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Abstract: In this paper, an epoxy resin-based carbon fiber reinforced composite (CFRP) bar pultrusion
system using a closed impregnation device which has various advantages in process compared to
traditional open bath type pultrusion system was developed, and the fiber impregnation system was
improved through the analysis of resin properties for the high-speed production of CFRP bars used
to support the mother glass in the display transfer cassettes. To improve the fiber feeder system, fiber
guides were switched from perforated plates to roller guides for spreading fibers, which allowed
the input fibers to be widened and flattened while reducing the fiber thickness. Additionally, the
correlation between resin viscosity and impregnation speed were analyzed to evaluate the resulting
mechanical properties at different pultrusion speeds and temperatures. A CFRP bar was produced
with resin injection at room temperature and a pultrusion rate of 400 mm/min and compared to a
CFRP bar produced with fiber spreading, a resin injection temperature of 40 °C, and a pultrusion rate
of 600 mm/min; the latter with a 50% improved production rate showed improvements in mechanical
properties, including the cross-sectional void by 98.7%, surface roughness by 75.5%, deflection by
34.9%, and bending strength by 70%.

Keywords: pultrusion; carbon fiber reinforced composite (CFRP); fiber spreading; Darcy’s law

1. Introduction

Carbon fiber is approximately 70% lighter, ten times stronger, and three times more
elastic than iron, with superior durability, impact resistance, heat resistance, and wear
resistance [1-4]. Carbon fiber reinforced polymer (CFRP) composites can reduce the weight
of products and provide high stiffness; thus, their demand has been increasing in various
industries, such as transportation vehicle parts, leisure sports products, semiconductor
and display manufacturing processes, and more [5-11]. Among the composite molding
methods that involve carbon fibers, pultrusion is the optimal process technology that can
continuously produce CFRP of a uniform and simple cross-sectional shape and achieve a
high automation rate with low investment costs [12—-14]. In pultrusion, carbon fibers are
stretched out while being impregnated with a mixed resin and hardener and are cured at
both room temperature and high temperature to produce CFRP products [15].

Generally, the pultrusion processes that are most widely found in industry involve
an open bath impregnation system, in which an open-top bath is completely filled with
a mixed resin and hardener, and fibers are fed into the bath tank for impregnation with
the resin [16,17]. The advantage of this open bath method is that a simple impregnation
system can be used but the disadvantage is that management of the mixed solution is
difficult. Particularly, whereas the variables in the impregnation stage of the pultrusion
process include temperature, humidity, discharge rate, and more, the viscosity of the resin
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varies with temperature, and the resin properties also depend on exposure time to the
external environment since penetration of impurities affects the curing time. Because the
resin cannot be monitored during the composite production process, there may be defects
that cause the final product to vary from the initial product, and it is difficult to analyze
the causes of these defects during production. In addition, since the resin is exposed to
the atmosphere, problems resulting from its volatility and toxicity should be carefully
considered in terms of the safety of the working environment [18].

To address the disadvantages of the open impregnation device, a pultrusion system
using a closed impregnation device was designed and fabricated in-house. In the fabricated
system, the resin and hardener are stored separately inside the tank, and the temperature
and humidity of the stored resin are managed. In addition, the system is economical
because the temperature and amount of the discharged resin can be controlled to meet
requirements. The resin is discharged in a sealed space, which eliminates the risk of toxic
gas exposure and provides a comfortable work environment for operators. The entire
system is fabricated such that it can be controlled with sensors, and the functionality and
process of each step can be analyzed, enabling production for various applications with a
variety of resins.

This study aims to improve the fiber impregnation system by using a closed impreg-
nation device for pultrusion developed with in-house technology and ultimately produce
high-quality CFRP with an improved speed by producing CFRP bars at various process
parameters and analyzing their void fraction, surface roughness, and bending strength.

2. Materials and Methods
2.1. CERP Bar Pultrusion System Using Closed Impregnation Device

To overcome the disadvantages of the open bath impregnation method, in which an
impregnation tank exposed to the atmosphere is completely filled with a resin while fibers
are passed through for impregnation, a closed impregnation method was used in this study.
The process was improved because a specific amount of resin we designed was discharged
into a closed mold which was sealed from the atmosphere. Figure 1 shows the pultrusion
system using the closed impregnation device, which consists of the equipment monitoring
system, resin management and discharge system, mixing head, closed impregnation device,
curing device, pultrusion device, and cutting device. Unlike the conventional open bath
method, there are separate tanks to manage the epoxy resin and hardener, and a stirrer is
installed inside the tanks to mix the resin and hardener evenly. The temperature of each
tank is managed and maintained by a control system. Furthermore, a flow rate system with
precise control was designed and applied to discharge the resin at an accurate mixing ratio.

For the resin, a bisphenol-A type epoxy resin and a polyamine-based hardener with
good workability from its low room-temperature viscosity were used. Using a mixing
head injector, the equivalent weight of resin is mixed with the hardener and discharged
into the impregnation device. Depending on the situation, the ratio between the resin
and hardener can be adjusted in real time while preventing the external release of toxic
gases and allowing the efficient consumption of the solution. In the closed impregnation
device, the resin was injected into each of the four sides of specimen through a nozzle in
the out-of-plane direction of the fibers for impregnation, and the inside of the mold was
connected to a vacuum pump to maintain the vacuum. The resin injection pressure was
designed to be controlled by a monitoring system (Figure 2a).

As shown in Figure 2b, the curing mold was placed right next to the impregnation
device, and the insulation material was installed between the two so that they could
be maintained at different temperatures. The curing mold was designed to manage the
temperature profile with ten rod heaters in the machined holes located in upper and lower
molds and five temperature sensors. Additionally, a cutter was placed at the end of the
system to produce CFRP bars in the desired size. The CFRP bars were cured while passing
through the curing mold of 140 °C at a constant speed, and in all cases, the post curing
process was carried out at 45 °C for 40 min in the convection oven. The cross-sectional
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dimension of the CFRP bars prepared in this study is 40 mm wide, 10 mm high, and
2 mm thick.
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Figure 2. (a) Closed impregnation system and (b) final curing mold of the system.

2.2. Improvement of Fiber Feeder System through Spreading

Approximately 126 strands of 24K tows are required to produce CFRP bars with a
hollow rectangular cross-section of 40 x 10 x 2 mm. The arrangement of initially fed fibers
is critical for forming this shape since bars cannot be produced in the desired shape with
an uneven tow arrangement. An uneven fiber arrangement may produce a cross-section
that is too thick on one side or bars with a rough surface. Dry fiber spreading is a method
of widening and flattening fiber bundles by mechanically spreading them with several
geometric rolls before the resin impregnation. This method employs either cylinder pins
or a combination of geometric rolls, such as oval, angular, and cylinder. In the case of
using only cylinder pins, previous studies show that the cylinder distance and height are
variables of the fiber spreading [19-21]. S.D.R. Wilson identified that, as fibers were passed
through cylinder rolls, the width of the fibers was dictated by the following relationship:

w = (12AH)'/3 1)
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where w is the width of fibers, A is the cross-sectional area of fiber tows, and H is the height
difference between fins [20].

In the conventional fiber feeder system with three guide parts, which prioritizes only
the arrangement of the fibers, fibers are rolled up into a circular cross-section shape at
the final guide, as shown in Figure 3a. Since the circular cross-section shape results in an
uneven surface of CFRP bar, this system was improved by the following arrangement: the
first guide holds the fibers, and the second and third roller guides spread the fibers while
maintaining their arrangement, as shown in Figure 3b. The width of the 24K tow fibers is
7 mm, and roller guides are installed at intervals of 50 mm. Based on Equation (1), roller
guides that were theoretically capable of spreading fibers from a width of 7 mm up to
34.7 mm were fabricated to maintain a constant surface evenness of the fibers entering the
impregnation device.

Tow guide #1 Tow guide #2Tow guide #3

o Tow shape

>

Tow guide roller #1  roller #2

— — Tow shape

Figure 3. (a) Before and (b) after adding fiber spreading.

2.3. Characterization Method
2.3.1. Void Fraction Analysis

Samples were prepared by polishing the cross-section of the CFRP bars produced in
each process through pultrusion using the closed impregnation device. For void measure-
ment with cross-sectional images, VK-X200 (Keyence Co., Ltd., Osaka, Japan) was used
to acquire optical images, and the Image] program was used to analyze the images. In
addition, a scanning electron microscope (SEM, EM-30N, Coxem Corp., Daejeon, Korea)
was used for more precise measurement.

2.3.2. Measurement of Surface Roughness

Since the surface quality of CFRP is directly related to performance such as texture,
quality, lifespan, and mechanical efficiency, it is important to evaluate the surface roughness
of CFRP bars. The surface roughness of each specimen was measured by SJ-210 profilometer
according to the ISO 1997 standard for arithmetic mean roughness, and the equipment was
set to an R curve, Gaussian filter, and five measurement intervals. CFRP bars produced
through pultrusion are arranged only in the longitudinal direction, so the surface roughness
in the transverse direction which is expected to be rougher than longitudinal direction
roughness was measured and used for the surface analysis of the bars.
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2.3.3. Cantilever Test and Three-Point Bending Test

As shown in Figure 4, one end of the cantilever was fixed in a test bench exclusively
prepared for testing CFRP bars, whereas a weight was placed on the free end to apply
a vertical load, and the deflection of the CFRP bars was measured using an LK-GD500
controller and LK-30 laser head (Keyence Co., Osaka, Japan). The samples used in the
cantilever test were rectangular hollow shape (800 mm x 40 mm x 10 mm) with a thickness
of 2 mm. In addition, a three-point bending strength test was performed in accordance
with KS B 0804. Samples were prepared at 7 mm in width, 2 mm in thickness, and 25 mm in
length, and the bending strength was measured by using cylindrical support with a radius,
r, of 10 mm or greater, and applying a downward force from the top.

fixed CFRP bar

P
S

Controller monitoring

—

Laser displacement head &—>

Figure 4. Cantilever test of a CFRP bar.

3. Results
3.1. Measurement of Resin Viscosity and Impregnation Behavior

To understand the effect of the resin injection temperature on viscosity, the viscosities of
the resin, hardener, and mixed resin were measured using the LV2 spindle of the DV-II + Pro
viscometer (Brookfield Co., Ltd., Sydney, Australia) depending on injection temperature,
and the optimal resin injection temperature was determined to achieve the desired viscosity
range (Table 1). In addition, Darcy’s law can be used to predict the rate at which the resin
is impregnated between fibers. The relationship between the unsaturated permeability
of fibers and the variables, such as the viscosity of the resin used, impregnation distance,
time, and fiber volume fraction, was investigated by C. H. Park and P. Krawczak with the
following equation [22]:

_Bw (1-v)
unsat ot Pi

where K54t is the unsaturated permeability of fibers, yu is the resin viscosity, lf(t) is the
impregnation distance, t is the impregnation time, V; is the volume fraction, and Py, is
the injection pressure. The above equation can be used to predict the rate at which the
resin is impregnated into dry-state fibers inside the closed impregnation system. Since
the fibers are pultruded at a constant speed and the inlet length of the impregnation
nozzle is 35 mm, as shown in Figure 5, the resin should be sufficiently impregnated in the
fibers at the given speed, or within the given impregnation time, even if the pultrusion
speed is increased. In this impregnation system, the thickness of the fibers that should be
impregnated is approximately 2.2 mm, which is 10% thicker than the final bars produced
with the fiber volume fraction of 60%. Therefore, the process time was predicted based
on the permeability of the fiber with a volume fraction of 55%. Through this analysis,
it is possible to specify the required resin viscosity or the required process temperature
according to the given pultrusion speed. Additionally, for experimental accuracy, the
temperature of the resin storage tank as well as that of the pipe were controlled to maintain
a constant temperature during the resin discharge and impregnation.

()
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Table 1. Viscosity change of resin, hardener, and mixed resin at different temperatures.

Temp. Resin (mPa-s) Hardener (mPa-s) Mixed (mPa-s)

20 2949.0 319.4 1186.0

30 830.8 198.2 465.9

40 353.9 100.8 220.4

50 159.5 76.3 115.4

60 91.5 55.8 97.1

70 65.7 42.1 84.5

80 47.8 31.3 -

35mm

Fiber drawing

\

Thickness of fiber : 2.2mm

Nozzle inlet

Figure 5. Resin injection part of the impregnation system.

To predict the impregnation speed, the out-of-plane fiber permeability depending on
the fiber volume content was based on the experimental result reported by David Becker
et al.,, who used a similar fiber type, resin injection pressure, and fiber volume fraction. In
this study, when the fiber volume fraction was 50%, the out-of-plane fiber permeability was
measured to be 1.13 x 10712 [23].

Since the impregnation time is determined by the above-mentioned unsaturated
permeability in the out-of-plane direction, the length of resin inlet, and the pultrusion
speed, the impregnation time at a given pultrusion speed was substituted into Equation (2)
to calculate the resin viscosity required for the impregnation thickness of 2.2 mm, as shown
in Table 2 below.

Table 2. Viscosity of the resin required for full impregnation with different pultrusion speeds.

Pultrusion Speed Impregnation Thickness  Impregnation Time Viscosity
(mm/min) (mm) (s) (mPa-s)
400 22 5.25 552.0
500 2.2 42 441.6
600 2.2 3.5 368.0

The required viscosity of the mixed resin was found to decrease as the pultrusion speed
increased, and a mixed resin viscosity of 368 mPa-s or lower was necessary to impregnate
the fibers with a thickness of 2.2 mm at the improved speed of 600 mm/min. As shown
in Table 1, the viscosity of the mixed resin was 220.4 mPa-s at 40 °C, and therefore, it
appears that the resin can be sufficiently impregnated in the fibers at a pultrusion speed of
600 mm/min if the temperature of the closed impregnation system is maintained at 40 °C.
Figure 6 shows the changes in the viscosity depending on the temperature and the changes
in the required viscosity depending on the pultrusion speed. The resin viscosity required
for sufficient impregnation at the pultrusion speeds of 400 and 600 mm /min was identified
and used to set the process temperature.
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Figure 6. Resin viscosity at different temperatures and resin viscosity required at a specific pultru-
sion speed.

3.2. Evaluation of CFRP Bar by Different Process Parameters

CFRP products were produced through pultrusion using the closed impregnation
device with the resin temperature, pultrusion speed, and applicability of fiber spreading as
process variables, and various physical properties were evaluated by collecting samples
from the same location in each process. The pultrusion speed of 400 mm /min in Process #1
with the resin injected at room temperature was increased to 600 mm/min for Processes #2
and #3 to examine the effect of improving the process by spreading the fibers and increasing
the impregnation temperature (Table 3). Particularly, only the impregnation temperature
was varied in Processes #2 and #3 to experimentally confirm the viscosity analysis results
in Section 3.1.

Table 3. Parameters for each process.

Impregnation Pultrusion Speed FleI.‘ Curing
Process Temperature (mm/min) Spreading Temperature
O Yes/No (°Q)
Process #1 20 400 No 140 or higher
Process #2 30 600 Yes 140 or higher
Process #3 40 600 Yes 140 or higher

3.2.1. Void Fraction

As shown in Figure 7, cross-section images measured by optical microscope are shown
in (a) to (c), and void fraction analysis images are shown in (d) to (f) for each process. In
the void fraction analysis images, the black portion indicates the void in the overall area.
The void fraction relative to the entire imaged area of the CFRP bar produced in Process #1
was found to be 9.595%, and it was significantly reduced in Processes #2 and #3 at 1.408%
and 0.122%, respectively, which could be attributed to the effective fiber impregnation. In
addition, for precise comparison of processes #2 and #3, the cross-section of each specimen
was measured by SEM, and the results are shown in Figure 8. Unlike Figure 8a, Figure 8b
shows the void around the fibers due to the poor impregnation.
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Process #1 Process #2 Process #3

Figure 7. Cross-section image observed by optical microscope for process (a) #1, (b), #2, and (c) #3
and void fraction analysis for process (d) #1, (e), #2, and (f) #3.

AMML £ - - b B W

15[Kv] SP=8 WD=9.0( |x2.0k 10.0[um] - HY : 15[KV] SP=8 B0 x2.0k -2 10.9[um]; HV»

Figure 8. Cross-section image observed by scanning electron microscope for processes (a) #2 and
(b) #3.

3.2.2. Surface Roughness

Figure 9 and Table 4 show the result of measuring the surface roughness of the CFRP
bar produced in each process. The maximum transverse Ra measurement for the CFRP bars
produced in processes #1, #2, and #3 was 12.78, 5.90, and 3.13 pm, respectively, indicating
that the surface roughness was improved by 53.8% and 75.5% in processes #2 and #3
compared to process #1. Moreover, compared to process #2, the surface roughness was
improved by 47% in process #1. These results were consistent with the impregnation
behavior in Section 3.2.1, and showed that the surface unevenness of the fibers was smaller
in processes #2 and #3 due to the effect of fiber spreading compared to Process #1 without
fiber spreading.
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Figure 9. Surface images (top) and surface roughness curve in the transverse direction (bottom) of
the CFRP bar produced in each process.

Table 4. Surface roughness (Ra) in each process.

Process #1 Process #2 Process #3
No.
(um) (um) (um)
1 8.27 5.69 3.13
2 7.94 5.90 2.86
3 12.78 5.75 3.05
4 10.49 4.56 2.35
5 9.11 4.49 3.06
Max 12.78 (1.97) 5.90 0.69) 3.13(0.32)

3.2.3. Bending Properties

Table 5 and Figure 10 show the cantilever test results, illustrating the deflection
level as a function of the weight in each process. The result indicated that the deflection
in processes #2 and #3 was improved by 30.6% and 34.9%, respectively, compared to
process #1, exhibiting the same trend as the previous results. In addition, a three-point
bending strength test was performed. In each case, the maximum bending strength was
measured and shown in Table 6. The bending test results indicated that the bending
strength in processes #2 and #3 was improved by 132% and 180%, respectively, compared
to process #1.

Table 5. Deflection as a function of the weight of the CFRP bar produced in each process.

No. Weight (g) Process #1 Process #2 Process #3
Deflection (mm) Deflection (mm) Deflection (mm)
1 190 1.91 1.44 1.15
2 370 4.15 3.05 2.51
3 560 6.25 4.58 412
4 740 8.59 6.64 6.34
5 920 11.15 8.06 7.67
6 1100 14.15 9.82 9.21
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Table 6. Bending strength of the CFRP bar produced in each process case.

No. Process #1 (MPa) Process #2 (MPa) Process #3 (MPa)
1 15.5 20.1 32.2
2 23.8 24.4 36.1
3 18.7 25.2 24.2
4 19.9 325 28.2
5 16.8 23.2 40.0
Average 19.0 (3.2) 25.1 (4.6) 32.2(6.2)

4. Conclusions

In this study, CFRP bar pultrusion process conditions were improved using a closed
impregnation device, and the void fraction, surface roughness, deflection characteristics,
and bending strength of the produced CFRP bars were evaluated. CFRP bars were produced
and evaluated under three processes of different resin impregnation temperatures (20 °C,
30 °C, and 40 °C), pultrusion speeds (400 and 600 mm/min), and with and without the
fiber spreading process. The possibility of manufacturing CFRP bars at a higher pultrusion
speed by increasing the impregnation temperature and spreading fibers was confirmed
by comparing Processes #2 and #3 to Process #1. In addition, the effect of increasing
the impregnation temperature, as analyzed in Section 3.1, was confirmed by comparing
Processes #2 and #3. The evaluation results for each process are summarized in Table 7.

Table 7. Summary of physical property evaluation results.

No Void Surface Roughness Deflection Bending Strength
) (%) (um) (mm) (MPa)
Process #1 9.595 12.78 14.15 19.0
Process #2 1.408 59 9.82 25.1
Process #3 0.122 3.13 9.21 32.2
Process #2 85.3% 53.8% 30.6% 32%
Improvement
Process #3 98.7% 75.5% 34.9% 70%

Improvement
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The lower the void fraction, surface roughness, and deflection, and the higher the
bending strength, the higher the quality of the CFRP bar with effective impregnation.
Throughout the evaluations, processes #2 and #3 achieved effective resin impregnation in
the fibers due to increased impregnation temperature and the effect of fiber spreading, and
the resulting CFRP bars were of a higher quality compared to process #1. In particular, for
the surface of CFRP bars to be even, not only does the resin have to be well impregnated
in the fibers but also the deviation in thickness of the fed fibers must be small. Therefore,
the noticeable improvement in processes #2 and #3 compared to process #1 in the surface
roughness evaluation appears to be the result of the effect of fiber spreading in addition
to the increased impregnation temperature. Furthermore, the comparison between pro-
cesses #2 and #3 verified the effect of the impregnation temperature. Based on the initial
analysis result, the viscosity of the mixed resin must be 368 mPa-s or less for complete
impregnation at a pultrusion speed of 600 mm /min, but the viscosity of the mixed resin at
30 °C was higher at 466 mPa-s, which resulted in a CFRP bar with a relatively lower quality
compared to the result at 40 °C. This indicates that the impregnation temperature is directly
related to the degree of resin impregnation in pultrusion, greatly affecting the quality of
the final product. Since the CFRP bars produced in this study are used as a component
for supporting the display mother glass in cassettes, the deflection and bending strength
of the bars are the most important values among the physical properties, meanwhile, the
pultrusion speed is imperative for reducing production costs. As a result, CFRP bars with
enhanced deflection and bending strength by up to 34.9% and 70%, respectively, were
produced by improving the process variables, and at the same time, the pultrusion speed
was increased by approximately 50% from the typical speed of 300-400 to 600 mm /min.
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