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Abstract
In this paper, carbon cloth woven in twill structure was adopted and a new kind of treatment method was used for carbon cloth,
which is called carbon powder surface treatment. The detail method of carbon powder treatment is stated as following: phenol
was dissolved in alcohol liquid and made into solution firstly, and then put the carbon cloth in the solution and let it soak, after
that, the carbon cloth was taken out from the solution and put in an oven at a high temperature. The process above made phenol
carbonized on carbon cloth. As a result, the surface morphology is slightly changed and in this way the bonding between the
carbon fiber and the matrix was expected to be improved. Tensile test as well as bending test was conducted and the mechanical
properties, such as tensile property and bending property were analyzed and discussed in this research. After that, observation on
fracture section by scanning electronic microscope (SEM) and Dynamic mechanical analysis were also conducted in order to
understand the fracture mechanism better.
© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

© 2016 The Authors. Published by Elsevier Ltd.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review
under responsibility of the organizing committee of the 12th EMSES 2015.
Peer-review under responsibility of the organizing committee of the 12th EMSES 2015
Keywords: carbon powder; polyamide; surface treatment; CFRP

-* Corresponding author. Tel.: +81 75-724-7844; fax: +81 75-724-7844.
E-mail address: hhamada@kit.ac.jp

1876-6102 © 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of the 12th EMSES 2015
doi:10.1016/j.egypro.2016.05.003

16

Zhilan Xu et al. / Energy Procedia 89 (2016) 15 – 23

1. Introduction
In recent decades, carbon fiber has obtained increasing attention world widely as a kind of promising
reinforcement in composite field. As the price of carbon fibers decreases these years [1], the application of carbon
fiber as reinforcement in composites has broadened into many areas where high strength-to-weight ratio and rigidity
are required, such as aerospace, automotive and public facilities, sports goods and construction industry [2, 3]. When
manufactured into composites as carbon fiber reinforced plastic (CFRP), fiber can enhance the composite’s
mechanical properties for its higher strength than resin. The reinforcement will bring improvement to the CFRP in its
strength and rigidity, which measured by stress and elastic modulus respectively.
However, the mechanical property of composites can be sufficiently improved only when fiber and resin have a
good combination [4]. Thus, the bonding property between the reinforcement and the matrix is playing a very
important role in determining the mechanical properties of composites. In particular, the bonding behavior in carbon
fiber/matrix composites not only plays the role of transferring the load between fiber and matrix, but also affects the
fracture behavior of the composites [5-6]. Force is transferred through the bonding system from the reinforcement to
the matrix and therefore the bond characteristics influence the load transfer mechanism and then influence the
mechanical properties of the composites. In order to achieve better composite mechanical properties, surface
treatment might be a good approach to improve the bonding system between the fiber and the matrix [7]. Many
conventional surface treatment methods have been attempted for carbon fiber [8], to improve the bonding property,
including γ-ray radiation, electrochemically oxidation, plasma treatment, ozone (O3), and so on [9-12]. In
particularly, Hsieh et al. [13] has conduct oxygen treatment on activated carbon fabrics, and surface analysis showed
that most of the oxygen functional groups created from the oxygen treatment. Wan et al. [14] conducted chemical
treatment on CFRP. In their work, nitric acid treatment was found to improve the amount of oxygen-containing
functional groups on carbon fiber surfaces and to increase the surface roughness because of the formation of
longitudinal crevices. The treated composites exhibited stronger interface adhesion and better mechanical properties.
There was a greater percentage of improvement in interfacial adhesion strength than in the mechanical properties.
The strengthened interfaces and improved mechanical performance have been mainly attributed to the greater extent
of the chemical reaction between the PLA matrix and the carbon fibers. Fischera et al. [15] adopted a UV laser
(wavelength of 355 nm) and a CO2 laser (wavelength of 10600 nm) as surface treatment and used to pre-treat
specimens manufactured from 120°C curing epoxy. Lap-shear specimens have been pre-treated, bonded with a
component epoxy film adhesive and tested. The result has shown that laser pre-treated specimens achieve the same
bond strength as references prepared by manual abrading. Furthermore, the mechanisms of interaction between laser
radiation and matrix material as well as fibers are improved. Lee et al. [16] studied the effects of plasma surface
treatment of recycled carbon fiber on adhesion of the fiber to polymers after various treatment times. Hence, in this
study, plasma processing was performed for 0.5 s or less. Surface functionalization was quantified by X-ray
photoelectron spectroscopy. O/C increased from approximately 11% to 25%. The micro-droplet test of adhesion
properties and the mechanical properties of CFRP were also investigated. Park et al. [17] conducted SEM and AFM
experiments of thermal treatment and studied the effect on The interfacial properties by the thermal treatment
temperature. And the results of better interfacial adhesion between the recycled fibers and the phenolic resin also
showed that the interfacial properties of the CFRP chips were generally improved by the appropriate thermal
treatment.
In this paper, carbon cloth woven in twill structure was adopted and a new kind of treatment method was used for
carbon cloth, which is called carbon powder surface treatment. The detail method of carbon powder treatment is
stated as following: phenol was dissolved in alcohol liquid and made into solution firstly, and then put the carbon
cloth in the solution and let it soak, after that, the carbon cloth was taken out from the solution and put in an oven at
a high temperature. The process above made phenol carbonized on carbon cloth. As a result, the surface morphology
is slightly changed and in this way the bonding between the carbon fiber and the matrix was expected to be
improved. Tensile test as well as bending test was conducted and the mechanical properties, such as tensile property
and bending property were analyzed and discussed in this research. After that, observation on fracture section by
scanning electronic microscope (SEM) and Dynamic mechanical analysis were also conducted in order to
understand the fracture mechanism better.
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2. Experimental
2.1. Materials
In this work, carbon fiber woven fabric was applied as reinforcement, and PA film was applied as the matrix. The
carbon fiber woven cloth was fabricated in twill structure as showing in the Fig.1. Nylon 6 films were applied as
matrix.

Fig. 1. Twill structure of the carbon cloth.

2.2. Surface treatment on carbon fiber cloth
As referred to the surface treatment, phenol was dissolved in alcohol liquid and made into solution firstly, and
then put the carbon cloth in the solution and let it soak. After that, the carbon cloth was taken out from the solution
and put in an oven at a high temperature. The process above made phenol carbonized on carbon cloth. Different
carbon powder percentage treated on carbon cloth can be achieved by adjusting the phenol percentage in solution. In
this research, surface treatment was carried out by two kinds of phenol percentage in solution including 1% and 2%,
resulting in two kinds of carbon powder percentage treated materials. Totally, there are three kinds of samples,
including no treatment specimens, 1% carbon powder surface treatment specimens and 2% carbon powder surface
treatment specimens.
SEM observation was carried out on the carbon woven fabric before molding. As it is shown in Fig.2, for no
treatment fabric, the carbon fiber seems to be smooth, while after carbon powder surface treatment (Fig.2(a)), it can
be observed that some small carbon particles attached on fibers (Fig.2(b)), and the surface of the fiber became rough.

(a) Without surface treatment

(b) With surface treatment

Fig. 2. SEM observation on the carbon fiber woven fabrics.

2.3. Fabrication of carbon/PA film composites
Hot press molding method was adopted for the preparation of carbon-cloth reinforced composites. The composite
was manufactured by using two layers of PA film, one layer put on the upper and the other layer under the carbon
cloth like sandwich. These three layers materials were put onto the hot press machine together, following by the hot
press. The temperature of the whole process is 250 qC. While the molding pressure includes three steps: Firstly,
keep the molding pressure on 0 MPa for 6 minutes, secondly, raise the molding pressure to 10 MPa very slowly in 1

17

18

Zhilan Xu et al. / Energy Procedia 89 (2016) 15 – 23

minute and hold the press for 1 minute. After being cured down for 5 min, the composite was cut into the required
shape and size.
For the bending specimens, they were manufactured on the basis of the single layer composite plate. Six plates
were put together and fastened then the six layers were put into the hot press machine and molded into composite. In
order to control the thickness of the six layers as 3mm, spacers were put on the two sides during the hot press
molding. In this case, the temperature of the whole process is 250 qC. While the molding pressure includes two steps:
Firstly, keep the molding pressure on 0MPa for 6 minutes, secondly, raise the molding pressure to 10MPa very
slowly in 1 minutes and hold the press process for 1 minute. Then raise the molding pressure to 10MPa very slowly
in 1 minute and hold the press process for 1 minute. After that, the composite was taken out of the hot press machine
and cured down for 5 minutes.
2.4. Optical observation on the composites
After the carbon woven fabric made into composite, optical observation was carried out. Fig.3 shows the optical
photo of the cross-section observation of the carbon/PA composite. For no treatment specimen, it can be seen from
Fig.3(a) that a lot of void area can be seen in the cross-section area . After the carbon powder surface treatment with
1% carbon powder treatment as shown in Fig.3(b), the void amount in composite reduced. And with the increasing
of carbon powder percentage to 2%, the void will become less as shown in Fig.3(c). It suggested that carbon powder
surface treatment leads to better impregnation of the resin.

(a) No treatment

(b) 1% carbon powder treated

(c) 2% carbon powder treated
Fig. 3. Optical observation on cross section of CF/PA.

From the Fig.4, it can be seen that the space among fibers became bigger, then more resin can be get into the
fiber bundle more easily. As a result, the void phenomenon has been improved after the surface treatment. On the
other hand, the area of the fiber bundle has also been measured by the ImageJ as showing in Fig.5. According to the
Table.1, the area of the average fiber bundle of no treatment is 0.51mm 2, while after the surface treatment, the area
of the fiber bundle increased. Fiber bundle area of 1% treatment is 0.89 mm2 and 2% treatment 0.89 mm 2, which
has shown an increase rate of 74.5% and 78.4% representatively comparing with the no treatment ones. From Table
1, it is revealing that the distance between fibers has become bigger by the surface treatment.

(a) No treatment

(b) 1% carbon powder treated

(c) 2% carbon powder treated

Fig. 4. Composite optical observation in high magnification.
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Fig. 5. Area measurement of fiber bundle.
Table 1. Area of fiber bundle before and after treatment.
Area (mm2)

No treatment

1% carbon powder

2% carbon powder

Bundle 1

0.54

0.88

0.84

Bundle 2

0.52

0.87

0.98

Bundle 3

0.50

0.91

0.95

Bundle 4

0.50

0.90

0.88

Bundle 5

0.50

0.88

0.92

Average

0.51

0.89

0.91

Change Rate

-

74.5%

78.4%

2.5. Characterization
Tensile test of single carbon/PA film composite was carried out on an Instron universal testing machine at a
speed of 1 mm/min. Max stress, modulus and the stress-strain curves were obtained and analyzes. Strain gauge
(Gauge length is 50mm) was attached onto the center of sample in order to obtain comparative accurate strain data.
Since the carbon woven fabric has orientation as warp direction and weft direction, specimens were prepared in
warp direction and weft direction respectively. Besides, in order to study the shear property, off-axis specimens of
45 degree were prepared as well. For each type, specimens were cut with the geometry of 0.6mm × 20mm × 100mm
(thickness ×width × length). Three pieces of specimens were repeated in the tensile test.
3-point bending test was also conducted on Instron universal testing machine at the speed of 1 mm/min according
to ASTM-D790. In this case, bending specimens were prepared by lay up six layers of the single layer composite
and molded by the hot press machine. The six layer composite were cut into the size of 3mm×15mm×60mm
(thickness × width × length) , and the span of the bending specimen is 48mm. Additionally, the specimens were
conditioned at 23±2°C and 50±5 % relative humidity for not less than 40 hours before test. Two specimens were
repeated in the bending test.
DMA is usually used for studying the viscoelastic behavior of polymers and widely adopted for studying the
properties in composite. From the results of the DMA, storage modulus can be investigated, and the glass transition
temperature can also be located, providing an approach to understand overall properties of the composite. In this
paper, DMA in bending mode was also carried out in order to find out the effect of the carbon powder treatment on
the carbon woven cloth.
3. Results and Discussion
3.1. Tensile test
All three types of specimens after tensile test are shown in Fig.6. In warp direction, with carbon powder surface
treatment, both of tensile stress and strain achieved significantly improved as the tensile stress-strain (S-S) curves
for 3 types specimens in warp directions are shown in Fig.7 (a). And with 2% carbon powder surface treatment
mechanical properties is much better than that of the samples with 1% carbon powder surface treatment. When
referred to weft direction, as showing in Fig.7 (b), both of tensile stress and strain were increased with carbon
powder surface treatment, while the rising trend was slighter than that in warp direction. The 45 degree tensile test
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reflects the in plane shear behavior of the composite during the tensile test, which is also one of the essential
property assessment of the material. Because of the woven structure of the carbon cloth, deformation of the
reinforcement happened when load added along the off-axis direction of 45 degree. During the tensile, in plane
shear taking place among the yarns, the yarns slipped then the fabric deformed. Bonding property played an
important role in the shear behavior since the good bonding between filament and the matrix is supposed to
contribute to the shear property. Stress-strain curves of the 45 degree tensile test are illustrated in Fig. 7 (c). It can be
seen from these figures that the shear modulus of the treated specimens increased dramatically with the no treatment
specimens. And compared with the no treatment specimen, strength of both 1% and 2% carbon powder treated
specimen also increases obviously. The tensile modulus and strength comparison in three directions is shown in
Fig.8 (a) and (b). The tensile modulus was enhanced after the carbon powder surface treatment. When come to the
strength, it is noted that strength increased after carbon powder surface treatment in all directions.

Fig. 6. Specimens of 3 types after tensile test.

(a) S-S curves of 3 types in warp direction

(b) S-S curves of 3 types in weft direction

(c) S-S curves of 3 types in 45q direction

Fig. 7. Stress strain (S-S) curves of specimens (a) warp direction (b) weft direction (c) 45q direction.

(a) Tensile modulus comparison

(b) Tensile strength comparison

Fig. 8. Composites tensile properties (a) Tensile modulus (b) Tensile strength.

The mechanism and model of the surface treatment was illustrated in Fig. 9. As the sketch Fig. 9 (a) showing,
interval between fibers is small for non-surface treatment specimens, which leads to the difficulty for resin to
infiltrate into the fabric, and results in bad bonding between fiber and resin further. On the other hand, the model
image is illustrated in Fig. 9 (b), showing the change of carbon powder surface treated specimen. After the
treatment, infiltration capacity of resin achieved an improvement as a result of the larger interval between filaments.
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It is because after surface treatment, carbon particles are attached on the surface of the filaments, which enlarged the
interval between filaments. These intervals will make it easier for resin to infiltrate into fibers, leading the bonding
between fiber and resin becoming better. The surface treatment of carbon powder might contribute to the
mechanical properties of the carbon woven cloth reinforced composite.

(a) Poor infiltration capacity

(b) Good infiltration capacity

Fig. 9. Model of the treatment effect on infiltration capacity.

From the tensile result, it is evidently that with carbon powder surface treatment, the mechanical properties of
materials achieved significantly improved. The reason may be the larger interval between carbon filaments by the
existence of carbon powder. As a result, the resin was easier to come into the internal of the filament bundle and
achieved a better bonding with the carbon filament.
3.2. SEM observation
The fracture observation on cross-section about three kinds selected specimen was carried out by SEM, and the
results were illustrated in Fig. 10. As shown in Fig. 10, it can be seen that after carbon powder surface treatment in
(b) and (c), there is much more residual resin on fibers, revealing that the interfacial bonding property between fiber
and PA resin have been improve. The bonding status of 2% carbon powder treated specimens seems to be better
than the 1% carbon powder treated ones. It might be the reason why the mechanical properties of materials achieved
significantly improvement from the carbon powder treatment.

(a) No treatment

(b) 1% carbon powder

(c) 2% carbon powder

Fig. 10. SEM observation on the fracture surface of CF/PA.

3.3. Bending test
The load displacement curves of bending test are illustrated in Fig. 11. It can be seen from the Fig.14 that, stressstrain curves of the treated ones are quite different with the no treatment specimen. And the detail result of bending
modulus and bending strength are displayed in Fig. 12 (a) and Fig. 12 (b). It can be seen that the strength of 1% and
2% carbon powder treated specimens is evidently higher than the non-treated ones. It suggested that the carbon
powder treatment do have a positive effect on the composites and enhance the bending properties.
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Deflection (mm)

Bending modulus (GPa)

Bending strength (MPa)

Fig. 11. Bending load deflection (L-D) curves in weft direction.

(a) Bending modulus in weft direction

(b) Bending strength in weft direction

Fig. 12 (a) Bending modulus in weft direction (b) Bending strength in weft direction.

3.4. Dynamic mechanical analysis
DMA results displayed Fig. 13 show that storage modulus decreased with increased of the temperature. It can be
seen that after surface treatment, the storage modulus increased as compared with no treatment. Besides, for no
treatment, the storage modulus felt down below 0 qC while for the treated ones, storage modulus felt around 20 qC
to 30 qC.

Fig. 13 Storage modulus of carbon composites without and with carbon powder treatment.
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4. Conclusions
In this study, carbon powder surface treatment method was adopted on the carbon woven cloth reinforced PA
film composite and the mechanism of which was researched. The basic mechanics property of carbon cloth/PA film
composites with different percentage carbon powder surface treatment were analyzed and discussed, from which the
following conclusions could be obtained.
(1) The tensile property of materials was enhanced by the carbon powder surface treatment. And with the
increase of the carbon powder percentage, the strength increased.
(2) The bending property of materials was also enhanced by the carbon powder surface treatment both in
bending modulus and bending strength.
(3) The results of the optical observation showed that after the treatment, carbon particles attached on the
surface of the carbon filaments, which led to the larger intervals between carbon filaments than no treated ones. As a
result, it has become easier for resin to get to and surround the filaments, achieving a better impregnation between
the reinforcement and the resin.
(4) SEM observation shows that there is much residual resin attached on the filaments after fracture,
suggesting a better bonding behavior between fiber and PA film resin
As a result, the carbon powder surface treatment led to carbon powder attached onto the carbon fiber, then
improved the impregnation of between the carbon cloth and the matrix. The improvement of the mechanical
properties can be attributed to the better bonding behavior brought by the surface treatment.
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