conditions. Specifically, 
under 15 % UV, the tensile strength decreased by 13 % and 50 % when 
the PI content increased from 0.3 wt% to 0.4 wt% and from 0.4 wt% to 
0.5 wt%, respectively. Under 25 % UV, the tensile strength increased by 
11 % from 24.1 MPa to 26.8 MPa when the PI increased from 0.2 wt% to 
0.3 wt%. Moreover, the tensile strength further dropped by 54 % from 
26.8 MPa to 12.4 MPa when the PI increased to 0.4 wt%. Another 
finding is that the tensile strengths are slightly higher for specimens 
cured under 15 % UV than those cured under 25 % UV at the same PI 
content. Specifically, at 0.3 wt% and 0.4 wt%, the tensile strengths are 
32.0 MPa and 27.9 MPa under 15 % UV, respectively, as opposed to 
26.8 MPa and 12.4 MPa under 25 % UV. Additionally, in Fig. 4(c), when 
the frontal specimens are compared to specimens cured using the 
traditional oven curing method (denoted as “Traditional”), it can be seen 
that the strengths of the frontal specimens are comparable (28.0 MPa at 
0.4 wt%) and even higher (32.0 MPa at 0.3 wt%) than the tensile 
strength of the traditional specimen (29.0 MPa). When the PI increases 
to 0.5 wt%, the tensile strength (13.9 MPa) becomes much lower than 
the strength of the traditional specimen. These findings suggest that 

increasing the PI weight content or the UV light intensity could 
compromise the tensile strength due to the increased temperature, 
which inevitably leads to the production of side reactions and a higher 
porosity in the FP process. 

Generally, our study indicates that the ECC epoxy resin’s mechanical 
properties, when subjected to either conventional thermal oven curing 
or frontal polymerization, may not match the performance of other 
thermoset resin such as DCPD resin cured frontally. Specifically, the 
tensile strength and Young’s modulus of either thermally or frontally 
cured neat DCPD specimens ranges from 20 to 50 MPa and 0.4-2 GPa are 
potentially higher than those of ECC or Badge thermoset resin, respec-
tively. This comparison underscores the distinct benefits and constraints 
associated with different resin types across diverse curing 
methodologies. 

Unlike the tensile strength which shows a clear decreasing trend with 
the increase of the PI content, the tensile modulus is less impacted by the 
PI weight content and does not show a clear trend, as shown in Fig. 4(c) 
and (d). The average tensile modulus of frontal specimens is 1.7 GPa and 
1.2 GPa under 15 % UV and 25 % UV, respectively. Hence, the modulus 
is on average 42 % higher in specimens under the 15 % UV condition. 
Moreover, when compared to the modulus of the traditional specimen 
(0.9 GPa), the average modulus of frontal specimens is 89 % and 33 % 
higher under 15 % UV and 25 % UV conditions, respectively. 

The flexural properties of the epoxy specimens fabricated using the 
FP method are shown in Fig. 4(e). Note that the flexural tests were only 
conducted with specimens that are fabricated under the 15 % UV con-
dition due to its better performance as discussed in the results for tensile 
properties. Similar to the tensile strength, the flexural strength decreases 
as the PI content increases. Specifically, the flexural strengths decreased 
from 115.5 MPa to 101.5 MPa and 65.1 MPa when the PI increases from 
0.3 wt% to 0.4 wt% and 0.5 wt%, rendering a percentage decrease of 12 

Fig. 4. (a) A visual comparison of the epoxy resin specimens fabricated in the flat beam mold and the dog-bone mold containing 0.3 wt% PI content cured under 15 
% UV and 25 % UV conditions. (b) The degree of cure of specimens cured in the flat beam mold under 25 % UV and 15 % UV conditions at varying weight contents of 
photoinitiator (PI). Tensile strength and modulus of the specimens fabricated (c) under 15 % UV and their comparisons with specimens fabricated using the 
traditional oven curing method (denoted as “Traditional”) and (d) under 25 % UV conditions. (e) The influence of the PI content on the flexural strength and modulus 
under 15 % UV condition and the comparison with the traditionally oven-cured specimens. 
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% and 36 %, respectively. When compared to the traditional specimen 
(83.2 MPa), the flexural strengths of the frontal specimens at 0.3 wt% 
and 0.4 wt% are 38 % and 22 % higher, respectively. When the PI in-
creases to 0.5 wt%, the flexural strength becomes lower than that of the 
traditional specimen, which is likely caused by the polymer degradation 
and the status of being mushy right after the polymerization process as a 
result of the high temperature (as shown in Fig. 4(a)). Unlike the flexural 
strength which shows a decreasing trend as the PI content increases, the 
flexural modulus shows an opposite trend, in which it increases as the PI 
content increases. Specifically, the average flexural modulus is 1.4 GPa, 
1.7 GPa, and 2.1 GPa at PI contents of 0.3 wt%, 0.4 wt%, and 0.5 wt%, 
respectively. The frontal specimen with 0.3 wt% PI content shows an 
identical flexural modulus to that of the traditional specimen fabricated 
using the oven curing method (1.4 GPa), but with a relatively higher 
standard deviation (i.e., 0.14 vs. 0.07), indicating that using the FP 
method to fabricate the epoxy resin could potentially cause a higher 
non-uniformity in the flexural modulus. The average flexural modulus of 
the specimens with 0.4 wt% and 0.5 wt% PI contents are 21 % and 50 % 
higher than that of the traditional specimen, respectively. 

3.2. Effect of the geometry: flat beam vs. dog-bone specimens 

As discussed in Section 2.1, to investigate how the geometry affects 
the FP process, two types of elastomer molds were used, one with a 
cavity of a flat beam shape and the other with a cavity of a dog-bone 
shape (i.e., Type V dog-bone shape as suggested in ASTM D638 [32]). 
We chose to compare the dog-bone shape, a tensile testing standard, 
with the flat beam shape to assess how changing the cross-sectional area 
along the front propagating path affects FP characteristics and me-
chanical properties. This comparison, under constant PI wt% and UV 
intensity, is crucial for understanding how variations in geometry in-
fluence the overall FP characteristics and strength of the samples, 
providing a baseline guidance for future scale-up studies. 

Using the dog-bone shaped mold, as the front propagates from the 
shoulder into the slender gauge section in the center of the dog-bone, it 
constricts the front, thereby causing differences in the FP behaviors 
when compared to those in the flat beam molds. Fig. 2 shows a com-
parison of the evolution of the temperature field as the front propagates 
in a flat beam mold vs. in a dog-bone mold. In what follows, specimens 
fabricated in the flat beam mold will be referred as the flat beam 

specimens while the ones fabricated in the dog-bone mold will be 
referred as the dog-bone specimens. 

3.2.1. Initiation duration, total curing time, front temperature, and front 
velocity 

The experimental results of the initiation duration and total curing 
time in the dog-bone specimens vs. the flat beam specimens at varying PI 
contents are presented in Fig. 5(a). Our results show that the specimen 
geometry does not have a significant impact on the initiation time. As 
shown in Fig. 5(a), similar to the results for flat beam specimens in Fig. 3 
(a), the initiation time is not much affected as the PI content increases 
from 0.3 wt% to 0.4 wt%, however, it experienced a significant drop of 
57 % as the PI increases from 0.4 wt% to 0.5 wt%. These initiation 
durations and the trend are identical to those of the flat beam specimens. 

The specimen geometry shows a big influence on the total curing 
time and the front temperature. Fig. 5(a) and (b) provide the comparison 
between the flat beam specimens and the dog-bone specimens at varying 
PI contents for the total curing time and the front temperature. The total 
curing time in dog-bone specimens shows a decreasing trend as the PI 
content increases, similar to that in the flat beam specimens. When 
comparing the two types of specimens, it can be seen that the average 
total curing time experienced reductions of 10.1 % and 9.2 % in dog- 
bone specimens at PI contents of 0.3 wt% and 0.4 wt%, respectively. 
However, as the PI increases to 0.5 wt%, the total curing time in dog- 
bone specimens becomes higher than that in the flat-beam specimens, 
highlighting the more significant role that the PI weight content plays, 
which has led to the generation of a higher exothermic heat in the flat 
beam specimens, and hence reducing the total curing time. 

Although the front temperature shows a similar increasing trend as 
the PI content increases, the front temperature in the dog-bone speci-
mens is consistently lower than that in the flat beam specimens. This can 
be explained by the reduced total volume of the epoxy monomer in the 
dog-bone shaped cavity when compared to that in the flat beam shaped 
cavity, which resulted in the less total exothermic heat generated. 
Moreover, it is observed that the difference in the front temperature 
between the flat beam and the dog-bone specimens decreases as the PI 
content increases (see Fig. 5(b)). Specifically, the reductions in the dog- 
bone specimens are 2.0 %, 1.6 %, and 0.6 % at PI contents of 0.3 wt%, 
0.4 wt%, and 0.5 wt%, respectively. This implies that both the total 
volume of the frontal resin and the PI content are important factors that 

Fig. 5. A comparison of (a) the initiation duration and total curing time and (b) front temperature in flat beam vs. dog-bone specimens. (c) Average front velocity in 
flat beam vs. in dog-bone epoxy resin specimens at three prescribed locations (x=21.0 mm, 32.0 mm, and 63.5 mm) fabricated using the frontal polymerization 
method under 15 % UV condition. (d) A comparison of degree of cure for flat beam vs. dog-bone epoxy resin specimens at varying PI weight contents fabricated using 
the frontal polymerization method under the 15 % UV condition. 
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contribute to the generation of the exothermic heat, in which the PI 
content plays a more significant role in generating the heat as the PI 
content increases. 

Fig. 5(c) shows a comparison of the average front velocity between 
the flat beam and dog-bone specimens at three prescribed locations 
(x=21.0 mm, 32.0 mm, and 63.5 mm, see the insert in Fig. 5(c)) at the 
three PI weight contents. The first observation is that the average front 
velocity in dog-bone specimens shows a similar decreasing pattern as in 
the flat beam specimens. The second observation is that the average 
front velocity in dog-bone specimens also increases as the PI content 
increases. Moreover, when compared to the flat beam specimens, the 
average front velocity increased by 3.8 %, 20.5 %, and 11.2 % at x=21.0 
mm, 32.0 mm, and 63.5 mm in the dog-bone specimens, respectively, at 
a PI of 0.3 wt%. As the PI content increases, the higher average front 
velocity in the dog-bone specimen is mitigated by the increased total 
exothermic heat generated in the flat beam specimens. This can be 
explained by checking the analytic formula for the front velocity based 

on the cure kinetics model, V2 =
(

Ak
ρHe

RT2
max
E exp

(
− E

RTmax

))
1
∅ [33], where A, 

k, E are curing kinetics parameters, R is the gas constant, ρ is the density, 
He is amount of heat generated by the exothermic reaction of the resin, 
Tmax is the front temperature, and ∅ is a parameter associated with the 
curing kinetics model. As the equation shows, the front velocity is 
dictated by a competing mechanism between the exothermic heat (He) 
and the maximum temperature (Tmax). At a lower PI content of 0.3 wt%, 
the exothermic heat produced in the dog-bone specimen is relatively 
lower than that in the flat beam specimen, which resulted in a slightly 
higher front velocity. As the PI content increases to 0.4 wt% and 0.5 wt 
%, the front temperature begins to play a more significant role, as evi-
denced by the higher front temperature observed in the flat beam 
specimens which exhibited a higher front velocity. 

3.2.2. Degree of cure 
The degree of cure in dog-bone specimens is compared to that in the 

flat beam specimens in Fig. 5(d). It can be observed that the dog-bone 
specimens exhibited consistently higher degree of cure when 
compared to the flat beam specimens at varying PI weight contents. 
Specifically, they are 11 %, 9 %, and 7 % higher in the dog-bone spec-
imens as opposed to the flat beam specimens at PI contents of 0.3 wt%, 
0.4 wt%, and 0.5 wt%, respectively. Although the front temperature in 
the dog-bone specimens is consistently lower than that in flat beam 
specimens (as shown in Fig. 5(b)), the resulting degree of cure is not only 
governed by the front temperature, but also the geometry and the size of 
the specimen. For dog-bone specimens, the generated exothermic heat is 
more constrained in a relatively smaller volume and hence, leading to 
the improvement of the overall degree of cure. 

3.2.3. Tensile properties 
A comparison of the tensile properties between the dog-bone speci-

mens and the flat beam specimens is presented in Fig. 6(a) and (b). Note 

that although the epoxy specimens fabricated in the flat beam shaped 
cavity is named as flat beam specimens, they were cut into the dog-bone 
specimens prior to the tensile tests. For the specimens fabricated in the 
dog-bone shaped cavity, they were directly used in the tensile tests. As 
shown in Fig. 6(a), initially at a PI of 0.3 wt%, the tensile strength of the 
dog-bone specimen is about 10 % lower than that of the flat beam 
specimen. However, as the PI content increases, the tensile strengths of 
the dog-bone specimens quickly surpass those of the flat beam speci-
mens. In particular, they are 28 % and 124 % higher as the PI content 
increases to 0.4 wt% and 0.5 wt%, respectively. This could be due to the 
increased porosity in the flat beam specimens as the PI content increases 
(seeFig. 4(a)), which is caused by the higher amount of exothermic heat 
generated in flat beam specimens. Fig. 6(a) also compares the tensile 
strength of the dog-bone and flat beam specimens fabricated using the 
traditional oven curing method. It was observed that the neither the 
traditional dog-bone nor the flat beam specimens exhibit any visible air 
pores in the epoxy specimen. Hence, these specimens were not affected 
by the generation of the large amount of air pores. The flat beam 
traditional specimens showed an identical tensile strength with than 
that of the dog-bone traditional specimens, which is expected since the 
geometry of the same material should not affect the tensile strength. 

On the other hand, Fig. 6(b) shows the comparison for the tensile 
modulus. The dog-bone specimens exhibited consistently lower modulus 
when compared to those flat beam specimens. In particular, they are 
about 26 %, 2 %, and 18 % lower at PI contents of 0.3 wt%, 0.4 wt%, and 
0.5 wt%, respectively. This along with the generally higher tensile 
strength of the dog-bone specimens, indicates that the dog-bone speci-
mens are more ductile than the flat beam specimens. For the traditional 
flat beam and dog-bone specimens, no noticeable difference in the 
tensile modulus has been observed, as expected. 

Overall, our results suggest that the FP process and the resulting 
mechanical properties of the epoxy resin specimens are highly sensitive 
to the geometry in which the front was initiated and propagated. A 
geometry that gives a smaller volume results in the generation of a lower 
total exothermic heat, and thus lower porosity and higher strength. A 
geometry that gives a larger volume results in the generation of a higher 
total exothermic heat, and hence a higher degree of cure and a higher 
modulus in general. 

4. Conclusion 

In this study, we investigated the UV-induced frontal polymerization 
(FP) of epoxy resin and delved into the effects of the weight content of 
the photoinitiator (PI), the UV light intensity, and the specimen geom-
etry (i.e., flat beam vs. dog bone) on both the characteristics of the FP 
and the resulting mechanical properties of neat epoxy specimens. The 
study mainly leads to the following findings: 

The front velocity, front temperature, and the degree of cure increase 
as the weight content of the photoinitiator (PI) and the UV light intensity 

Fig. 6. A comparison of (a) tensile strength and (b) tensile modulus between flat beam and dog-bone epoxy specimens fabricated at varying PI content under the 15 
% UV condition. 
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increase due to the increased amount of exothermic heat generated in 
the FP process. Notably, the degree of cure increased from 76 % to 95 % 
as the PI weight content increases from 0.2 wt% to 0.4 wt% under the UV 
light with an intensity of 82 mW/cm2. However, although increasing the 
PI content and the UV light intensity increases the degree of cure, if the 
temperature gets overly high, it can cause adverse effect on the tensile 
and flexural strengths due to the polymer degradation. In our flat beam 
specimens, the tensile strength dropped by 50 % as the PI content 
increased from 0.4 wt% to 0.5 wt% while the flexural strength decreased 
by 24 % as the PI content increased from 0.3 wt% to 0.5 wt%, under the 
UV light with an intensity of 42 mW/cm2. 

Additionally, the specimen geometry (flat beam vs. dog-bone) 
significantly affects the FP process and the mechanical properties. A 
geometry that gives a slender gauge section will constrict the heat flow 
and reduce the heat loss to the ambient environment, and hence improve 
the degree of cure. Generally, using a geometry with a uniform cross 
section results in the generation of a higher total exothermic heat, and 
hence higher front temperature, front velocity, and higher modulus, 
when compared to the geometry having a slender gauge section. Using 
the geometry with the slender gauge section results in the generation of 
a lower total exothermic heat, and hence lower porosity, higher 
strength, and higher ductility. 

Lastly, when compared with epoxy resin specimens cured using the 
traditional oven curing method, the curing time reduced from 15 h to 
only less than 1.5 min using the UV-induced FP method. The tensile and 
flexural strengths of frontal polymerized epoxy resin specimens are 
comparable and even higher than those of the traditional specimen. This 
demonstrates the great promise of the UV-induced FP for achieving the 
in-situ curing of epoxy resin with excellent mechanical properties, which 
paves the avenue for the efficient and additive manufacturing and repair 
of thermoset and thermoset based fiber composites. 
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