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Improving interfacial bonding between carbon fibers recovered from used carbon composites can reduce
costs and address environmental concerns surrounding landfill of carbon composite materials. This study
investigated the mechanical and chemical characteristics of carbon fibers exposed to different plasma
treatment times in an argon and oxygen atmosphere. After plasma treatment for 1 min, there was no
difference in the tensile and morphological properties of commercial carbon fibers and plasma-treated
carbon fibers. However, oxygen penetrated into the carbon fiber with the oxygen atoms close to each
other, resulting in increase in lactone groups that were not observed in commercial carbon fibers, while the
hydroxyl and carbonyl groups were removed in the form of CO and CO, and thus decreased in number. In
addition, the polar surface energy of the carbon fibers markedly increased after the plasma treatment as
compared to that of the commercial carbon fibers. After plasma treatment for 3 min, carbon fiber surface
damage was observed, and tensile properties were greatly reduced. In addition, lactone, hydroxyl, and

carbonyl groups on the carbon fiber surface decreased due to the exposure of C-C and C = C.

Keywords carbon fiber, oxygen functional group, plasma
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1. Introduction

Carbon fiber is a lightweight material, with high specific
strength and elasticity and excellent thermal, electrical, and
physical properties, in addition to high corrosion resistance and
chemical resistance. Due to the high cost of carbon fibers and
environmental problems caused by landfill of carbon composite
materials, carbon composites, combined with resin, are used as
reinforcing materials only in a few high-tech industries (e.g.,
aviation, space, and wind power) (Ref 1). Technologies to
recover and recycle used carbon composites could reduce the
cost of carbon fibers and extend their use to other industries
(Ref 2,3). Studies have reported various methods of recovering
recycled carbon fibers from waste carbon composites (Ref 4,5).
However, the properties of recycled carbon fibers using these
methods are poorer than those of commercial carbon fibers.
Thus, they have limited reuse value. Carbon composites are
composed of carbon fibers and resin. As the carbon fiber
surface is smooth and chemically stable, interfacial bonding
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between the fibers and resin is poor. To improve the interfacial
bonding force between carbon fiber and resin, surface treatment
of carbon fiber is required (Ref 6-8). The latter is particularly
important in the case of polypropylene, which is a nonpolar
resin.

In surface treatment, functional groups, such as free radi-
cals, or carboxyl, carbonyl, or hydroxyl groups, on the surface
of carbon fiber strengthen interfacial bonding (Ref 9-12). To
improve interfacial bonding, generally, the chemical properties
of the surface of carbon fiber are altered through oxidation (Ref
13), electrochemical (Ref 14), plasma treatment (Ref 15-17),
heat treatment, or sizing treatment methods (Ref 18). Of these,
plasma treatment imparts reactivity to the surface at the depth
of the molecular layer, thereby rapidly improving the interfacial
bonding force of the carbon fiber surface (Ref 16, 17, 19).
Previous research has reported on target atoms on a specimen’s
surface being treated in various atmospheres, including nitro-
gen, oxygen, argon, and atmosphere, with the porous layer on
the carbon fiber surface being removed through plasma
treatment to reduce voids and improve adhesion with resins
(Ref 16, 17, 19). As a result of plasma treatment in atmosphere
and CO, atmosphere, oxygen functional groups readily formed
on the surface of carbon fibers in atmosphere plasma, thereby
improving the adhesive force between the fibers and resin (Ref
20). However, oxygen functional groups were not observed in a
carbon dioxide (CO,) atmosphere due to the absence of oxygen
functional groups (Ref 20). In another study, J. Lin reported
that plasma treatment in an inert gas argon atmosphere did not
generate a new functional group, had an effect on sizing
removal only, and interface adhesion strength was improved, in
addition to sizing removal after nitrogen and atmospheric
plasma treatment (Ref 21). Other studies reported that plasma
treatment of carbon fibers in an atmospheric atmosphere
decreased the contact angle and increased the surface roughness
(Ref 22, 23). There have been many studies on atmospheric
characteristics and conditions during plasma treatment, but
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research on the mechanisms of change in the chemical structure
of the carbon fiber surface remains insufficient.

In this study, a plasma treatment process was introduced to
improve the characteristics of recycled CF to the level of
commercial carbon fibers, and optimal conditions were pro-
posed to improve the interface properties of carbon fibers and
resins using mechanical and chemical analysis based on the
length of plasma treatment. The mechanisms of change in the
chemical state of the carbon fiber surface and in the oxygen
functional group due to the plasma treatment time were also
determined.

2. Materials and Methods

2.1 Materials

The carbon fiber used in this study comprised recycled
carbon fibers recovered from existing carbon composite, and
Table. 1 compares the characteristics of the commercial carbon
fibers of Toray with the characteristics of the recycled carbon
fibers used in this research. The commercial carbon fibers are
referred to as ““untreated.”

2.2 Plasma Treatment

Carbon fibers were immersed in acetone at 60 °C for 30 min
for desizing, followed by plasma treatment inan ar-
gon (99.99% purity) and oxygen (99.99% purity) atmosphere.
The power of the plasma generator was 250 W. The injection
amount was set to 4 L/minute (argon) and 0.02 L/minute
(oxygen), respectively. The plasma density was 0.52 W/em?,
and the distance between the head and the carbon fiber was
2 mm. The carbon fiber moving speed was 50 mm/s. The
plasma treatment times varied from 0.5 min to 7 min.

2.3 Characteristic Analysis

A field emission scanning electron microscope (FE-SEM) at
an acceleration voltage of 20 kV was used to observe changes in
the carbon fiber surface after the plasma treatment. Qualitative
and quantitative analyses were performed using an energy-
dispersive x-ray spectroscopy (XPS). To evaluate the mechanical
properties of the untreated and plasma-treated carbon fibers, a
short fiber tensile test was performed under conditions of 25 mm
gage length and 5 mm/minute elongation in accordance with the
ASTM D 3822 standard. The test was conducted 25 times per
condition, and the average of the results was used.

X-ray photoelectron spectroscopy (XPS) with a Nexsa XPS
system (Korea Basic Science Support Institute, Jeonju) was
used to investigate changes in chemical functional groups on
the surface of the carbon fibers in accordance with the plasma
treatment time. The specimen was investigated with monochro-
matic Aloa (1486.6 eV), and a high-resolution spectrum was

Table 1 Properties of carbon fiber used in this study

Type Untreated CF Recycled CF
Product T700SC-12,00-50C

Tensile strength (Gpa) 4.49 3.45
Modulus (Gpa) 261 256
Elongation (%) 2.62 2.08
Density (g/cm’) 1.80 1.80
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obtained with a passing energy of 50 eV and a beam size of
400 um. To determine the effect of the plasma treatment time
on surface energy, the contact angle was measured using the
Wilhelmy plate method. Carbon fibers were dropped into
hydrophilic water and hydrophobic diiodomethane at a constant
injection rate of 6 mm/minute. The contact angle measurement
was evaluated three times per condition, and the surface energy
was calculated based on the contact angle obtained when the
carbon fiber was immersed in water and diiodomethane and
then removed.

3. Results and Discussion

3.1 Carbon Fiber Surface

Figure 1 shows the SEM observations of the surfaces of the
carbon fibers in accordance with the plasma treatment times.
The diameters of the carbon fibers changed in accordance with
the treatment time, as illustrated in Fig. 2. Compared with the
surface of the untreated, after 1 min, the surfaces were smooth,
with no significant change. In contrast, after plasma treatment
for 3 min, the carbon fiber surface was slightly degraded. After
plasma treatment for 5 min, the carbon fiber surface was
severely damaged, with the average diameters of the fibers re-
duced to about 4.8 um. Plasma treatment for 7 min resulted in a
rapid decrease in fiber diameter and fiber loss, leading to loss of
function. It was determined that the degree of exposure to
excessive energy increased as the time increased when the
carbon fiber was treated with plasma. Thus, the numbers and
sizes of pores present on the surface were increased by a
chemical reaction of the carbon fiber, thereby greatly reducing
the diameter.

3.2 Tensile Properties of the Carbon Fibers

Figure 3 shows the change in tensile characteristics of the
carbon fibers according to the plasma treatment time. Overall,
the tensile strength and elongation of the carbon fibers
decreased in accordance with the plasma treatment time. The
tensile strength of the carbon fiber was similar to that of
the untreated up to a plasma treatment time of 1 min. However,
as the plasma treatment time increased, the tensile strength
started to decrease, and the average tensile strength decreased
to about 3.9 GPa at a plasma treatment time of 3 min. At a
plasma treatment time of 5 min, the average tensile strength
decreased sharply to about 52% compared to that of the un-
treated. After plasma treatment for 7 min, severe carbon fiber
damage was observed, with carbon fiber loss, making it difficult
to measure the tensile strength. Based on these results, it was
confirmed that 1 min of the treatment time showed the same
tensile characteristics as the untreated, but the plasma treatment
of 3 min or more resulted in degradation of the tensile strength
of the carbon fibers, with a large amount of surface damage.
After plasma treatment for 1 min, which is the optimal
treatment time in a high-energy process, even a short treatment
time damaged the carbon fiber surface and weakening of its
mechanical properties (Ref 24).

3.3 Chemical Properties of the Carbon Fibers

XPS was used to analyze the chemical state of the carbon
fiber surface according to the plasma treatment time. XPS Cls
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Fig. 1 SEM morphologies of carbon fibers with respect to plasma treatment time: (a) Untreated, (b) 0.5, (¢) 1, (d) 3, (e) 5, (f) 7 min.
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Fig. 2 Variation in carbon fiber diameter according to the plasma
treatment time

and Ols spectra are shown in Fig. 4. Table 2 shows the
elemental composition of the carbon fiber surface with respect
to the plasma treatment time. When compared to the desizing
carbon fibers, the amount of carbon decreased and the amount
of oxygen increased in the plasma-treated samples. As shown
in the spectrum of Cls (Fig. 4 a), hydroxyl groups (C-O) and
carbonyl groups (C = O) on the surface of the carbon fibers
decreased significantly after desizing and continued to decrease
in accordance with the plasma treatment time. On the other
hand, the lactone groups (O = C-O) were similar to those in
the untreated after desizing. However, lactone groups were
rapidly generated after plasma treatment for 1 min and
gradually decreased after treatment for 3 min or more (Fig. 4
a). Referring to the spectrum of Ols, after desizing, the oxygen
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present on the surface of the carbon fiber was significantly
reduced compared to that of the untreated. After a plasma
treatment time of 1 min, the area and width of the oxygen were
significantly increased as compared with the desizing. The
amount of oxygen decreased after plasma treatment for 3 min
and continued to decrease in accordance with the treatment
time (Fig. 4 b). In terms of the O/C ratio, it increased to 0.25
following 1 min of plasma treatment after desizing. The O/C
ratio decreased after plasma treatment times of 3 min or more.

Figure 5 and Table 3 show the peak separation results of
Cls and the change of peak according to the composition of the
functional groups generated on the carbon fiber surface by the
plasma treatment. After desizing, the numbers of C-O and
C = O groups decreased significantly compared to those in
the untreated. The number of C-O and C = O groups decreased
in accordance with the plasma treatment time. O = C-O bonds
formed after 1 min of plasma treatment. However, at plasma
treatment times of 3 min or more, O = C-O bond formation
decreased.

According to previous research, when heat-treated in a
nitrogen atmosphere, the oxygen atoms in C-O and C = O on
the surface of the carbon fiber are removed to O, by the heat as
the treatment temperature increases, thus decreasing the oxygen
functional groups (Ref 25). In an oxygen atmosphere above
500 °C, the oxygen functional groups rapidly increase due to
the generation of O = C-O, which affects the improvement of
interfacial bonding strength (Ref 25). When the surface
treatment was performed using nitric acid, the C = C bonds
were broken and the oxygen functional groups increased (Ref
7). In contrast, plasma treatment in an argon atmosphere does
not result in the generation of new oxygen functional groups on
the surface of carbon fibers due to the use of an inert gas (Ref
21). Agnieszka Kyziot et al. reported that, during argon plasma
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Fig. 3 Effect of the plasma treatment time on the tensile properties of the carbon fibers (a) Tensile strength, (b) Elongation
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Fig. 4 XPS spectra for (a) Cls and (b) Ols according to plasma treatment times

Table 2 Elemental composition of carbon fiber surface with respect to plasma treatment time

Element (at.%)

Plasma treatment time Carbon Oxygen Nitrogen Silicon o/C
Untreated 76.31 21.31 0.75 1.63 0.28
Desizing 83.83 12.46 1.88 1.83 0.15
0.5 min 80.81 15.27 1.91 2.01 0.19
1 min 75.74 19.23 2.47 2.56 0.25
3 min 79.45 16.99 1.25 2.31 0.21
5 min 81.07 16.11 1.63 1.18 0.20

treatment, the C-H bonds on the surface were cut to produce
free radicals and there was no change in the oxygen functional
groups (Ref 26). When the treated biomaterial is exposed to air,
it reacts quickly with oxygen, causing surface oxidation and
peroxide formation (Ref 26). Polar chemical functional groups,
such as -NH2 (amino groups) and -OH (hydroxyl groups), are
generated on the surface of carbon fibers. These polar groups
may form hydrogen bonds and covalent bonds with resin,
thereby contributing to improved interfacial adhesion (Ref
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27,28). Previous research reported that when oxygen atoms on
the carbon fiber surface were exposed to plasma energy, O = C-
O bonds were generated as the distance between the oxygen
atoms decreased (Ref 29). Another study showed that O = C-O
bonds may be generated by attaching oxygen to an end of the
ring (Ref 30). In this research, as C-O and C = O on the carbon
surface after the plasma treatment were greatly reduced
compared to desizing, and the binding of O =C-O was
generated and increased compared to the untreated, the binding

Journal of Materials Engineering and Performance



Intensity (a.u.)

Untreated

200 288
Binding energy (eV]

Intensity (a.u.)

Intensity (a.u.)

282

280

0.5min

—Cls
—C-C.C=C
—C-0.C=0
—C-N
—0=C-0

200 288

280 282

Binding energy (eV)

280

3min

—C1s
—C-C,C=C
—C-0.C=0
—C-N

—0=C-0

200 288

280 282

Binding energy (eV)

Journal of Materials Engineering and Performance

280

Intensity (a.u.) Intensity (a.u.)

Intensity (a.u.)

Desizing —C1s
—C-C.C=C
— (-0, C=0
—C-N

Temperature : 60°C

Time : 0.5hr

200 288 284 282 280

Binding energy (eV)

1min —C1s
—C-C,C=C
— (-0, C=0
—C-N
—0=C-0

200 288

280 282

Binding energy (eV)

280

omin

—Cls
—C-C.C=C
—C-0.C=0
—C-N

—0=C-0

200 288

280 282

Binding energy (eV]

Fig. 5 Cls spectra of the carbon fiber surface according to the plasma treatment time

280

Volume 32(1) January 2023—419



Table 3

Functional groups of the carbon fiber surface with respect to the plasma treatment time

Cls
Plasma treatment time Cc-C,C=C C-0,C=0 C-N 0=C-O0
Untreated 50.85 47.10 1.98 0.07
Desizing 71.57 20.10 6.21 2.10
0.5 min 70.61 19.74 5.36 4.29
1 min 66.76 19.36 1.77 12.11
3 min 77.05 10.50 1.57 10.88
5 min 78.12 10.24 2.01 9.63
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Fig. 6 Relation of the contact angle and plasma treatment time

ring between carbons was broken by the plasma energy,
CO, was removed, and the carbon and oxygen bonds were
greatly increased. Activation of functional groups may improve
the surface energy of the carbon fibers, and they may
chemically react with resin. The resulting increase in surface
energy may strengthen interfacial bonds between the carbon
fibers and resin (Ref 31).

The contact angle was measured by using a hydrophilic and
hydrophobic wetting liquid, and the surface energy according
to the plasma treatment time was calculated by substituting the
value of Eq. 1.

1 + cosf 7\ 2
(L + cos6) 21/2 ) (V§)1/2X<%) +()"" (Eq 1)

2(v0) L

As shown in Fig. 6, after plasma treatment for 1 min, the
contact angle was decreased compared to the untreated.
However, after plasma treatment for 3 min, the contact angle
increased compared to that at 1 min. The contact angle
increased significantly at a plasma treatment time of 5 min.
From the surface energy results obtained from the contact
angle, it can be seen that surface energy increased in response
to plasma treatment times up to 1 min. It then decreased, with a
significant decrease observed after 5 min. In terms of the ratio
of polarity surface energy among surface energies, the treat-
ment time was the highest in 1 min and then gradually
decreased, indicating that the increase in surface energy of the
plasma-treated carbon fiber was caused by an increase in
polarity surface energy (Fig. 7a). The ratio of polarity/surface
energy is an index of oxygen functional groups introduced on
the surface of carbon fibers. This ratio was highest (36.63%)
after a treatment time of 1 min. It started to decrease after 3 min

420—Volume 32(1) January 2023

and significantly decrease after 5 min (Fig. 7b). After 1 min of
treatment, the polar surface energy is increased due to the
introduction of a lactone group; when the treatment time is
more than 3 min, lactone, hydroxyl, and carbonyl groups are
decreased, thus decreasing polar surface energy. Plasma treat-
ment is reported to cause partial oxidation on the surface of
carbon fiber, thereby facilitating adsorption of carbon fiber and
polar molecules (Ref 32). As the surface energy of carbon fiber
increases, the binding force to a resin is enhanced (Ref 33). In
previous studies, as the temperature increased during heat
treatment in a nitrogen atmosphere, the oxygen functional
groups increased and the free energy of the polar surface
decreased. On the other hand, it has also been reported that the
contact angle decreases and the free energy of the polar surface
increases upon the introduction of active oxygen functional
groups during heat treatment in an oxygen atmosphere (Ref
30). In this study, the contact angle decreased after the plasma
treatment, and the interfacial bonding force increased because
atoms penetrated the exposed carbon fiber surface in the
oxygen atmosphere. On the other hand, the plasma treatment
damaged exposed carbon fibers, and a relationship between
oxygen functional groups combined with carbon on the surface
was broken, thereby increasing the contact angle and reducing
polar surface energy.

Based on an analysis of its mechanical and chemical
characteristics, the mechanisms of surface changes and oxygen
functional groups of carbon fiber after different plasma
treatment times are shown schematically in Fig. 8. The sizing
agent in rCF was removed using acetone treatment to reduce an
oxygen functional group, and as the time of plasma treatment
increased up to 1 min, the oxygen atoms in C-O and C = O
present on the surface of the carbon fiber were removed with
CO or CO,. On the other hand, it is thought that the oxygen
functional groups are significantly increased by breaking the C—
C and C = C bonds and attaching oxygen atoms, or by actively
forming O = C-O as the oxygen atoms come close to each
other. However, after more than 3 min of treatment time, the
oxygen atoms were continuously penetrating the carbon fiber
and reacting violently with the carbon atoms inside and on the
surface, causing damage to the carbon fiber.

4. Conclusions

This research investigated the effect of plasma treatment in
an argon and oxygen atmosphere on mechanical and chemical
properties of carbon fiber surfaces at different treatment times.
There was no difference in the surface characteristics or tensile
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properties of the plasma-treated carbon fibers compared
to untreated after treatment for 1 min. According to the change
in the oxygen functional group, C-O and C = O present in the
carbon fiber were removed in the form of CO and CO,, and
oxygen in the oxygen atmosphere penetrated into the carbon
fiber to significantly generate and increase O = C-O. The
surface energy was highest after plasma treatment for 1 min,
which is attributable to a significant rise in surface energy due
to the increase in the lactone groups introduced into the carbon
fiber. An increase in surface energy is expected to improve
interfacial bonding with resin in carbon composite materials,
thereby having a positive effect on the physical properties of
these materials. In this study, damage to the carbon fiber surface
was observed when the plasma treatment exceeded 1 min, with
the damage increasing in accordance with an increase in the
treatment time. After a plasma treatment time of 5 min, carbon
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fiber tensile strength decreased significantly compared to that of
the untreated. It was due to the exposure of C—C and C = C on
the surface of the treated carbon fibers and small number of C-
O, C =0, and O = C-O, which reduced the surface energy. In
future, composites may be manufactured by sizing surface-
treated carbon fiber under optimal conditions, and the mechan-
ical characteristics will be compared and evaluated to con-
tribute to the commercialization of automobile parts.
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