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Abstract. PAN copolymers were synthesized via a novel technique, atom transfer radical polymerization (ATRP), with the
activator generated by electron transfer method (AGET). Carbon fibers (CF) were synthesized at low carbonization temper-
atures from the novel PAN precursor. Plasma treatment in an oxygen environment at a low pressure of 40 Pa was carried out
for 5 minutes on the CF at 100 and 200 W plasma power. The morphology and structure of the CF changed after plasma
functionalization, as evident from SEM analysis and Raman spectroscopy. The formation of functional groups like alcohols,
carbonyl, and carboxylic on the surface of CF was confirmed with the aid of X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FTIR). The wetting test confirmed the higher adhesion of the plasma functionalized
CF with the epoxy matrix. Single fiber strength test revealed that plasma functionalized CF retained around 98% of their
original tensile strength. Composites were fabricated from the pristine, and the plasma functionalized CF in 1 and 3% by
weight with epoxy matrix. The surface-modified CF composites depicted improved tensile (23.4%), tribology (33.62%),
and surface hardness (11.4%) properties compared to the composites fabricated from pristine CF.
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1. Introduction has attracted tremendous interest in utilizing the car-
Carbon fibers (CF) are marvelous materials that can  bon-carbon composites in industries like aerospace,
be employed in various important engineering appli-  automotive, and building structures [2]. The carbon
cations. Carbon fibers possess outstanding physical  fiber composites industry thrives at a high pace and
and chemical properties; for instance, their high ten-  will surpass a mammoth demand of 140 ktons in
sile strength combined with a low density makes CF 2020 [1]. At present, the commercial-grade CFs are
ideal candidates to be employed in high strength low  mostly 70% by volume, produced from polyacry-
weight structural parts [1]. CFs also possess high re-  lonitrile (PAN) filaments that accounts for about
sistance to creep, chemicals, and environmental con-  51% of the total cost of CF production [3]. PAN pre-
ditions as well. This unique combination of properties  cursor is preferred for CF manufacturing due to high
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carbonaceous yield, but the high cost of PAN pre-
cursor and high carbonization temperature for the
production of commercial-grade CF has resulted in
expensive CF with limited use in high-end applica-
tions [4, 5].

Furthermore, PAN precursor production is a haz-
ardous process with negative effects on the environ-
ment due to the production of hydrogen cyanide gas
[6]. The sharp rise in the demand for CF and the ap-
proach of the society towards sustainable processes
have encouraged the researchers to look for environ-
ment-friendly and cost-effective precursors for com-
mercial grade CF production [7, 8]. One approach
could be to improve the existing precursor and utilize
low carbonization temperatures that can certainly re-
duce the cost of commercial grade CF [9, 10]. PAN
copolymers with tailored structural properties can be
synthesized via a novel technique, atom transfer rad-
ical polymerization (ATRP) with the activator gen-
erated by electron transfer method (AGET) [3]. The
resulting PAN fibers can potentially help in manu-
facturing the CF with improved properties at low car-
bonization temperatures. In recent years a lot of lit-
erature is published on the improvement of PAN
precursor properties and conversion to CF at low car-
bonization temperatures to reduce manufacturing
cost and environmental impact [11, 12].

The bonding between the CF surface and the matrix
plays a key role in achieving the high performances
of the carbon fiber composites [13]. For a good adhe-
sion between CF and polymer matrix, chemical bond-
ing between the matrix and the CF is necessary. Ad-
equate adhesion between the matrix and CF ensures
better load transfer during the application of external
stress and consequently improved the performance
of the structural components. A good CF surface ad-
hesion in the composite is not achieved by using pris-
tine CF [14]. Instead, weak interphase is formed in
the composite, and the performance of CF reinforced
composites is limited [15, 16]. Various surface treat-
ments are in use to varying the CF surface, namely
sizing, electro-polymerization, heat treatments, nano-
structure decoration, chemical functionalization, and
surface alteration by plasma radicals [17, 18]. Plas-
ma treatment is very effective in modifying the sur-
face of CF with several advantages. Firstly, Plasma
assisted surface modification is strongly limited to
the modification of the first few atomic layers. It ex-
erts a limited influence on the bulk structure of the
fibers. This feature is very important since it prevents
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the risk of altering the mechanical properties of fiber
that may degrade its performance. Moreover, the
changes on the CF surface by plasma can be applied
at low temperatures, even at room temperature that
greatly reduces the processing time, the energy re-
quired, and the cost of the process [19, 20]. Also, the
type of gas employed to generate the plasma radicals
is usually an inert gas, e.g., helium, nitrogen, argon,
and oxygen. The use of an inert gas reduces not only
security issues but also the cost related to the disposal
of dangerous chemicals [21] . Several studies have
been published by various authors about the en-
hanced tensile and tribology performances of CF
composites after plasma functionalization [22-24].

The objective of this work is to study the plasma
functionalization of CF manufactured at low car-
bonization temperatures from PAN copolymer, syn-
thesized via novel AGET-ATRP method, and their
application to composite structures for improved ten-
sile, tribological, and surface hardness properties.

2. Materials and methods

2.1. Raw material
Poly[(Acrylonitrile)-co-(Itaconic acid)-co-(acrylic
acid)] [P(AN-co-IA-co-AC)] was synthesized by co-
polymerization of Acrylonitrile (AN), Itaconic acid
(IA), and Acrylic acid (AC) via redox initiated free
radical polymerization. P(AN-co-IA-co-AC) was di-
luted in Dimethylformamide (DMF) solvent at the
ratio of 20% (w/v) and used as a dope solution. PAN
fibers were wet spun using a spinneret of 300 holes
with 50 um diameter/ hole. PAN fibers were ther-
mally stabilized in an oxidative environment without
prior treatment. Finally, PAN fibers were stabilized
in stages, and the profile was set at 190-220-250-
270°C with a holding time of 4 hours. PAN fibers
were carbonized in a two-stage process in an Argon
atmosphere, first at 620 °C for 30 minutes and finally
at 1000 °C for 30 minutes with a fixed heating rate
of 5°C/min.

2.2. Plasma treatment

Plasma Fab 508 equipped with a radiofrequency gen-
erator operating at 13.56 MHz was used to carry out
the plasma treatment in an oxygen environment at a
fixed pressure of 40 Pa for 5 minutes and plasma
powers of 100 and 200 W respectively. The inside
walls of the chamber were cleaned by running the
oxygen plasma process at 50 W prior to the treatment.
The CF specimen were plasma treated according to
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the parameters mentioned above and characterized
as follows.

2.3. Analysis of pristine and plasma
functionalized CF
2.3.1. Surface morphology
Field Emission Scanning Electron Microscope Mer-
lin (ZEISS) was used to study the morphology of
the CF after plasma treatment at various magnifica-
tions. The fractured surface of the composites after
the tensile analysis was also studied to understand
the interaction of the CF with matrix before and
after plasma treatment. A broad magnification range
of 10000 to 100000 was selected to study the vari-
ous specimen.

2.3.2. Raman spectroscopy

Raman analysis was performed to study the structure
of the CF after plasma treatment. Renishaw Raman-
scope H43662 (InVia) instrument equipped with a
light source of wavelength 514 nm was used to carry
out the analysis.

2.3.3. XPS analysis

The chemical nature and atomic quantity of the func-
tional groups formed after oxygen plasma function-
alization was studied by XPS. PHI 5000 Versa Probe
instrument (Physical Electronics) equipped with an
Al Ko radiation (1486.6 eV) X-ray was used to carry
out the XPS analysis. The photoelectron signal of high
resolution (HR) and the survey spectra were collect-
ed by using a spot size of 100 um at a pass energy
value of 23.5 and 187.85 eV, respectively. Multi-
pack 9.6 software was used to deconvolute the vari-
ous spectra to obtain the atomic compositions of the
various functional groups.

2.3.4. FTIR-ATR analysis

The chemical nature of the functional groups was
further examined using an Equinox 44 (Bruker)
FTIR-ATR instrument. The analysis was carried out
by diluting the pristine and plasma-treated CF in the
KBr pellet in the frequency range of 1000 to
4000 cm™'. A total of 64 scans at 4 cm™! resolution
were carried out for all the samples.

2.3.5. Wetting test

The adhesion of the plasma functionalized CF to the
matrix was studied via a simple wetting test. 2.5 inch-
es in length of the pristine and plasma functionalized
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CF were cut and weighed before being submerged
into the epoxy (Hexion Resin, RIM 135) for 5 min-
utes and hanged in the ambient. The wetted speci-
men was weighed after an interval of 1 and 24 hours,
respectively. The quantity of the epoxy retained by
the pristine and the plasma functionalized CF was
calculated and compared. 5 specimens in each cate-
gory were studied to ensure reproducibility.

2.3.6. Single fiber strength study

The tensile analysis on the single carbon filament was
performed to study the effects of the plasma func-
tionalization on the breaking strength. The average
diameter of the CF was 6.86+0.50 microns, as deter-
mined by SEM. 20 samples in each category were
measured using an electronic single fiber strength
tester at a gauge length of 25 mm, a strain rate of
1 mm/min, and a load cell of 2 N.

2.4. Composite preparation

CFs were shredded in short size with the aid of an
industrial pulverizer BBOOE (Savatec) and dispersed
in the pre-determined weight percentage in the epoxy
matrix. Ultra-Turrax T18, an overhead mixer, was
used to disperse the CF in the matrix. A curing agent
was added, and the mixture was subjected to further
blending. Sonication was carried out in Elmasonic
(S15H) instrument for 15 minutes to release the en-
trapped air bubbles followed by additional degassing
for 20 minutes at a pressure of 50 mbar in the vacu-
um chamber to eliminate the air bubbles completely
from the mixture. The mixture was cured in an oven
for at 60 °C for 4 hours [25, 26]. Dog-bone shape sam-
ples were fabricated for the tensile analysis accord-
ing to the ASTM D 638-04 standard. Tribology and
surface hardness analyses were carried out on
25 mm X 25 mm x 5 mm plates. 5 specimens for var-
ious concentrations in each category of the above-
mentioned analysis were fabricated to ensure repro-
ducibility.

2.5. Analysis of the composites

1. The tensile performance of the composites was
measured with a Q-test 10 mechanical tester
(MTS). The dog bone specimen in each category
was subjected to tensile force using a 10 kN load
cell and a strain rate of 1 mm/min throughout the
analysis. Stress and strain values were deduced
from the load elongation curves received from the
instrument and plotted in origin 9.0 software. The
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tensile behavior of the resin, pristine CF compos-
ites, and the plasma-treated CF composites were
compared among one another.

2. Friction and wear resistance were measured by
Pin-on-Disk (Anton-Paar) tribometer. A steel ball
(AISI 420) 6 mm in diameter was employed in
the tribology test. All specimens were analyzed
using a constant 5 N normal load; the linear speed
seta 185 mm/sec and 3.27 mm reciprocating am-
plitude. The coefficient of friction (u) and the
specific wear rate (W;) were calculated as shown
in Equations (1) and (2):

£
L=TF (1)
___Am

where F¥is the friction force parallel to the sliding
surfaces, F, is the normal load, p is the density
[g/cm?] of the specimen, L is the sliding distance,
and Am [g] is the mass loss after the test.

3. Surface hardness was measured with Durometer
Shore A instrument according to the ASTM stan-
dard D-2240. Specimens were placed on a flat
surface of the iron plate as the standard back-
ground and measured on the four corners and at
the center.

3. Results and discussions

3.1. Surface morphology of pristine and
plasma functionalized CF

The surface of the plasma functionalized CF shows

pits and canals as compared to pristine CF, see Fig-

ure la. CF treated at the plasma power of 100 W,

5 minutes show a lesser amount of surface abrasion

a) b)

compared to the 200 W for 5 minutes samples where
the surface abrasion and formation of new surfaces
are more visible (Figure 1b and 1c). The changes in
the fiber surface morphology are in accordance with
literature reported on the plasma modification of CF.
The new surfaces formed after plasma functionaliza-
tion can increase the adhesion with the matrix and
improve the tensile and tribology performance of the
composites [22, 27].

3.2. XPS analysis

The atomic percentage of oxygen on the surface of
the CF increases after plasma functionalization, as
reported in Table 1. The atomic percentage of the sur-
face oxygen l1st increases on the surface of the CF
and then starts to decrease as we double the plasma
power for the same treatment time, as illustrated in
Figure 2. The reason for this trend is explained in the
morphology analysis, where it can be seen clearly
that at higher treatment power, the top layers were ab-
lated, exposing the bottom, less functionalized layers
of the CF. Similar trends were noted in the O/C ra-
tios, which decreased as the plasma power increases,
and opposite trends were observed in the N/C ratios
as the ablation of the top layers exposed higher ni-
trogen-containing core of the CF. The atomic per-
centage of all the elements identified by the survey
spectra are reported in Table 1.

Table 1. Elemental composition from survey spectra on pris-
tine and plasma-treated CFs with 5% mean devia-
tion in atomic %age.

Sample id Cls Ols N1s o/C N/C
Pristine CF 87.0 11.0 2.0 0.126 | 0.023
100 W, 5 min 75.0 21.9 3.1 0.28 | 0.041
200 W, 5 min 80.0 16.0 4.0 0.20 | 0.050

200 nm
'S
c)

Figure 1. Morphology of (a) pristine, (b) plasma modified CF, 100 W, (c) 200 W, at 100 000x magnification.
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Figure 2. (a) Survey spectra, (b) Cls high resolution spectra of the 200 W, 5 min specimen.

Table 2. Functional groups comparison from H.R C1s spec-
tra on PAN-based pristine and plasma-treated CFs
with 5% mean deviation in atomic %.

Sample id C-C | C-O C=0 -0-C=0 | n—n"
Pristine CF 72.74 | 7.43 8.27 5.00 6.56
100 W, Smin | 61.72 | 21.77 | Weak signal | 15.35 1.16
200 W, Smin | 68.34 | 13.51 7.88 6.31 3.96

The atomic percentage of the various components in
the high-resolution spectra C1s was extracted by the
curve fitting (Table 2). Cls spectra of each specimen
were deconvoluted using Gaussian-Lorentzian sum
function of 4 curves. The chemical shift was assigned
according to the Briggs chemical shift table [28].
The high-resolution spectra confirm the presence of
alcohols (C-0) and carboxylic (O—C=0) groups in
higher quantity after plasma functionalization on the
surface of the CF. These groups are responsible for
the interaction with the epoxy matrix, which enhances
the tensile, tribology, and surface hardness perform-
ance of the CF polymer composites [23, 27].

3.3. Raman analysis

Raman analysis of the CF before and after plasma
modification is reported in Figure 3. The characteristic
D- and G-peaks of carbon materials are exhibited by
the pristine and plasma-treated CF in Raman spectra.
Both D- and G-peaks were fitted with Gaussian-
Lorentzian shaped function to estimate the areas under
the peaks. The /p//g ratio, which is a measure of the
degree of disorder in a material [29, 30], was calcu-
lated by the ratio of area under the D and G-peaks, re-
spectively. The Ip//g ratios of the various specimens
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Figure 3. Raman analysis of pristine and plasma modified CF.

are reported in Table 3. The plasma-treated CF shows
a higher /Ip/Ig ratio, i.e., a higher degree of disorder.
This behavior can be explained by the morphology
analysis and the XPS analysis, where the formation
of functional groups after plasma treatment changes
the morphology and the crystalline structure of car-
bon fibers that lead to a relatively higher degree of
disorder. A marginal decrease in disorder in the
200 W sample can be explained by the SEM images
(Figure 1c) where the ablation of top layers exposed
the more ordered structure of carbon fibers. An in-
crease in the carbon content, as evident from the XPS

Table 3. Ip/I; ratio comparison, D and G-peak positions of
the various CF.

Peak position
S/no. Sample Id. [em™] In/lG
D G
Pristine CF 1359 1605 1.83
2 |100 W, 5 min 1351 1599 1.954
200 W, 5 min 1351 1600 1.939
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analysis (see Tables 1, and 2), further solidifies our
argument. The effects of plasma treatment reported
in our study are conformance with the ones reported
in the literature. Montes-Moran et al., [31] and Wen
et al., [32] reported a similar trend in the degree of
disorder of commercial carbon fibers after plasma
treatment.

3.4. FTIR-ATR analysis

The absorbance spectra of various CF are depicted in
Figure 4. The oxygen-containing species formed due
to the plasma functionalization were identified ac-
cording to Infrared and Raman Characteristic Group
Frequencies [33]. The peak with center at 1650 cm™!
wave number corresponds to the carbonyl (C=0)
bond from unsaturated Ketones/Aldehydes. A weak
band can be seen in the spectra of the plasma func-
tionalized CF with the center at 1460 cm™'. This peak
can be attributed to the C—O stretching and/or the
O-H deformation of the carboxylic acid functional

4 —— CF- Pristine

— CF100W

] —— CF200W

s 2925 cm™!

B 3440 cm-'

- < /2850 cm-t 1100~1200 !

e il 1470 cm-’ /

o _]

£ \

5

o 4

< \/\/\‘\J’\W

4000 3500 3000 2500 2000 1500 1000

Wave number [cm-']

Figure 4. FTIR-ATR analysis of pristine and plasma func-
tionalized CF.

group that was confirmed in the XPS analysis. The
formation of -O—C=0 and —OH groups on the CF
surface was further confirmed by the peak with a
center at 3440 cm™', which is the characteristic peak
of the carboxylic acid group. The double peak with
centers at 2850 and 2925 cm™' is associated with the
OH stretching of the carboxylic acid. The formation
of chemical species like C—O, C=0, and O—C=0 on
the surface of CF after plasma treatment is in con-
formance to the published literature on the subject
[34]. The functional groups on the CF surface are re-
sponsible for higher adhesion with the matrix (see
wetting test) and contribute to improved composite
performance.

3.5. Wetting test

In the wetting test, the plasma functionalized CF de-
picts a higher affinity to the epoxy resin, as shown
in Figure 5. The plasma-treated CF at the treatment
power of 100 and 200 W show 22 and 24 % epoxy
pick up after 1 hour, respectively. After 24 hours, the
epoxy retention remained higher compared to the
pristine CF, i.e., 14 and 15% respectively for the 100
and 200 W specimens. The higher retention of the
resin is due to the formation of oxygen-containing
chemical species and new surfaces after plasma
functionalization (see XPS and SEM analysis). The
formation of new surfaces like crevices, pits, and
canals on the plasma-treated CF favored more sur-
face contact points with the matrix and thus higher
pick up of the resin compared to the pristine CF.
Similar behavior has been reported in one of our

[ Epoxy retention ratio 1 hour

1.50 4
Bl Epoxy retention ratio 24 hour

1.254

1.00 4

0.754

Epoxy retention ratio

0.50+

0.251

0.00 r
b) Pristine CF

100 W, 5 min 200 W, 5 min

Figure 5. Wettability test on the pristine and plasma functionalized CF, a) methodolgy, b) comparison.
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previous papers on the plasma functionalization of
cotton-based CF [35].

3.6. Single fiber strength

The plasma-treated CF shows a slight loss in the sin-
gle fiber strength after the treatment. The 100 W,
5 min sample shows a decline of a mere 0.86% in
the tensile strength while the 200 W samples losses
slightly more tensile strength, around 1.72%, com-
pared to the pristine CF. This reduction in tensile
strength is minimal and statistically not significant.
Generally, the carbon fiber should not lose more than
15~20% of the original tensile strength after any sur-
face treatment for better performance of the compos-
ite structure [36, 37]. So the results we obtained are
in accordance with the threshold set for the applica-
tion of surface modified CF in polymer composites.
The slightly higher loss in the 200 W sample is prob-
ably due to the severe action of the plasma radicals,
as evident from the morphology analysis (Figure 1c).
Results for mean values of 20 samples for each cat-
egory of pristine and plasma-treated CF are dis-
played in Figure 6.

3.7. Tensile properties

The tensile analysis of the pristine and the plasma
functionalized CF composites is depicted in Figure 7.
We can see that the resin shows a maximum load-
bearing capacity of 51.2 MPa. Reinforcement with
pristine CF enhances the load-bearing capacity and
induces a slight plastic behavior in the matrix.

The ultimate tensile strength recorded for pristine CF
reinforced composites was around 57.7 MPa, i.e. the
reinforcement of the matrix with pristine CF at 3%
filler loading enhances its load-bearing capacity by
12.5%. The composites fabricated with the plasma-
treated CF show higher tensile strength in comparison

=== Single fibre strength

Single fibre strength [GPa)

Pristine CF

100 W, 5 min 200 W, 5 min

Figure 6. Single fiber strength comparison of pristine and
plasma functionalized CF.

to the matrix itself and pristine CF composites.
Load-bearing capacity of 70.5 and 71.5 MPa is shown
by the composites fabricated with CF 100 W and CF
200 W specimen, respectively, at 3% filler loading
by weight. Some important tensile properties deduced
from the stress vs. strain curves also showed signif-
icant changes. The ultimate tensile strength (UTS)
of the composites fabricated from the plasma func-
tionalized CF depicts a significant increase in com-
parison to the composites of pristine CF and blank
resin. The CF 200 W sample depicts an increase in
the UTS of 38.7% compared to blank epoxy and
23.9% in comparison to the pristine CF composites
at the same weightage (3%) of the filler. Similar be-
havior was observed in the resilience studies where
an increase of load-bearing capacity in the elastic
zone was depicted by the both pristine CF compos-
ites and the plasma functionalized CF composites
when compared to matrix. An increase of 23% in re-
silience was recorded in the case of pristine CF com-
posites at 3% weightage of the filler used. The plas-
ma functionalized CF showed even higher capacity
to resist deformation in the elastic zone i.e. an in-
crease of 43.4% was recorded for the specimen CF
200 at the 3% weightage of filler when compared to
the resin and 16% more than the pristine CF com-
posites as depicted in Figure 8.

Reinforcing the resin with pristine and plasma func-
tionalized CF enhanced the ductility comparing to the
brittle matrix, as shown in Figure 9a. The plasma
functionalized fibers further increased the tensile
toughness of the composite. The highest values of ten-
sile toughness were shown by the specimens CF 100-
3 and CF 200-3, which were 86% and 81% higher
than the blank resin, respectively. These tensile prop-
erties improved without significantly compromising

80
—— Resin
J —— CF-1
i —
100-1
609 —— CF 100-3
—— CF 200-1
w 504 —— CF200-3
s
7 40 1
2
& 30
* CF: Carbon fibers
20 1,3 Percentage of the filler by weight
* CF 100: Plasma treated CF
for 5 minutes at 100 Watts in O,
101 « CF 200: Plasma treated CF
for 5 minutes at 200 Watts in O,

0 T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Strain

Figure 7. Stress vs. strain behavior of the composites fabri-
cated from pristine and plasma functionalized CF.
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90

Ultimate tensile strength

80

Ultimate tensile strength [MPa]

a) Resin CF-1 CF-3 CF 100-1 CF 100-3 CF 200-1 CF 200-3

674 Resilience

Resilience [MJ/m?]

b) Resin  CF-1 CF-3 CF 100-1 CF 100-3 CF 200-1 CF 200-3

Figure 8. (a) Tensile strength and (b) Resilience comparison b/w resin, pristine and plasma functionalized CF composites.

the young modulus of the epoxy resin, as depicted
in Figure 9b. Composites fabricated with plasma
functionalized CF show further enhancement in the
overall load-bearing capacity with no or negligible
alteration in the stiffness of the epoxy matrix.

The better tensile performance of the plasma func-
tionalized CF composites is due to the higher adhe-
sion with the epoxy matrix at the interface. The high
interfacial adhesion of the plasma functionalized CF
with the epoxy matrix is a twofold process. Firstly,
the morphology of the CF changed after the plasma
treatments, and new surfaces (pits and crevices)
were formed (see Figure 1b, 1¢). These new surfaces

16 [ Tensile toughness

1.4 4
1.2 +
1.0 4

0.8 4

Tensile toughness [MJ/m?]

0.6 4

0.4 -

0.2 4

0.0 4
a)

ensured a better wetting and higher surface contact
of the CF with the matrix that led to higher mechan-
ical interlocks between the CF and the matrix [38,
39]. Furthermore, the formation of chemical species
(C-0, C=0, and COOH) after oxygen plasma func-
tionalization, increased the surface energy and active
sites on the surface of CF, which facilitated a higher
degree of wetting of CF surface by the matrix by re-
ducing the surface tension and helped to form chem-
ical bonds with the matrix. This phenomenon ulti-
mately led to enhanced interfacial adhesion between
the CF and the surrounding matrix [40, 41]. Higher
adhesion between the plasma functionalized CF, and

3 Young modulus
35004

30004

Young modulus [MPa]

10004

5004

b) Resin  CF-1

Figure 9. (a) Toughness and (b) stiffness comparison b/w matrix, pristine, and plasma functionalized CF composites.
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b)

Figure 10. Dispersion and interaction of the plasma functionalized CF with the matrix. a) CF 100-1, b) CF 100-3,

c¢) CF 200-1, d) CF 200-3.

the matrix at the interface provided an adequate stress
transfer through the matrix and reduced the localized
stress concentration at the fiber/matrix interface, re-
sulting in an enhanced ability of the composite struc-
ture to withstand the applied tensile load [42, 43].
Similar findings have been reported in the literature
by Al-Saleh et al. [44], Pittmann et al. [24] and
Jimenez et al. [45], which further consolidates our ar-
gument. The enhanced tensile performance of plasma
functionalized CF can further be attributed to the uni-
form dispersion of the CF in the epoxy resin. Uni-
form dispersion of the filler in the matrix reduces the
stress concentration centers and improves the unifor-
mity of stress distribution during the application of
tensile loads [46]. As evident from Figure 10, the CFs
are homogeneously dispersed in the epoxy matrix in
an unbundled state and are extending between the
matrix layers (Figure 10a, 10b). Dispersion to a sin-
gle fiber state enhanced the physical bonds with the
matrix and provided more mechanical locking points
in the matrix by the fibers, which ultimately led to
higher tensile properties [47]. The CF extending be-
tween the matrix layers anchored the applied stress
by retarding the crack onset and accumulation as well
as obstructing the layer slippage of the polymer ma-
trix [48]. The enhanced tensile properties of the plas-
ma functionalized CF composites can further be ex-
plained by the stress transfer mechanisms such as mi-
cromechanical interlocking (see Figure 10), chemical
bonds (see XPS, FTIR analysis and wetting test), and
a marginal contribution from weak Van der Waals
forces between the matrix and the CF. Allaoui ef al.
[49] and Bai and Allaoui [50] have confirmed the role
of stress transfer mechanisms in enhancing the

mechanical performances of the polymer composites
owing to efficient stress distribution and blocking of
the polymer layer slippage in the event of load appli-
cation. The addition of the plasma functionalized CF
may have increased the cross-linking in the polymer
matrix. A higher degree of cross-linking in the matrix
blocks the molecular motion and improves its robust-
ness [51, 52], though further investigation is neces-
sary to ascertain this phenomena.

3.8. Friction and specific wear rate analysis

In the friction and wear analysis, the blank resin de-
picts a large mass loss and a high coefficient of fric-
tion (Figure 11). A high mass loss was recorded at the
end of the analysis due to the surface damage by the
steel ball contact (Figure 12a). The coefficient of fric-
tion was marginally reduced by the addition of 1%
by weight of the pristine CF, but the surface of the
composite still depicted a lot of deterioration and,
consequently, a high mass loss (Figure 10b). The ad-
dition of a higher amount of the pristine CF (3 wt%)
reduced the friction co-efficient by 13%, i.e.,1.13
from 1.3 and the mass loss to some extent, i.e., 18%
compared to the blank resin. Composites fabricated
from the plasma functionalized CF significantly im-
proved the resistance against the frictional force and
surface abrasion. The specimens CF 100-3 and
CF 200-3 exhibited a reduction of the friction co-ef-
ficient to 35 and 40%, respectively, as compared to
the blank matrix along with a higher ability to resist
the surface damage, i.e., 36 and 43.6% decrease in
specific wear rate (Figure 11b).

Functionalized carbon fibers composites with im-
proved tribological properties have been reported in
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Figure 11. (a) Friction analysis (b) specific wear rate comparison of the pristine and plasma functionalized CF composites.

the literature by several authors. Kim et al. [53] and
Rhee et al. [22] have reported the enhanced friction
and wear performance of the oxygen plasma-treated
CF composites. They attributed the improved prop-
erties to better interfacial adhesion of the CF with the
matrix owing to the functional groups formed on the
CF surface after plasma functionalization. The inter-
facial adhesion between the CF and the matrix is im-
proved in two ways. Firstly, the formation of the new
surfaces ensured higher wetting of the CF by the ma-
trix and resulted in a higher number of van der Waals
bonds between the matrix and the CF [54]. Secondly,
the functional groups formed after plasma treatment
helped to form chemical bonds with the epoxy ma-
trix that led to better protection of the matrix by the

100 um

a)

CF in the event of abrasion by the steel ball [55]. Our
findings in XPS, FTIR analysis, and wetting test sup-
port these views. Additionally, the higher mechanical
properties of the composites lead to higher friction
and wear resistance [56]. The plasma functionalized
CFs were dispersed to single fiber level in the matrix
(Figure 10) that also played its role in enhancing the
tribological properties. Dispersion to single fiber level
ensured the availability of more fibers at the inter-
face, especially in case of a higher amount of filler
in the matrix that led to better load transfer by the
CF at the contact point with the steel ball during the
analysis [57] and saved the matrix from deterioration
by acting as a spacer between the steel ball and the
matrix. Schon [58] reported the similar behavior of

Figure 12. Morphology of the friction specimen, (a) resin, (b) pristine, (c) plasma functionalized CF composites.
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CF in epoxy composites for improved tribological
performance. The self-lubricating ability of the CF
may also have contributed to reducing the friction co-
efficient [57]. Micro melting as a result of friction heat
and mechanical deterioration was visible on the sur-
faces of all the composite specimens, though the mag-
nitude of the surface damage varies among different
specimens. The surface of the pristine CF composites
exhibited a high surface deterioration after friction
analysis (Figure 12b) that resulted into a high mass
loss, while the plasma functionalized CF better pro-
tected the matrix from damage by the steel ball during
the analysis due to higher adhesion with the matrix at
the interface [53, 55] as depicted in Figure 12c.

3.9. Hardness measurement

The mean hardness value for blank epoxy resin was
recorded to be 75 Shore A. Surface hardness mar-
ginally increased after the addition of 1 wt% of the
pristine CF. Further increase in the loading (3 wt%)
of CFs increased the hardness to 79 Shore Ai.e. 5.3%
more than the blank resin. This behavior can be at-
tributed to the CF, which are stiffer than the epoxy
matrix. Reinforcing the epoxy matrix with plasma
functionalized CFs further increases the hardness. The
best results were shown by the specimen CF 200-3
where a mean value of hardness 88 Shore A was
recorded, which is 17.3% more than the blank resin
(Figure 13).

Although sufficient literature wasn’t found on this
subject some articles do report the enhanced hardness
properties of CNTs/ epoxy composites [57]. The in-
crease in hardness of the plasma functionalized CF
composites can be due to the increase in the cross-link-
ing and stacking that, in turn, reduces the molecular

100

Hardness test

80+

60

40

Hardness test [Shore A]

20+

CF-3  CF 100-1 CF 100-3 CF 200-1 CF 200-3

Resin CF-1

Figure 13. Hardness comparison of resin, pristine, and plas-
ma functionalized CF composites.
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movement in the polymer [59] and thus make the
polymer more resistant to penetration by the inden-
ter. Further research is needed in this area to have a
better insight into the mechanisms responsible for
this behavior.

4. Conclusions

In conclusion, we found that low-pressure plasma
treatment in an oxygen environment is an effective
and suiTable technique to modify the novel CF sur-
face. With proper tuning of the plasma variables, we
can ensure that the CF retain more than 98% of their
original tensile strength, which is a key factor for the
performance of the composite structure. XPS and
FTIR analysis results confirmed the formation of
functional groups like alcohols, ethers, and carboxylic
acid on the surface of the CF after plasma function-
alization. The wettability test further strengthened
our argument of enhanced interfacial adhesion with
the matrix after the plasma functionalization, which
is a key factor in the high performance of the com-
posites. Application of the plasma-treated CF to the
epoxy composites showed enhanced tensile, tribol-
ogy, and surface hardness properties, which further
supports our recommendations to use low-pressure
oxygen plasma treatment for the functionalization of
novel carbon fibers.
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