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A B S T R A C T   

Prepregs are in demand for large production by the composites manufacturing industry to improve the me-
chanical properties of the load-bearing structural parts. The current prepreg manufacturing is confronted with 
inadequate resin impregnation, high energy costs, and safety concerns. To address those challenges, in this paper, 
we proposed a novel thermoset prepreg fabrication strategy that utilizes viscosity controlled by thermal gradient 
as well as gravity to achieve fast and energy-efficient manufacturing of thermoset prepreg. The concept is based 
on the localized in-plane thermal assist (LITA) technique, which uses a dynamic capillary effect to induce the 
wicking of thermoset resins in carbon fibers. This work demonstrated that a bench-scale continuous production 
of thermoset prepreg with carbon fiber tows can be achieved, and results show that the produced prepreg is B- 
staged, with the degree of curing as 13.9%. Our calculation suggests that the LITA prepreg fabrication method 
could save 63.56% of energy compared to the traditional prepreg fabrication methods, and increase the pro-
duction rate by 133.28% compared to the traditional hot-melt prepreg fabrication method. The LITA prepreg 
method represents an efficient and eco-friendly composite manufacturing technology to outperform the state-of- 
the-art energy-intensive prepreg fabrication methods.   

1. Introduction 

Carbon fiber/thermoset composites are strong and lightweight ma-
terials that have been widely used in the aerospace, automotive, and 
wind energy industries [1–5]. In composites manufacturing, prepregs 
are applied in the large structural parts due to their high fiber volume 
fraction (65%) [6] and ease of moldability, so they are ready to be used 
as intermediate materials through a layer-by-layer stacking way to form 
predetermined patterns for large-volume composite structure produc-
tion. The shape conformity of a prepreg allows it to be laid up to the 
surface of tooling structure closely and fully cured into the final com-
posite structural parts by post-thermal curing [1,7]. Prepregs consist of 
fibers and thermoset resins (e.g., epoxy, vinyl ester, and phenolic resin) 
that are slightly cured (often known as B-staging), and the fabrication is 
implemented by liquid thermoset infiltration into the fiber. Because of 
the very low curing degree (<35%) [8–10] of resin in prepreg, prepreg 
can be saved for long-term use if it is properly stored at low temperature 

to retard polymer cross-linking kinetics. Driven by the ambitious global 
target of achieving zero Green House Gases (GHG) emission by 2050 
[11–13], prepreg demand for making lightweight and strong composite 
has been largely increased, particularly in sustainable energy applica-
tions, such as weight-efficient ground and flying vehicles, electric 
vehicle battery enclosure, pressure vessels for hydrogen, and turbine 
blades for wind energy. In order to meet the energy-saving goals, it re-
quires the high-volume and massive carbon fiber/thermoset prepreg 
production to be more energy-efficient and environmentally friendly. 

Prepreg production is a liquid thermoset resin impregnation while 
maintaining a low degree of resin curing process. Traditionally, ther-
moset resin impregnation is plagued by poor impregnation rate, limited 
choices of suitable thermoset resin, high energy costs, and safety con-
cerns. To solve those challenges, three common solutions are adopted, 
including the solvent dip method, the hot-melt method and the resin 
filming method to form prepregs [14–16]. In the solvent dip method, 
fiber tows are usually soaked in a resin bath containing resins and 
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organic solvents, where organic solvents (e.g., acetone, ethyl acetate, 
methyl ethyl ketone) are used to reduce the viscosity of the resin to 
facilitate fast resin impregnation into carbon fiber structures [8,17,18]. 
Once the resin is fully saturated in the prepreg, organic solvents need to 
be removed from the prepregs in the air circulation oven [18]. The 
organic solvent removal and reclaim process will deteriorate impreg-
nation with voids left by solvent removal, and potentially cause safety 
concerns and raise energy costs [14]. The organic solvents are avoided 
in the hot-melt method. In this method, the resin flows from the hopper 
to the release paper with heat applied to drop the viscosity, and transfers 
to the fiber by rolling. Then, the resin-carried release paper is calendared 
with the fiber to enforce impregnation. However, the calendaring rollers 
must be also heated to maintain the low viscosity of the resin, due to the 
possibility of heat dissipation between the resin hopper and the rollers. 
Not only the rollers consumes energy during operation, but also the 
prolonged heating on the thermosets enhances the degree of crosslinking 
and gradually increases viscosity, thus it degrades the impregnation 
sufficiency [14,15]. The resin filming method uses similar equipment as 
the hot melt method, but uses the resin film that has been pre- 
manufactured to limit contact with heat to only calendaring. Howev-
er, the resin film could have poor flexibility and high viscosity due to 
raw materials and B-staging, so it is also challenging to achieve full 
impregnation [15,16]. Recent efforts are made to improve the thermoset 
prepreg fabrication processes, including the radio-frequency (RF) 

assisted prepreg fabrication method [19], the siphon prepreg fabrication 
method [20], and the T-Die prepreg fabrication method [21]. In the RF 
assisted prepreg fabrication method, the RF applicator was introduced 
to replace the conventionally used oven to saturate the fiber with the 
resin. The RF applicator could better control the crosslinking of the 
carbon fiber/epoxy prepreg with predefined power and heating time. 
The optimized frequency was found to be 66 MHz to obtain the maxi-
mized heating rate at low power input, which enables fast fabrication of 
the prepregs with low energy consumption. However, this method did 
not consider solvent recollection before applying the electromagnetic 
wave. The evaporation of the remaining solvent on the fiber under high 
heating rate makes the process not comply with safety requirements 
[19]. In the siphon method, the fiber was feeding through the siphon, 
where the amount of resin could be adjusted by hydrostatic pressure to 
control the impregnation rate. However, the syphon is not suitable for 
high-viscosity resins, as it has high requirements for the flowability of 
the resin and the flexibility of the prepreg to adapt to the curvature of 
the siphon [20]. The T-Die method was to improve the hot-melt prepreg 
method by replacing the calendaring rollers to the T-die, which con-
centrates the heating area to promote impregnation, but the tooling and 
energy costs are high [21]. An ideal prepreg fabrication method should 
meet several following traits: (1) no organic solvent, (2) possess high 
thermoset impregnation rate, (3) be adaptable for all types of thermoset 
matrices, (4) do not require high energy consumption. However, 

Fig. 1. Illustration of the LITA thermoset prepregs fabrication process. (a) Schematic of the prepregs fabrication process. The heater, which is situated 10 mm 
away from the resin droplets, contacts the moving fiber tow on the sloped conveyor, leading to a thermal gradient for the resin droplets to infiltrate to the fiber. The 
gravity also helps resin flow towards the lower end of the slope, where the heater is placed. The cooling area helps ensure B-staging of the prepregs. (b) Top view of 
the carbon fiber tows, where the capillary effect takes place with heater and gravity driving the resin flow front. (c) Digital photo of the bench-scale continuous 
prepregs production system. (d) Liquid sorption coefficient Ks of the resin vs temperature and tilting angle, with the highest values occurring at 50 ℃ for all tilting 
angles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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currently reported methods only have touched part of those traits, while 
our fabrication method addresses all of those traits. 

In this work, we propose a novel thermoset prepreg fabrication 
method that is solvent-free, efficient in thermoset impregnation, appli-
cable for a wide range of thermoset resins and energy-saving. The core 
mechanism of the fabrication method is the localized in-plane thermal 
assist (LITA) technique, with dynamic capillary effect of the resin caused 
by thermal gradient to realize fast resin impregnation on the fiber and 
maintain B-staging of the resin matrix with low energy costs. We 
recently developed a 3D printer based on the LITA mechanism [22]. The 
schematic of the LITA thermoset prepreg fabrication method is shown in 
Fig. 1, where a bench-scale continuous production system is established 
for thermoset prepregs with carbon fiber tows. A heater is utilized to pre- 
heat carbon fibers and induce a temperature gradient along the fiber 
feeding direction. With resin deposited on fibers, the temperature 
gradient creates the viscosity gradient of the resin, which presents the 
opposite trend as the temperature gradient in the vicinity of the heater. 
The variation of temperature-dependent viscosity facilitates wicking 
phenomenon on carbon fibers. The correlation between viscosity and 
wicking phenomenon could be indicated using the liquid sorption co-
efficient of the epoxy resin that had been introduced in our previous 
LITA work. In that previous work, we developed the equation of liquid 
sorption coefficient Ks, which measures the wicking capability of resin 
on carbon fibers that had capillary effect on the horizontal plane [22]. In 
this work, the slope of the LITA conveyor assists in resin wicking by 
gravity, together with capillary effect. Based on this, we introduced the 
coefficient (1+sinα) to the Ks to represent the coupling effects of gravity 
and capillary force, and formed the equation for the modified liquid 
sorption coefficient Km

s as shown in equation (1). We also plotted curves 
of the Km

s to reveal the trend of temperature-dependent wicking capa-
bility in Fig. 1(d), where the highest Km

s values occur at 50 ℃ for all 
tilting angles. This modified equation is not an accurate physics repre-
sentation. It is just to reflect the coupling effects of capillary force and 

gravity on resin wicking and impregnation qualitatively. 
The impregnated fiber tows need cooling to suppress cross-linking of 

the infiltrated resin. With cooling area placed before the collection spool 
of the fabricated prepregs, the fiber cools down to 12.5 ~ 18.2 ℃ tested 
with IR camera. The temperature is appropriate to inhibit the cross- 
linking, and prolong the storage life. The curing kinetics of the pre-
pregs are inhibited by the cooling area, accordingly the B-staging is 
maintained after resin impregnation. The produced prepregs turn out to 
achieve a low degree of curing, as 13.9%, which is in the percentage 
range of B-staging. By comparing with conventional prepreg [23–26] 
and other production [27,28] we can confirm the competitiveness of the 
LITA prepreg method with its production rate 133.28% higher than the 
hot-melt prepreg fabrication method and its energy intensity 63.56% 
lower than the traditional prepreg fabrication methods, which stands 
out our method as an efficient and eco-friendly composite 
manufacturing technology. 

Km
s = Ks(1 + sinα) =

[
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μ
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√
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(1, adapted from [22]) 
Ks is the liquid sorption coefficient, and Km

s is the modified liquid 
sorption coefficient. d1 is the density of the resin, γ is the surface tension 
of the resin, μ is the viscosity of the resin, ε* is the effective sorption 
porosity of carbon fiber tows, λ is the tortuosity factor which can be 
calculated using geometric relations between carbon fibers and pores. r0 
is the average pore radius, θ is the contact angle between resin and fiber 
tows, and α is the tilting angle of the LITA conveyor. The equation of Ks 
and values of surface tension, effective sorption porosity, tortuosity 
factor, average pore radius, contact angle are referenced from previous 
work in LITA [22]. 

The LITA prepreg fabrication process has been experimentally 
demonstrated. The temperature-dependent viscosity profile in Fig. 2(a) 
shows a dramatically decreasing trend from 30 to 50 ◦C and a slightly 

Fig. 2. Demonstration of the LITA prepreg fabrication process using epoxy resin on fiber tows. (a) Viscosity vs temperature (30 ~ 100 ◦C, with 10 ◦C as an 
interval) for the epoxy resin (FibreGlast System 4600, curing agent System 4690. The weight ratio of resin to curing agent is 5:1). (b) Infrared (IR) image of 
temperature distribution on 12 K carbon fiber tow (HexTow, Hexcel Corporation, Stamford, CT) during epoxy resin wicking on LITA platform (tilting angle 21◦), 
recorded in FLIR camera. (c) Plot of temperature distribution along fiber direction. (d) Top view photos of epoxy resin wicking to form the prepreg (Left: with heating 
is applied. Right: without heating.). (e) Top view photos of continuous wicking with heating applied. (f) Wicking distance vs time on the bench-scale prepreg system 
with heating applied and without heating. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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increasing trend between 50 and 80 ◦C. The resin viscosity dramatically 
increases when the temperature is over 90 ◦C. The lower bound of vis-
cosity occurs at 50 ◦C, with a value of 0.156 Pa⋅s. As for the epoxy resin 
that we used in the experiments, it has lowest viscosity and highest 
liquid sorption coefficient at 50℃. This temperature should be consid-
ered as the best temperature to preheat the resin. At the specific depo-
sition spot, the temperature of resin can be lower than the temperature 
of the deposition spot, so as to keep temperature to the same during LITA 
operation. But the preheating temperature beyond the deposition spot 
would oppositely create obstacle for resin flowing and infiltration. The 
infrared (IR) image in Fig. 2(b) shows a temperature distribution along 
fiber tow, with a temperature range of 30.2 ◦C ~ 277 ◦C, as the heater is 
closely contacting the carbon fibers. The temperature distribution is 
correspondingly graphed in Fig. 2(c), which indicates that the temper-
ature is ~ 42.1 ◦C at the point of resin deposition, which is ~ 8.6 mm 

away from the right edge of heater. Fig. 2(d) presents the dynamic 
wicking of resin on fiber tow over time by digital photos. The resin 
deposited on fiber tow is a mixture of an epoxy resin (FibreGlast System 
4600, Brookville, OH, USA) and a hardener (FibreGlast 4690) by the 
weight ratio of 5:1. The heater was operated at 1.0A 10.0 V using 
Keithley 2425 source meter, with the output power as 6.68 W on the left 
side of Fig. 2(d). The resin deposited on fiber tow reacted immediately to 
the thermal gradient, and spread over the wicking region within 5 s by 
capillary force as well as gravity. By 40 s, it was observed that the resin 
was almost absorbed into fibers. The right side of the figure presents 
much slower wicking and impregnation performances of the resin 
without heating. Although the wicking could also occur in 10 s only by 
gravity, the resin could not be seen fully absorbed into the fiber until 
250 s. The continuous wicking process with heating applied is demon-
strated in Fig. 2(e) by digital photos. The continuous resin deposition on 

Fig. 3. Demonstration of tilting-induced 
wicking on 12 K carbon fiber tows. (a) 
Resin impregnation on fiber tows which are 
placed 0◦. (b) Resin impregnation on fiber 
tows which are placed 30◦. (c) Resin 
impregnation on fiber tows which are placed 
60◦. (d) Resin impregnation on fiber tows 
which are placed 90◦. (e) Wicking time vs 
slope degree with heating applied to the fi-
bers and without heating. (f) Impregnation 
time vs slope degree with heating applied 
and without heating. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   
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two different spots followed by wicking and impregnation, and consti-
tutes a new longitudinal wicking region on the fiber driven by capillary 
force and gravity, which seamlessly covers fiber tow with continuous 
resins. Fig. 2(f) illustrates the wicking distance of resin on fiber tow with 
a small amount of resin used. The resin wicking reaches 10 mm at ~ 4 s 
with heating applied to the fibers, while the resin only approaches ~ 4.7 
mm at 20 s without heating. Different resin systems may have different 
lower bound of viscosity, highest liquid sorption coefficient and corre-
sponding temperature. As for the epoxy resin that we used in the ex-
periments, it has lowest viscosity and highest liquid sorption coefficient 
at 50 ℃. This temperature should be considered as the best temperature 
to preheat the resin. At the specific deposition spot, the temperature of 
resin can be lower than the temperature of the deposition spot, so as to 
keep temperature to the same during LITA operation. But the preheating 
temperature beyond the deposition spot would oppositely create 
obstacle for resin flowing and infiltration. 

To study the role of applied fiber heating and varied conveyor slope 
on the proposed prepreg fabrication method, we prepared LITA prepreg 
miniature production lines at different tilting angles from 0 to 90◦, with 
30◦as an interval. The digital photos of resin wicking are shown in Fig. 3 
(a)-(d) at the various tilting angles. The left-side sub-photos are with 
heater working at 280 ℃, and the right-side sub-photos are without 
heating. In Fig. 3(a), the resin at tilting angle as 0◦wicked towards the 
heater within 10 s, and infiltrated into fibers within 40 s with heating 
applied; without heat, the resin took the longest time as 1000 s to 
complete infiltration. In Fig. 3(b), with tilting angle as 30◦, the resin 
wicked within 3 s, and infiltrated within 20 s; even without heat, the 
resin only needed 30 s to wick, and 120 s to infiltrate. In Fig. 3(c), the 
resin wicked within 5 s, and completed impregnation within 17 s with 
heating applied at tilting angle as 60◦; without heat, the resin wicked 
within 60 s, and infiltrated within 270 s. In Fig. 3(d), at tilting angle as 
90◦, the resin still wicked within 5 s, and infiltrated within 20 s with 

heating applied; without heat, the resin completed wicking within 60 s, 
and impregnation within 300 s. The wicking and impregnation time of 
the experimented tilting angles are summarized in Fig. 3(e) and 3(f), 
respectively. Each plot contains the time recorded with heating applied 
(1.0A 10.0 V, output power ≈ 6.53 W), and without heating. When the 
wicking of the resin stalls on fiber tow, it was observed that the volume 
of the resin shrank down on fiber surface, and the resin was being 
absorbed into carbon fiber structures. The time presented both in the 
two column figures was recorded starting from when the resin was 
deposited onto fiber tow. According to the results, the wicking time is 
inversely proportional to the degree of tilting, which works for both with 
heat applied and without heat. As for the impregnation time, it is similar 
at 30, 60 and 90◦, and higher at 0◦with heating applied; but the 
impregnation time is higher at 60 and 90◦than low degree of tilting 
when the heat is not applied. At 30◦, it has the lowest impregnation time 
as 120 s. It can be attributed that at high degree of tilting, the lower 
stream of fiber tows has more resin accumulated, where it needs more 
time to infiltrate into fibers. Generally, the wicking time and the 
impregnation time of resin on fiber with heat applied are significantly 
shorter than those without heat. Considering the fact that the resin 
initial attachment onto carbon fibers becomes difficulty as titling angle 
increases that makes resin roll over, which will cause an unsaturated 
scenario of carbon fibers through the thickness, our experimental shows 
that 20-30◦ tilting angles can have the best wicking/impregnation time 
and resin saturation performance. 

To better understand the role of applied fiber heating and varied 
conveyor slope on the proposed prepreg fabrication method, we also 
implement a wicking model here in COMSOL Multiphysics to analyze 
the resin wicking process shown in Fig. 4. The predictive model of the 
resin wicking on the fiber tow is set up as a 2D model of a fiber tow with 
a rectangular geometry of 10 mm length (referred to the wicking dis-
tance between the resin droplet and the heater) and 3.6 mm width 

Fig. 4. Predictive modeling of the resin 
wicking process with regards to applied 
fiber heating and varied conveyor slope 
for the LITA prepreg fabrication method. 
(a) Schematic of fiber tow and resin wicking 
simulation setup (the unit is mm), with (b) 
showing top view of the representative per-
centage of resin absorbed by the fiber tow at 
different times with applied fiber heating at a 
conveyor slope of 0◦. (c) The effect of applied 
fiber heating on wicking distance over time. 
(d) The effect of gravity on wicking distance 
over time, as controlled by the slope degree 
of the conveyor. (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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(estimated from the fiber tow used in this study) in Fig. 4(a). A thickness 
of 0.12 mm is also defined based on the measured fiber tow thickness. It 
is worth noting that while a 1-D analytical solution could be used here, 
we develop the 2D model in this study to account for potential tem-
perature (thus wicking) variation along the fiber tow width for com-
parison in the follow-up study, e.g., carbon fiber fabrics. In comparison, 
the Multiphysics analysis models the resin wicking as a multiphase flow 
by coupling the Darcy’s law and phase transport in porous media. The 
effective porosity and average pore radius are calculated to be 0.465 and 
1.29 μm, respectively, for the fiber tow in this study. A thermal gradient 
is applied along the fiber tow length, following the experimentally 
measured temperature distribution in Fig. 2(c) in order to predict 
wicking process along fiber length. The corresponding experimentally 
measured temperature dependent resin viscosity in Fig. 2(f), surface 
tension and contact angle characterized in our previous study [22] are 
implemented to explicitly study fiber heating effect here. A uniform 
temperature distribution is only applied across fiber tow cross-section (i. 
e., fiber tow width and thickness) in the 2D model here to simplify the 
simulation process. A transient simulation of wicking a fiber tow length 
of 10 mm is performed, with representative resin wicking levels at 
different times shown in Fig. 4(b). The resin starts infusing the fiber tow 
very quickly at initial stages, and then gradually slows down as it ap-
proaches the total fiber length. Similar phenomena are also observed 
from both experimental results in Fig. 2 and prediction results in Fig. 4. 
The effect of the proposed fiber heating is first analyzed in Fig. 4(c). 
Similar to the experimental measurement in Fig. 2(g), fiber heating 
decreases the time needed to infuse fiber tow from above 260 s to 16 s, 
dramatically improving the wicking rate. The effect of gravity on resin 
flowing is studied by varying slope degrees in Fig. 4(d). Increasing the 
slope degree from 0◦ to 90◦ is also found to greatly reduce the time 

needed from 16 s to 1.7 s in wicking the fiber tow length of 10 mm in 
Fig. 4(d). It is worth noting that as only the slope degree is changed, it 
will only affect resin flowing (wicking) rate and thus the predicted trend 
is expected to be self-similar with only varying slope as observed in 
Fig. 4(d). It should also be noted that the discrepancies found between 
experimental measurements in Fig. 2 and prediction results Fig. 4 are 
mainly attributed to the difference in temperature distribution through 
fiber thickness, where a uniform temperature distribution is applied 
along fiber thickness in the 2D model here. However, in our experi-
ments, the contact-based fiber heating method may cause temperature 
gradient through fiber thickness, leading to both wicking along fiber 
length in Fig. 2(h) and absorption through fiber thickness in Fig. 2(i). 

To validate the capability of LITA method on other resin system, we 
have demonstrated the feasibility of polyester resin on fiber tows. The 
viscosity profile of the polyester resin is shown in Fig. 5(a). The viscosity 
is 0.713 Pa•s at 25 ℃, and decreases to lowest value as 0.138 Pa•s at 52 
℃. Beyond this temperature, the viscosity significantly rises. Fig. 5(b) 
shows the temperature distribution on fiber tows with polyester resin. 
The temperature of the lowest viscosity of resin determines the location 
of deposition spot for the polyester resin, which is ~ 10 mm away from 
the right edge of the heater. The digital photos of deposition of polyester 
resin droplets are shown in Fig. 5(c). With heating applied, the resin 
infiltrated into fiber tows within 15 s, while the resin took 50 s to 
infiltrate. Fig. 5(d) shows the continuous wicking of polyester resin on 
fiber tows with heater maintaining at 280 ℃. The demonstration proves 
the potential to expand the method to other resin systems. 

Besides the test of other resin system, we also have demonstrated the 
feasibility of the LITA method on woven fabrics with epoxy and poly-
ester resins. The IR image in Fig. 6(a) shows the temperature distribution 
along the woven fabrics during the epoxy resin wicking in the range of 

Fig. 5. LITA demonstration of polyester resin on 12 K carbon fiber tows. (a) Viscosity of polyester resin vs temperature, in the range of 25 ~ 80 ℃. (b) Infrared 
(IR) image of temperature distribution (recorded in FLIR camera) on 12 K carbon fiber tow (HexTow, Hexcel Corporation, Stamford, CT), which was placed on LITA 
platform (tilting angle: 21◦) for polyester resin wicking. (polyester resin: TotalBoat Polyester Laminating Resin Marine Grade) (c) Top view photos of resin to form 
prepreg (Left: with heating is applied (1.0A, 10 V, output ≈6.68 W). Right: without heating.) on the 12 K carbon fiber tow (HexTow, Hexcel Corporation, Stamford, 
CT). (d) Top view photos of continuous wicking with heating applied (1.0A, 10 V, output ≈ 6.68 W). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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34.8 ~ 280 ℃. Combined with viscosity data in Fig. 2(a) and the tem-
perature distribution in Fig. 6(a), we deposited the epoxy resin on woven 
fabrics ~ 8.1 mm away from the right edge of the heater. Fig. 6(b) shows 
the simultaneous digital photo of resin wicking as the IR image. Fig. 6(c) 
displays the dynamic wicking of epoxy resin on woven fabrics. The left 
images in Fig. 6(a) show that with heat applied on the woven fabrics, the 
epoxy resin was infiltrated into the woven fabrics within 22 s, while it 

took the resin 600 s to be infiltrated to the woven fabrics without heat 
shown in the right images of Fig. 6(c). Fig. 6(d) displays the continuous 
resin wicking of the epoxy resin with heat applied, with temperature of 
heater reaching ~ 280 ℃. The experiments demonstrate that the woven 
fabrics can also be used in LITA method for the resin to be infiltrated 
with thermal gradient from the adjacent heater. Fig. 6(e)-(h) are 
regarding polyester resin, deposited on woven fabrics ~ mm away from 

Fig. 6. LITA demonstration of epoxy resin 
and polyester resins on woven carbon 
fabrics. (a)-(d): Epoxy resin. (a) Infrared 
(IR) image (recorded in FLIR camera) of 
temperature distribution on woven carbon 
fabrics during wicking of epoxy resin), which 
was placed on LITA platform (tilting angle: 
21◦). (epoxy resin: FibreGlast System 4600 
mixed with the hardener System 4690 in the 
weight ratio of 5:1). (b) Side view photo of 
epoxy resin wicking at the same time as 
taking the IR image. (c) Top view photos of 
epoxy resin wicking to form prepreg (Left: 
with heating is applied (1.0A, 10 V, output 
≈6.68 W). Right: without heating.) on the 3 
K woven fabrics (BONT Carbon fiber cloth 
fabric sheet, plain weave 3 K). (d) Top view 
photos of continuous wicking with heating 
applied (1.0A, 10 V, output ≈6.68 W). (e)- 
(h): Polyester resin. (e) Infrared (IR) image 
(recorded in FLIR camera) of temperature 
distribution on woven carbon fabrics during 
wicking of polyester resin on LITA platform 
(tilting angle: 21◦), recorded in FLIR camera. 
(polyester resin: TotalBoat Polyester Lami-
nating Resin Marine Grade). (f) Side view 
photo of polyester resin wicking at the same 
time as taking the IR image. (c) Top view 
photos of polyester resin wicking to form 
prepreg (Left: with heating is applied (1.0A, 
10 V, output ≈6.68 W). Right: without 
heating.) on the 3 K woven fabrics. (d) Top 
view photos of continuous wicking with 
heating applied (1.0A, 10 V, output ≈6.68 
W). (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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the right edge of the heater. With heating applied, it took the resin 80 s 
to infiltrate, while it did not infiltrate by 600 s without heat. Fig. 6(h) 
shows the continuous wicking of polyester resin on woven fabrics with 
heating applied. Therefore, the woven fabrics are proven the capability 

of using the LITA method. 
B-stage is the partial crosslinking status in the system where resin is 

mixed with hardener.[29,30] The B-stage of the LITA prepregs is 
confirmed by characterizing degree of curing, crystallization peaks, 

Fig. 7. B stage confirmation of the LITA 
prepregs. (a) Differential scanning calorim-
etry (DSC) profile of resin, B stage resin, and 
the LITA prepreg (measured from 30 to 
250 ◦C, heat ramp rate 5 ◦C/min). (b) 
Isothermal DSC isothermal profile of resin, B 
stage resin, and the LITA prepreg tested at 
30 ◦C for 90 min. (c) Dynamic mechanical 
analysis (DMA) isothermal profile of the fiber 
that absorbs B stage resin, and the LITA 
prepreg at 80 ◦C for 150 min (1 Hz). (d) 
Fourier transform infrared spectroscopy 
(FTIR) profile of B stage resin, fresh and 
cured LITA prepreg. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   

Fig. 8. Morphology characterization and wing composite demonstration. (a) Cross-sectional Scanning electron microscopy (SEM) image of the LITA prepreg. 
(b) Enlarged cross-sectional SEM image of the LITA prepreg, with fibers covered with thermoset resin matrix. (c) Nano-computed tomography (nano-CT) recon-
structed image of the cross-section of the prepreg, showing fiber is infiltrated with resin. (d) Column plot that shows fiber volume fraction and degree of cure. (e) 
Digital photos of the LITA prepreg that is laid up on the wing of the small-scale aircraft model. (f) The surface and the cross-sectional views of the prepreg after it is 
fully cured. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

K. Deng et al.                                                                                                                                                                                                                                    



Composites Part A 161 (2022) 107121

9

gelation and vitrification points, and functional groups, and comparing 
them with pure resin, B-stage resin, and carbon fiber wetted with B-stage 
resin. The differential scanning calorimetry (DSC) profile tested on Q600 
(TA Instruments) and Discovery DSC (TA Instruments) characterizes the 
exothermic peaks of the fresh B-stage resin and the fabricated prepreg 
occur at 103.77 ◦C and 98.49 ◦C, respectively (Fig. 7(a)). No significant 
exothermic peak occurs in the differential scanning calorimetry (DSC) 
curve of the pure resin, indicating that the crosslinking does not occur in 
resin without a hardener. The B-stage resin needs residual heat of re-
action as 27.116 J/g to fully cure, while the prepreg needs 23.351 J/g to 
fully cure. The degree of cure of the prepreg can be calculated as 13.9% 
from the residual heat of reaction. The low degree of cure confirms the 
LITA prepreg is at the B stage, indicating that it is far from being fully 
cured. The isothermal DSC test was utilized to characterize endothermic 
peaks for 90 min on Q600 (TA Instruments) (Fig. 7(b)). For the pure 
resin, there is no endothermic peak in its isothermal profile, but there is 
one for the B-stage resin and the LITA prepreg respectively on the early 
test minutes (in ~ 0.5 min for B-stage resin, and in ~ 2 min for the 
prepreg), followed by slight exothermic signals (in ~ 7 min for B-stage 
resin, and in ~ 10 min for the prepreg). Those endothermic peaks 
indicate that their molecular mobility slightly increased due to rapid 
temperature increase from room temperature in the beginning. The 
subsequent exothermic signals suggest that they underwent crystalli-
zation due to crosslinking, but did not have high heat flow due to low 
temperature testing conditions.[31] It confirms the LITA prepreg was at 
B-stage before testing. The dynamic mechanical analysis (DMA) results 
using DMA Q800 (TA Instruments) in Fig. 7(c) isothermally character-
ized tan(delta) (the ratio of loss modulus to storage modulus) values at 
80 ◦C for 150 min (1 Hz) for both the fiber that absorbs B-stage resin and 
the LITA prepreg. The tan(delta) appears first peak in ~ 10 min for the 
fiber wetted with resin, and in ~ 13 min for the LITA prepreg. The first 
peak can be interpreted as the gelation, where the materials transitioned 
from viscous liquid to rubbery solid, due to increasing viscosity during 
gel formation. Then the curve increases to form the second peak, which 
appears in ~ 21 min for the fiber wetted with resin, and in 22 min for the 
LITA prepreg. The formation of the second peak can be construed as the 
transition from rubbery solid to glass. After the second peak, both the 
tan(delta) curves dramatically decrease, which reveals that storage 
modulus is at least one order of magnitude higher than loss modulus and 
embodies the solid-like behaviors, so the second peak is the vitrification. 
The curves prove that both the fibers wetted with resin and the LITA 
prepreg were before the gelation stage in the beginning of DMA test, so 
they were in the B stage. The normalized Fourier transform infrared 
(FTIR) spectroscopy profiles (Fig. 7(d)) show that in the B-stage resin, 
several functional groups can be identified from transmittance peaks, 
such as the epoxy group (914 and 1243 cm− 1), the C-O group (1034 and 
1107 cm− 1), the phenyl group (827 and 1182 cm− 1), the methyl group 
(1456 and 2925 cm− 1), the C = C bond from the aromatic ring (1508 and 
1607 cm− 1).[32,33] Those transmittance peaks decrease in the fresh 
LITA prepreg but are still observable. The fully cured prepreg does not 
show obvious transmittance peaks compared to the previous two FTIR 
spectra, indicating that the functional groups of the resin matrix have all 
reacted to the curing. The observability of the transmittance bands in the 
FTIR spectra of the fresh LITA prepreg can confirm that the fresh prepreg 
is at the B stage. All the DSC temperature ramp test, isothermal test, 
DMA and FTIR tests have confirmed the B-staging status of the prepreg. 
[34,35] 

The morphology and the application demonstration of the prepregs 
are shown in Fig. 8. As shown in SEM images in Fig. 8(a), it can be 
observed in the cured LITA prepregs that the majority of the volumes are 
covered by the thermoset resin matrix in the cross-sectional area, and 
the high magnification SEM image in Fig. 8(b) shows clearly the resin 
coverage on multiple spots on the cross-section of the fiber. The Nano- 
CT scanned 3D model, which has an as high resolution as 325 µm, is 
able to exhibit carbon fibers whose diameter is 5.2 µm (HexTow, Hexcel 
Corporation, Stamford, CT). The model shows that the resin is filled in 

the spaces between fibers in the cross-sectional area in Fig. 8(b). The 
column plot in Fig. 8(c) shows the fiber volume fraction of the prepreg is 
approximately 62.8 % by measuring the prepreg density using Archi-
medes’ method and calculating fiber volume fraction in Rule of Mixture 
equation of density, and the degree of cure is 13.9% from the DSC 
temperature-dependent profile. Fig. 8(d) shows that the LITA prepreg 
was laid upon the wing of the small-scale aircraft model to demonstrate 
the moldability, making the external profiles of the prepreg similar to 
those of the wing. After the prepreg was fully cured on the wing, the 
prepreg was taken out with a hollow structure created, showing the 
cured prepreg was conformable to the wing geometrically (Fig. 8(e)). 
When the prepreg was fully cured, the rigidity of the composites struc-
ture could ensure that the hollow structure retained the shape fidelity. 
This demonstration proves that our prepreg is easily moldable and 
conformable to complex geometry, and can be applied in load-bearing 
structures. 

Table 1 lists key parameters used for scaling up the production, used 
from Fig. 2(d). The wicking experiment obtains 4 s as the wicking time 
(frequency of laboratory-scale dispensing as 0.2 Hz) and 24 s as the 
infusion time to infiltrate the 10-mm region, using the power output 
6.68 W. In the scaling-up application, a 10-Hz inkjet box is assumed as 
the resin container and the droplet feeder, then the production speed can 
be increased by 50 times than the laboratory-scale operation, and obtain 
the average production speed as 688.82 ft/hr (209.95 m/hr). The speed 
allows the occurrence of resin wicking and resin impregnation into the 
fiber, with continuous and frequency-controlled resin droplets to pro-
duce the well-infiltrated and well amount-controlled prepregs. The 
production speed is 133.28% higher than the hot-melt prepreg method. 
Theoretically, the frequency can be selected as a higher one for the inkjet 
box, which provides a larger amount of resin feeding and accelerates the 
production, but the corresponding production speed of our selected 
inkjet frequency can already rival other prepreg fabrication methods. 
The energy intensity of our method is estimated as 14.575 MJ/kg. The 
estimation is shown in equations (1) and (2), utilizing the corresponding 
key parameters from Table 1. The production rate and the energy in-
tensity of conventional prepreg production methods are listed in Table 2 
and 3. Fig. 9 shows the production speed and the energy density of our 
LITA prepreg fabrication method by comparing it with other conven-
tional prepreg fabrication methods. 

Table 1 
Key parameters used for estimation of the scaled-up LITA prepreg 
fabrication.  

Parameters Value 

Infusion time/s 24 
Power output/W 6.68 
Fiber tow width/mm 2.50 
Weight per 10 mm-long tow/(g) 0.011  

Table 2 
Production rate of conventional production methods.  

Production Methods Production Rate (ft/hr) Ref. 

Resin Filming Prepreg Method 750 [23] 
Hot Melt Prepreg Method 295.28 [24]  

Table 3 
Energy intensity of conventional production methods.  

Production Methods Energy Intensity (MJ/kg) Ref. 

Traditional Prepreg Method 40 [27,28] 
Spray Up 14.9 [27,28] 
Resin Transfer Molding 12.8 [27,28] 
Vacuum Assisted Resin Fusion 10.2 [27,28]  
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Energy = Power output*Infusion time = 6.68*24 = 160.32J (1)  

Energy Intensity = 160.32/0.011 = 14574.55J/g ≈ 14.575MJ/kg (2) 

In comparison with the data from [27,28], the energy intensity of our 
method is 63.56% lower than the traditional prepreg fabrication 
methods. The high production speed and the low energy intensity em-
bodies the competitiveness of our LITA prepreg method. 

2. Conclusion 

Our LITA thermoset prepreg fabrication method exhibits its advan-
tages over other methods by ensuring the adequacy of impregnation, 
eliminating the solvents, expanding the material selection for thermoset 
resins and reducing energy consumption at the same time. In our bench- 
scale continuous prepregs production system, the capillary effect is 
induced by the adjacent heater to realize the fast resin wicking on car-
bon fibers, which can be achieved within 5 s. The heater controls the 
resin viscosity by creating a temperature gradient on the fiber, drives the 
resin flow front towards the heater location, and also the gravity factor 
brought by the slope helps resin flowing. The initial viscosity of resin 
plays an important role in the LITA method. With low viscosity, the resin 
can flow along the LITA conveyor solely by gravity. With heating 
applied, the viscosity can decrease so that it flows more easily due to 
capillary force as well as gravity. Too high initial viscosity would impede 
the resin ability to decrease viscosity to the flowable range. We have 
tested the epoxy resin and the polyester resin in the LITA method. The 
viscosity of the epoxy resin is 4 Pa⋅s at 30 ◦C, and the initial viscosity of 
the polyester resin is 0.713 Pa⋅s at 25 ◦C. Both resin systems work in our 
LITA method. The applicable viscosity range can be determined as 
0.713 ~ 4 Pa⋅s at room temperature. The rise of heater temperature can 
lead to the increase of the spectrum of temperature gradient, which 
creates a variety of viscosity values of resin on fibers. To further improve 
the resin impregnation rate, the heater temperature should be further 
increased to create a smooth transition in the temperature gradient, 
which can drive the resin flow front with low viscosity at the elevated 
temperature. The resulting prepreg possesses degree of curing as 13.9%, 
confirming its B-staging. The scaled-up LITA prepreg fabrication process 
can consume 63.56% lower energy than the traditional prepreg fabri-
cation methods, and achieve higher production rate by 133.28% than 
the traditional hot-melt prepreg method. The LITA prepreg fabrication 
technology offers an efficient and eco-friendly composite manufacturing 
strategy due to its fast production speed and low energy costs, which 
stands out from other energy-intensive prepreg fabrication methods. We 

have to mention that it is the capital cost that dominates the processing 
methods. The motivation of our current work is to propose a new 
strategy to fabricate prepregs as an eco-friendlier alternative to existing 
energy-intensive counterpart. 
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