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Abstract: Although aramid fiber has the advantage of excellent chemical and mechanical properties,
the performance of the composites may be reduced due to the low interfacial adhesion between
the fabric and the matrix. The surface of the aramid fiber was modified to improve the interfacial
properties. The surface of the aramid fibers was treated with ZnCl2 and polydopamine. After the
pretreated fabrics were made into a composite material by the vacuum-assisted resin transfer molding
(VARTM) process, their mechanical performance was investigated. The highest impact energy was
shown in the concentration of 6 wt% ZnCl2 and 1.5 g/L polydopamine, which is 20% better than that
of the untreated material. In the bending strength, the condition of 1.5 g/L polydopamine resulted
in the highest value and increased by 13% compared to the untreated material. The hybrid surface
treatment of ZnCl2 and polydopamine did not significantly affect the tensile strength.

Keywords: aramid fiber; hybrid modification; mechanical properties; Zinc chloride; polydopamine

1. Introduction

Fabric-reinforced composites have excellent mechanical properties, such as high
strength, rigidity, lightweight, corrosion resistance, abrasion resistance and heat resis-
tance [1]. Recently, fabric-reinforced plastic (FRP) composites have been widely used in
aerospace, military, automotive industry and sporting goods fields [2]. Carbon, aramid and
glass fiber are the keys to determining the excellent performance of the fabric composites,
and the structural design has excellent advantages. In recent years, much research work has
been devoted to the production of lightweight, high-performance and low-cost polymer
composites. However, composites do suffer from some serious limitations. Perhaps the
most important of these is the effect of their expensive price and the interfacial bonding
between the fiber and resins.

Aramid fibers have excellent flame retardance, light weight, heat resistance, stable
chemical properties, radiation resistance and durability. However, since aramid fibers
are rigid molecules and have a relatively high orientation and crystallization state, the
surface is smooth and inert, so the interfacial adhesion to most industrial composites
resins is not good [3]. These shortcomings limit the development of aramid composites.
The interfacial adhesion between the fabrics and the resin plays an important role in
determining the performance of the structural composites. It was proven that short fibers
in the middle plane could change the distribution of delaminations across the thickness
so that the delaminations are located near the back of the impact, thus improving residual
compression strength and failure strain of CFRPs [4]. Grafted carbon nanotubes improve
surface density and enhance adhesion, thus improving the interfacial bonding between the
fabric and the epoxy resin collectively while also enhancing toughness [5]. Therefore, it is
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the current research trend to enhance the interfacial bond between fiber and resin by means
of surface treatment.

Surface decontamination, roughness change and surface activation are the main factors
to increase surface free energy and improve adhesion. Additionally, Plasma treatment is
beneficial to improve the mechanical properties of fabric-reinforced composites, such as
shear strength and impact energy absorption [6–8]. Additionally, different conditions of
plasma treatment, such as low-temperature plasma, cold plasma and room temperature
plasma, to improve the wettability, roughness, the degree of surface activation are differ-
ent [9–11]. Sarasini et al. showed the effect of aramid fiber hybridization on the mechanical
behavior of basalt fiber-reinforced epoxy resin composites under impact [12]. Behera et al.
reported that the tensile strength of the aramid fiber composites put into seawater, 30% con-
centration of sulfuric acid, and sodium hydroxide, respectively, had different tendencies to
decrease with increasing time [13]. Zhong et al. reported that aramid fiber was pretreated
with LiCl and then coated with low molecular weight malleated polybutadiene liquid
(MLPB) or butadiene-vinyl-pyridine emulsion (VPL) rubber to improve the interfacial
adhesion to influence the fatigue behavior of the composites [14].

Ultrasonic treatment can increase interlaminar shear strength (ILSS) of aramid fiber/
epoxy resin composites by 13% without reducing the tensile strength [15]. Li et al. investi-
gated the effect of the strength with treatment time and concentration by treating the aramid
fiber with CaCl2 ethanol solution. It is proved that Lewis acid treatment can improve the
aramid fiber [16]. Lv et al. reported that enhancement of interfacial shear strength by
direct fluorination of aramid fiber surface to induce fluorine-related radicals and chemical
grafting of carbon nanotubes [17]. Lin et al. reported that Lewis acid treatment etches
aramid fibers and increases their surface area and surface activity [18]. Xi et al. and Jia et al.
reported that the wettability of aramid fiber surface was enhanced by air dielectric barrier
discharge (DBD) plasma at atmospheric pressure [19,20]. Kim and Song enhanced the
mechanical strength and stiffness of the fabric composites by immersing the fabrics in an
aqueous dopamine solution to increase the interfacial adhesion between the fibric and
epoxy resin by depositing PDA on the fibric surface [21].

The Lewis acid treatment effectively enhances the roughness and interfacial adhesion
of the fabric surface, while the PDA treatment forms reactive chemical bonds on the fabric
surface, which all can enhance the performance of the composite. In this study, in order to
improve the interfacial adhesion between the aramid fiber and the epoxy resin, the surface
of the aramid fiber was treated with a ZnCl2 solution [22]. The effect of interfacial adhesion
was investigated by improving the surface of the aramid fiber by PDA treatment. Chemical
reactions were observed by FT-IR to change the content of C=O bonds and N-H bonds on
the surface of aramid fibers for surface treatment. Aramid fiber-reinforced polymer (AFRP)
was manufactured by the VARTM process, and the mechanical properties of AFRP were
studied by tensile, bending and impact tests.

2. Experimental
2.1. Materials

The composites were manufactured using aramid fibers (Kevlar T49, DuPont, Wilm-
ington, DE, USA) of reinforcement and epoxy resins (KFR-120V, KUKDO, Seoul, Korea) as
matrix materials as shown in Table 1. Epoxy and the curing agent were mixed at a weight
ratio of 5:1. Concentration of 98% Zinc chloride and dopamine hydrochloride and tris
(hydroxymethyl)-aminomethane (TRIS) were used in this study. Acetone and 95% ethanol
were used to remove dust on the fabric surface and prepare a mixed solution of ZnCl2.
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Table 1. Specification of aramid fiber based fabric.

Fiber Specification

Weave type Plain woven
Weight (g/m2) 165

Warp primary fiber 158Tex
Thickness (mm) 0.33 ± 0.025

2.2. Composites Manufacturing

The composites were manufactured by injecting epoxy resin into the Surface-treated
fabrics by a vacuum pump using the VARTM process. The average fiber/matrix ratio
of the resulting composite is approximately 1:1. Figure 1 shows a schematic of surface
modification methods of aramid fiber. First, dust and oil are removed from the fabric
surface with acetone, then the first surface modification is performed with one of ZnCl2 or
PDA, and finally, the second surface modification is performed with the other one. Table 2
shows the condition of chemical treatment. In the chemical treatment, S, P, Z, 6 and 10 mean
silane, PDA, ZnCl2, and the number denotes the concentration (wt%), respectively. The
concentration of ZnCl2 was determined by the ratio of the weight of ZnCl2 and ethanol.
The concentration of PDA was determined to be 1.5 g/L, which has a good effect on the
aramid fibers [21]. All fabrics were cut into a size of 285 mm × 245 mm to make composites.

Figure 1. Schematic of the surface modification methods of aramid fiber.

Table 2. Condition of chemical treatment.

Name Surface Treatment Agent Concentration

S Silane Silane: Distilled water 10 wt%
P PDA PDA, TRIS 1.5 g/L, 40 mM

6Z ZnCl2 ZnCl2: ethanol 6 wt%
6ZP ZnCl2-PDA ZnCl2: ethanol, PDA, TRIS 6 wt%, 1.5 g/L, 40 mM
6PZ PDA-ZnCl2 ZnCl2: ethanol, PDA, TRIS 6 wt%, 1.5 g/L, 40 mM
10Z ZnCl2 ZnCl2: ethanol 10 wt%

10ZP ZnCl2-PDA ZnCl2: ethanol, PDA, TRIS 10 wt%, 1.5 g/L, 40 mM

Preparation of Solutions

The ZnCl2 solution was prepared based on the weight ratio of ZnCl2 to ethanol. For
example, 6 wt% ZnCl2 solution is prepared from 60 g of ZnCl2 and 940 g of ethanol.
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The PDA solution is prepared as follows: First, a quantity of distilled water is prepared.
Then, TRIS powder was added until pH = 8.5. Finally, dopamine was added and stirred
thoroughly with a mixer to allow spontaneous polymerization and uniform distribution
of dopamine.

2.3. AF Surface Treatment

Lewis acid treatment generates etching on the fabric surface and increases the rough-
ness of the fabric surface. Dopamine can spontaneously polymerize and deposit a PDA
layer on the surface of the aramid fiber. PDA catechol enriched can react with hydrogen
bonds. This improves the bonding ability with epoxy resins. Hybrid treatment of these
two treatments can further improve the interfacial adhesion between the fabric and the
epoxy resin. In order to find the best conditions, surface treatment was performed under
various conditions.

In order to remove dust and oil fabrics were immersed in acetone for ten minutes and
added to ZnCl2 ethanol mixed solution and modified in 0, 2 wt%, 4 wt%, 6 wt%, 8 wt%
and 10 wt% concentrations and 0, 2 h, 4 h, 6 h, 8 h, 10 h and 12 h treatment times. After
modification, the aramid fibers were taken out of the solution and washed three times with
distilled water. Next, the aramid fiber was added to the prepared PDA solution, shaken for
24 h and dried at room temperature.

2.4. Characterization
2.4.1. Fourier Transform Infrared (FI-IR)

An FT-IR spectrometer (Frontier, Perkin Elmer, Waltham, MA, USA) equipped with an
attenuated total reflectance (ATR) UATR reflection accessory was used to determine the
chemical bond content of N-H and C=O. The spectra were recorded in the 500–4000 cm−1

range with a resolution of 0.4 cm−1 to 64 cm−1.

2.4.2. Field Emission Scanning Electron Microscope (FE-SEM)

The morphologies of each aramid fiber and AFRP fracture surface were analyzed by
an FE-SEM (Gemini500, Carl Zeiss, Oberkochen, Germany). The images were obtained at a
30 kV acceleration voltage using an upper detector for secondary electrons. All samples
were coated with a thin layer of Pt, using an ion sputter coater prior to observations.

2.4.3. Mechanical Properties

Figure 2a–c show the process of tensile, bending and impact experiments. Tensile,
bending and impact specimens were cut with water-jet to the sizes recommended in ASTM
D638 [23], ASTM D790 [24] and ISO 179 [25]. As shown in Figure 2d, the length of the
tensile specimen was 175 mm, the gauge length was 50 mm, the width was 13 mm and
the bending specimen was fabricated in size of 80 mm× 12.7 mm. The size of the impact
specimen is 80 mm × 10 mm. All specimens were measured 5 times under the same
conditions at room temperature. Tensile strength and bending strength were measured by
a universal testing machine (Universal testing machine, KD precision, Seoul, Korea). The
impact energy of the specimen was measured using an impact testing machine (Pendulum
impact testing machine, Wance Technologies Ltd., Shenzhen, China) and the hammer
capacity used was 7.5 J. The bending strength was calculated using the following equation:

σ =
3PL
2bd2 (1)

where P, L, b and d represent the bending load, support span, width and depth of the
specimen, respectively.
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Figure 2. Mechanical properties test and specimens. (a) Tensile test, (b) Bending test, (c) Impact test
and (d) Specimens picture.

3. Results and Discussion
3.1. Effects of ZnCl2 Treatment on Aramid Fibers

Since there are many aromatic rings that are not easy to move in the molecular
structure of the aramid fiber, there are few molecular surface-active groups, so the interfacial
bonding strength with the resin matrix is low, which affects the overall performance of the
composites. Aramid fibers are treated with ZnCl2 to cause a complexation reaction. The
amide group is a potential bifunctional electron donor with 2 lone-pairs electrons on the
oxygen and nitrogen atoms, so it has two possible electron donor positions connected to
the Zn2+ cation. This is advantageous for the coordination of the carbonyl oxygen atom
and the metal ion (Zn2+) [26]. As shown in Figure 3, the carbonyl group on the surface
of the aramid fiber and the zinc ion are combined to break the hydrogen bond between
the N-H and C=O bonds, which are the chemical structures of the aramid fiber. Thus, the
NH and CO bond is destroyed by Lewis acid treatment to generate active groups such
as N-H and C=O. These active groups may increase the interfacial adhesion between the
aramid fiber and the resin yarn. Thereby, the mechanical properties of the composites are
improved. The red circle shows the change in the chemical structure of the aramid fiber
after ZnCl2 treatment.

Figure 3. Schematic illustration of hydrogen-bonded sheet structure of Kevlar fiber and ZnCl2-Kevlar
complex.

3.2. Surface Structure Analysis by FT-IR

Figure 4 shows the FT-IR analysis graph of the three kinds of Lewis acid surface
modifications—AlCl3, CaCl2 and ZnCl2. At wavenumbers 1637 cm−1 and 3310 cm−1, we
can see the expansion of the vibration peak of C=O (amide I band) and N-H bonds. The
chemical composition of the aramid surface was significantly changed after treatment with
a Lewis acid ethanol solution. Among three kinds of Lewis acid AlCl3, CaCl2 and ZnCl2,
the content of N-H and C=O bonds with ZnCl2 treatment was 3~4% and 5~10% higher
than AlCl3 and CaCl2, respectively. The lower transmittance means the higher content of
chemical bonds. The N-H and C=O bonds obtained the lowest transmittance under the
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ZnCl2 treatment condition. It proves that the ZnCl2 treatment was successful in improving
the aramid fiber surface modification because of the high content of N-H and C=O bonds
were obtained. Therefore, the ZnCl2 treatment is the best condition in three kinds of Lewis
acid surface modifications.

Figure 4. Treatment of aramid fibers with different Lewis acids by FT-IR analysis.

The modification of the ZnCl2 treatment to aramid fibers is determined by the content
of active groups, such as N-H and C=O. The concentration and treatment time of the ZnCl2
treatment are important conditions that affect the content of active groups, such as N-H
and C=O. Figures 5 and 6 show the results of FT-IR analysis under various concentration
(weight ratio) conditions of 2, 4, 6, 8 and 10 wt% and processing conditions of 0, 2 h, 4 h,
6 h, 8 h, 10 h and 12 h. As a result of observing the peak values of the N-H and C=O bonds
under the conditions of 2~10 wt% concentration at both wavenumbers 3310 cm−1 and
1637 cm−1, the transmittance showed a waveform shape as the concentration increased.
Among them, the peak values appeared at 6 wt% and 10 wt%, respectively. Under the
treatment of 0~12 h treatment time, the peak value obtained the lowest content of 72.5%
by 6 h treatment conditions. The transmittance is 90.82% of the N-H bond and 72.50% of
the C=O bond. This is 6% and 18% lower than the 4 h treatment condition, respectively.
The content of N-H bonds increased with concentration, but the C=O bonds did show an
increasing trend up to 6 wt% and a decreasing trend thereafter. At different treatment times,
it also showed an increase in the content of N-H and C=O bonds as the treatment time
approached 6 h. This phenomenon may indicate that the contents of N-H and C=O bonds
do not increase with time and concentration but rather in a waveform growth manner.
So that peak of the maximum increase was found by FT-IR. Additionally, this peak is the
position described earlier. Therefore, two concentrations of 6 wt% and 10 wt% and 6 h
treatment time were the most beneficial conditions.

3.3. Mechanical Properties
3.3.1. Impact Energy

Figure 7 shows the impact energy of aramid fiber-reinforced polymer (AFRP) com-
posites by ZnCl2 and PDA treatment. The untreated composites showed impact energy
of 1.24 J. The highest impact energy of 1.52 J was obtained in the 6ZP condition, which
is 20.17% higher than untreated. Compared to the untreated, the impact energy was im-
proved by all single-treated conditions such as S, P, 6Z and 10Z. This is consistent with
the evidence that the surface treatment can improve the performance of the composite
material by increasing the adhesion between the fabric and the resin. Comparing the impact
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energy of the 6PZ, 6ZP and 10ZP hybrid treatment conditions and the 6Z and 10Z single
treatment conditions, the hybrid treatment further improved the impact energy by 8%. The
ZnCl2 treatment etched the surface of the aramid fiber and improved the roughness. The
functionalization of the fabric surface was further improved through PDA treatment. The
hybrid treatment improves the interfacial adhesion between the aramid fiber and the epoxy
resin. Therefore, the best impact energy was obtained by 10ZP, which implements the PDA
treatment after ZnCl2 treatment. The impact energy by PDA-ZnCl2 treatment was lower
than ZnCl2-PDA treatment. Because in the PDA-ZnCl2 treatment condition, dopamine
adhered to the fabric surface is washed away, which may reduce performance.

Figure 5. FT-IR analysis of ZnCl2 surface-treated aramid fabrics in various concentrations.

Figure 6. FT-IR analysis of ZnCl2 surface-treated aramid fabrics in various processing times.
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Figure 7. Impact energy of 6-layer aramid fabric under various conditions.

3.3.2. Bending Strength

Figure 8 shows the bending strength of AFRP composites by ZnCl2 and PDA treatment.
In untreated conditions, the bending strength of the AFRP was 219.09 MPa and the best
bending strength was obtained by P condition (247.85 MPa, increased by 13.13%). As a
result of the single-treated conditions that were treated by S, P, 6Z and 10Z, the bending
strength improvement trend for aramid fiber composites was P ≥ S ≥ Z. ZnCl2 treatment
obtained the lowest improvement in bending strength among the three treatments. Because
ZnCl2 treatment can improve bonding ability with resin by giving an etching effect to
the aramid fiber surface, the performance improvement rate is reduced by lowering the
performance of the fabric itself. Hybrid treatment conditions showed overall performance
degradation. Among them, condition 6ZP obtained lower bending strength than condition
6PZ. Under the same hybrid treatment sequence condition, the 10ZP condition with a high
ZnCl2 concentration can obtain higher bending strength than the 6ZP condition. Therefore,
in the hybrid condition, the bending strength is in the order of 6PZ ≥ 10ZP ≥ 6ZP.

Figure 8. Bending strength of 6-layer aramid fabric under various conditions.
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3.3.3. Tensile Strength

Figure 9 shows the tensile strength of AFRP composites by ZnCl2 and PDA treatment.
The tensile strength of the untreated condition was 409.39 MPa, and the highest tensile
strength was obtained in the 6Z condition (423.74 MPa). This is a 3.51% improvement over
the untreated 409.39 MPa. Similar tensile strength improvements were obtained under
all treatment conditions. The highest tensile strength was obtained under 6Z conditions,
and the lowest tensile strength was obtained under 10ZP conditions. Additionally, the
difference between these two conditions is less than 5%. Tensile strength is related to the
performance of the fabric itself. Lewis acid treatment weakens the fabric itself by etching
the fabric surface, reducing the performance of the composites. However, etching can
increase the surface roughness of the fabric and improve the interfacial adhesion between
the fabric and the epoxy resin, thereby improving the performance of the composites. It is
judged that there is no change in tensile strength as the two phenomena are canceled out.

Figure 9. Tensile strength and stress–strain curve of the 6-layer aramid fabric under various conditions.
(a) Tensile strength, (b) Stress-strain.

From Figures 8 and 9a, it can be seen that the tensile and bending strength exhibit
different trends, respectively. The overall trend of tensile strength is not very obvious
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because the properties of the fabric itself are the key to the tensile strength. Therefore, the
variation of tensile strength is within 5% for all conditions. However, in bending strength,
it can be seen that the properties of the Lewis-acid-treated conditions are all inferior to
the PDA-treated conditions. As explained before, although etching helps to improve the
bonding ability with the resin, it reduces the properties of the fabric itself. Thus, the
Lewis-acid-treated condition did not perform as well as the PDA-only condition.

It can be seen from the stress–strain curves of the 6-layer aramid fabric under various
conditions in Figure 9b that there is a decrease in elongation at 6Z and 10Z for the two
conditions treated with ZnCl2 compared to the untreated condition. This may be due to the
disruption of the polyamide mechanism in the fabric structure by the ZnCl2 treatment. It
can also be seen that all PDA-treated conditions effectively improved elongation. Because
the PDA treatment promotes the activation of the fabric surface to enhance the interfacial
bonding between the fabric and the epoxy resin. It can be concluded that ZnCl2 and PDA
treatment can reasonably compensate for each other’s effects on elongation, thus ensuring
the mechanical properties of AFRP.

3.3.4. FE-SEM Observation

Figure 10 is SEM images of surface treatment with ZnCl2 for 0–12 h treatment times.
We obtain different surface images with ZnCl2 treatment times. (a) is the untreated aramid
fiber surface image. It was clean and smooth. (b), (c) and (d) are surface images of aramid
fibers treated with ZnCl2 for 2 h, 6 h and 10 h, respectively. A similar image was obtained
by (a) and (b). Because the 2 h treatment was too short, the fabric surface was not treated
enough. Conditions (c) and (d) showed a remarkable etching effect on the fabric as the
surface was changed. However, in condition (d), which is treated for 10 h, the fabric surface
was separated by the destruction of the fabric itself as well as etching. This destruction
phenomenon can affect the mechanical performance of the fabric composites. It can be seen
that the effect received by the fabric surface grows with the treatment time. Because the
Lewis acid treatment causes an etching effect on the fabrics, the long treatment time will
have some effect on the fabrics themselves. In the surface treatment, the (c) condition, in
which etching was appropriate and the fabric itself was not destroyed, was selected as an
excellent condition.

Figure 11 shows a ZnCl2-treated SEM image on the surface of the fiber. Comparing
the conditions of (a) and (b), the material treated on the fiber surface under condition (b)
was remarkably observed. This proves that PDA was coated on the fiber surface under
condition (b). The difference between (b) and (c) is the difference in the treatment order
of polydopamine and ZnCl2. The amount of PDA adhering to the surface in condition
(c)was smaller than condition (b). Because dopamine could be drained in the process of
ZnCl2 treatment if the processing order is ZnCl2 first and then PDA. In (b) and (d), the fiber
surface etching phenomenon of the high concentration (d) condition is more pronounced
than the low concentration (b) condition. It can be seen that the concentration affects the
degree of fiber surface treatment. However, the fiber surface under condition (d) has a high
etching effect, and the fiber itself may be damaged, resulting in a decrease in performance.

Figure 12 shows the fracture surface of each composite after the Impact test. As in
image (a), the impact fracture surface of the untreated aramid composites was often cracked
between the fiber and the resin. However, under the conditions of (b), (c), (d) and (e), the
cracking phenomenon is significantly reduced. Among them, there was still some cracking
in condition (b) with only ZnCl2. (c) and (d) conditions, in which the hybrid treatment
was performed, were not only cracked but also had fewer gaps between the fibers and the
resin. Condition (e), which was treated at a concentration of 10 wt%, was no cracking after
receiving an impact force between the fiber and the resin, but it was found that the fiber
itself was destroyed. It is judged that the performance of the composites decreases due to
the separation and destruction of the fiber itself because of a high concentration.
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Figure 10. SEM images of the surface treatment with the ZnCl2 treatment time. (a) Untreated, (b) 2 h,
(c) 6 h (d) 10 h.

Figure 11. ZnCl2-treated 6 h SEM image on the surface of the fiber. (a) 6 wt% ZnCl2, (b) 6 wt% ZnCl2
PDA, (c) 6 wt% PDA ZnCl2 and (d) 10 wt% ZnCl2 PDA.
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Figure 12. Fracture surface of each composites after the Impact test. (a) Untreated, (b) 6 wt% ZnCl2,
(c) 6 wt% ZnCl2 PDA, (d) 6 wt% PDA ZnCl2, (e) 10 wt% ZnCl2 PDA.

4. Conclusions

In this study, the effect of the aramid fiber surface treatment on the mechanical perfor-
mance and interfacial bonding of composites was investigated. The aramid fiber surface
roughness was improved by performing a hybrid treatment of ZnCl2 concentration, treat-
ment time and PDA. All samples were manufactured by the VARTM process. As a result,
the hybrid treatment of ZnCl2 and PDA had an excellent effect on the mechanical properties
of the composites.

I. The best tensile strength of 423.74 MPa was obtained at a ZnCl2 concentration of
6 wt%, which is 3.51% higher than the untreated specimens. In addition, the tensile
strength obtained at a ZnCl2 concentration of 6 wt% was higher than that obtained
at 10 wt%. Since the tensile strength is related to the properties of the fabric itself,
the surface treatment did not have a significant effect on the tensile strength. It was
also found that ZnCl2 and PDA had negative and positive opposite effects on elon-
gation, respectively. Additionally, these two treatments can effectively compensate
for the mutual effects on AFRP, thus ensuring the mechanical properties of AFRP.

II. The bending strength under PDA-treated conditions reached the most excellent
247.85 MPa, which was 13% higher than that of the untreated specimens. Among
the single treatments, the ZnCl2 treatment showed the lowest improvement in
performance while producing an etching effect on the surface fabric. All mixed
treatments showed a decrease in performance in bending strength.

III. A concentration of 6 wt% ZnCl2 and PDA treatment had the highest impact en-
ergy of 1.52 J was obtained for the hybrid treatment, which was more than 20%
higher than the untreated condition. The impact power of the treated aramid
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fiber composites was improved, where the mixed treatment condition increased by
more than 8% compared to the single treatment condition. In the mixed treatment
condition of ZnCl2 and PDA, the higher impact work was obtained in the PDA
treatment condition.

IV. The Lewis acid treatment increased the adhesion to the resin by etching the surface
of the aramid fiber, but it had no effect on the tensile strength because it would
damage the fabric itself. In the blend, the treatment had a positive effect on the
impact work but had little effect on the tensile and flexural strengths.

V. According to the SEM observations, the higher the concentration of ZnCl2 and the
longer the treatment time, the better the etching effect on the fiber surface, but fiber
separation occurs and reduces the mechanical properties. By observing the cross-
sections of the composites, it was confirmed that the cross-sections under mixed
treatment conditions were not treated or that the aromatic polyamide fibers were
made denser with resin than the material with only a single treatment. The results
show that the mixed treatment of ZnCl2 and PDA can improve the mechanical
properties of the composites.
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