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a b s t r a c t
Carbon ﬁber surface properties are likely to change during the molding process of carbon ﬁber reinforced matrix composite, and these changes could affect the inﬁltration and adhesion between carbon
ﬁber and resin. T300B ﬁber was heat treated referring to the curing process of high-performance carbon
ﬁber reinforced epoxy matrix composites. By means of X-ray photoelectron spectroscopy (XPS), activated
carbon atoms can be detected, which are deﬁned as the carbon atoms conjunction with oxygen and nitrogen. Surface chemistry analysis shows that the content of activated carbon atoms on treated carbon ﬁber
surface, especially those connect with the hydroxyl decreases with the increasing heat treatment temperature. Inverse gas chromatography (IGC) analysis reveals that the dispersive surface energy Sd increases
sp
and the polar surface energy S decreases as the heat treatment temperature increases to 200. Contact
angle between carbon ﬁber and epoxy E51 resin, which is studied by dynamic contact angle test (DCAT)
increases with the increasing heat treatment temperature, indicating the worse wettability comparing
with the untreated ﬁber. Moreover, micro-droplet test shows that the interfacial shear strength (IFSS) of
the treated carbon ﬁber/epoxy is lower than that of the untreated T300B ﬁber which is attributed to the
decrement of the content of reactive functional groups including hydrogen group and epoxy group.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The carbon ﬁbers are widely used in aerospace, enginery, marine
and sports appliance due to their outstanding properties such as
high speciﬁc strength and stiffness, lower density, heat-resistance
and favorable electrical conductivity [1–3]. In carbon ﬁber reinforced resin matrix composite; the carbon ﬁber provides strength
and stiffness while the matrix transfers the load from one failed
ﬁber to another via the interphase formed between the carbon ﬁber and matrix [4]. An effective interface is required in an
excellent composite to obtained better stress transfer and crackresistant [5], whereas favorable wettability is the precondition
for excellent interfacial adhesion and mechanical properties of
composite.
Carbon ﬁber surface properties could affect the interfacial adhesion and macro performance of composites. Carbon ﬁber surface
physical properties include surface morphology, surface roughness,
surface energy and the size of grooves, which are obtained by scanning electron microscope (SEM) [6–8], atomic force microscopy
(AFM) and dynamic contact angle test (DCAT) [9,10]. Carbon ﬁber

∗ Corresponding author. Tel.: +86 10 62496609; fax: +86 10 62496609.
E-mail address: zhangbaoyan0916@yahoo.com (B. Zhang).
0169-4332/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2011.04.129

surface chemical properties are composed of elemental composition, variety and content of functional groups which are usually
examined by X-ray photoelectron spectroscopy (XPS) [11] and
Fourier transforms infrared spectroscopy (FTIR).
Heat treatment could affect the physico-chemical properties as
well as the morphology of carbon ﬁbers [12–14]. However, their
studies focused on the inﬂuence of high temperature treatment
method at 700 ◦ C or above 1000 ◦ C on the noumenal structure of
carbon ﬁbers. Guo et al. [15] reported the effect of epoxy coatings on
the morphology and tensile strength of carbon ﬁbers during manufacture of carbon ﬁber reinforced resin matrix composites, which
could help to modify curing process of the carbon ﬁber reinforced
resin matrix composites.
In the present work, heat treatment on the T300B ﬁber was
carried out referring to the curing process of high performance carbon ﬁber reinforced epoxy matrix composites in order to simulate
and investigate carbon ﬁber changes during manufacturing carbon
ﬁber reinforced resin matrix composite. The surface chemical properties and surface energy of carbon ﬁber were studied by X-ray
photoelectron spectroscopy and inverse gas chromatography (IGC),
respectively. The changes of wettability and interfacial adhesion
between carbon ﬁber and epoxy resin matrix with the increasing
heat treatment temperature were analyzed, which could provide
theoretic foundation for the investigation of interaction and polar-
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Fig. 1. Curves ﬁtted C1s of T300B after heat treated at different temperatures: (a) untreated, (b) 150 ◦ C, (c) 180 ◦ C, (d) 200 ◦ C.

ity matching between carbon ﬁber and matrix and therefore the
improvement of the interfacial properties of composite.

2. Experiments
2.1. Materials
Commercially available T300B-3000-40B (T300B for short) carbon ﬁbers with a diameter of about 6–7 m, purchased from Japan
Toray, was used in the present work. Diglycidyl ether of bisphenol
A epoxy resin, E51 and the hardener 4, 4 -diaminodiphenyl sulphone were provided by Wuxi Resin Factory (China) and Suzhou
Yinsheng Chemical Co., Ltd. (China) respectively. The probes used
in IGC experiment were decane, nonane, octane, heptane, toluene,
dichloromethane, ethanol, 1,4-dioxane, and acetone, which were
all high performance liquid chromatographic grade and provided
by J&K Chemical Ltd.

2.2. Heat treatment
The carbon ﬁber was heat treated in a vacuum drying chamber at
150 ◦ C, 180 ◦ C and 200 ◦ C for certain times. The control processing
cycles were as follows: heating from 25 ◦ C to 150 ◦ C at 2 ◦ C/min;
holding at 150 ◦ C for 2 h; heating from 150 ◦ C to 180 ◦ C at 2 ◦ C/min;
holding at 180 ◦ C for 2 h; heating from 180 ◦ C to 200 ◦ C at 2 ◦ C/min
holding at 200 ◦ C for 4 h. The called each step contained previous
all steps. Taking the second step of heat treatment at 180 ◦ C as an
example, the removed specimen has undergone process of 150 ◦ C
for 2 h and 180 ◦ C for 2 h.

2.3. Characterization
The chemical compositions of untreated and treated T300B
were analyzed using a Thermo Fisher Scientiﬁc ESCALAB 250
X-ray photoelectron spectroscopy. The spectra were collected
using a monochromatic Al K␣ X-ray source (1486.6 eV) in an
evacuated chamber at approximately 5.0E10−9 mbar. A spot of
400 m in diameter, 150 eV of pass energy for survey scan and
30 eV for high resolution scans (293.7–273.7 eV) were used in
all the measurements. The C1s spectra were ﬁtted according to
Gaussian–Lorentzian function by taking 284.6 eV as the reference
peak.
sp
The surface energy (including dispersive Sd and polar S component) measurements were performed on the carbon ﬁbers by
means of inverse gas chromatography at 30 ◦ C with a helium carrier
gas ﬂow of 10 sccm/min. The probe concentration was 0.04 p/p0 .
Carbon ﬁber samples about 0.800 g were packed into presilanized
glass columns (30 cm long, 4 mm inner diameter) when the surface
properties of carbon ﬁbers were studied. Prior to measurement, the
sample was pretreated at the measurement temperature for 30 min
in situ so as to eliminate impurities absorbed on the sample surface. The theory of IGC has been well developed and reviewed in
previous work [11,16–18].
The dynamic contact angle analysis test (DCAT21, Dataphysics,
German) was used to determine wettability between the carbon
ﬁbers and epoxy E51 resin. Four single ﬁbers were ﬁrst cut to connect to a circular clamp in equidistance, and the assembly was
hung on the arm of the electronic balance. The DCAT experiments
were performed at a stage motor speed of 0.05 mm/s (surf. detection), 0.01 mm/s (measurement adv.), 0.20 mm/s (measurement
rec.) with surface detection threshold of 0.15 mg, immersion depth
of 3 mm respectively.
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Fig. 2. Change of surface energy measured at 30 C with the increasing heat treatment temperature.

The interfacial shear strength of carbon ﬁbers/epoxy composites was investigated by micro-droplet test. The matrix resin was
wetted onto the single carbon ﬁber to form a micro-droplet surrounding the diameter of carbon ﬁber due to the function of surface
tension. The micro-droplet resin was cured for 2 h at 130 ◦ C, 1 h
at 150 ◦ C, 2 h at 180 ◦ C. After forming a micro-droplet, the single
ﬁber was ﬁxed on a paper framed. The embedded length of each
micro-droplet was measured through optical microscopic observation. The knives came in contact with the solid resin droplet and the
force required to debond the droplet from the ﬁber was recorded.
The interfacial shear strength (IFSS) was calculated from Eq (1)
IFSS =

Fmax
d · 2r

(1)

where  IFSS is interfacial shear strength, Fmax is the maximum load,
d is the ﬁber diameter and 2r is the embedded length. The experiment should be repeated at least 20 times for each kind of samples.
3. Results and discussion
3.1. Surface chemical properties of carbon ﬁber
In order to investigate the changes of functional groups with
the increasing heat treatment temperature, the C1s curves are ﬁtted, which are shown in Fig. 1, indicating that the spectra shape
of de treated samples have little differences with the untreated
one. The C1s peak of each sample was analyzed using XPSPEAK.
Values of the binding energy and the percent contribution of each
curve ﬁt to the total C1s are listed in Table 1. As can be seen from
Table 1, the content of peak 3 (including C–OH, C–O–C and C–NH2 )
whose binding energy is about 286.1 eV and peak 6 (COOH) whose
binding energy is 289.4 eV decrease while the content of peak 4
(including *C–O–C O and epoxy group) with the increasing heat
treatment temperature, indicating that the C–OH and C–NH2 take
part in the reaction and the *C–O–C O are generated by the esteriﬁcation of C–OH and COOH. Moreover, content of activated carbon
atoms, which are deﬁned as the carbon atoms conjunction with
oxygen and nitrogen decreases with the increasing heat treatment
temperature.
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Fig. 3. Change of contact angle between carbon ﬁber and epoxy E51, which is
measured at 30 ◦ C and the surface energy of carbon ﬁber with the increasing heat
treatment temperature.

energy decreases with the increasing heat treatment temperature
and the ratio of dispersive surface energy to total surface energy
is three times more than that of polar surface energy. As can be
seen from XPS analysis, the content of C–O and activated carbon
atoms reduced with the increasing heat treatment temperature,
which leads to the decrement of polar surface energy. It is reported
that the main ingredients of sizing for T300B ﬁber are bisphenol
A epoxy resin and amino compounds [19]. Therefore the curing
of sizing as the heat treatment process induce the declination of
polar surface energy [20] which might be a governing factor in the
adhesion between the ﬁber and epoxy matrix.
The surface energy of cured epoxy resin was investigated by
IGC at 30 ◦ C. The result shows that the total surface energy is
45.78 mJ/m2 , which is approximately equivalent to values for the
carbon ﬁbers, with the dispersive component 37.71 mJ/m2 and the
polar component 8.07 mJ/m2 .
3.3. Wettability of epoxy resin on carbon ﬁber
Contact angle between carbon ﬁber and epoxy E51 decreases
with the increasing heat treatment temperature, indicating the
deteriorative wettability, which is given in Figs. 3 and 4. Contact
angle between carbon ﬁber and epoxy E51 increases with the decrement of carbon ﬁber surface energy (Fig. 3) when the heat treatment

3.2. Surface energy of carbon ﬁber
The surface energy of the untreated and heat treated carbon ﬁber
was measured at 30 ◦ C by inverse gas chromatography. As shown
in Fig. 2, the dispersive surface energy increases and polar surface

Fig. 4. Change of contact angle between carbon ﬁber and epoxy E51, which is measured at 30 ◦ C and  with the increasing heat treatment temperature.
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Table 1
C (1s) peaks of carbon ﬁber and relative peak area.
Samples

C (1s) peaks in different states B.E., eV (area, %)

Untreated
150 ◦ C
180 ◦ C
200 ◦ C
Peak assignment

Peak 1
284.6 eV

Peak 2
285.0 eV

Peak 3
286.1 eV

Peak 4
286.6 eV

Peak 5
287.7 eV

Peak 6
289.4 eV

Peak 7
290.6 eV

31.94
37.56
40.53
41.72
Reference

15.68
13.30
16.98
17.29
–C–C –C–H

21.78
18.01
14.62
14.02
–C–OH–C–O–C–C–NH2

18.70
22.79
24.04
20.71
*C–O– O Epoxy groups

5.02
3.06
1.51
2.11
–C O C N

2.45
2.38
1.25
2.35
–COOH–COOR

4.43
2.90
1.09
1.81
–COO− –*

Activated
Carbon
atoms (%)
52.38
49.14
42.50
41.00

temperature is lower than 180 ◦ C. However, this relationship does
not happen when the heat treatment temperature increases from
180 ◦ C to 200 ◦ C, which is attributed to that the wettability depends
not only the carbon ﬁber properties, but also on the character of
resin. Interface defects model points out that the optimum condition for wettability is the polarity match of the two phases [21].
Good–Girifalco proposed an interaction parameter,  in order to
investigate the interaction between two phases, as follows:
=

Wad
(Wco1 × Wco2 )1/2

xsp =

 sp
,


= (x1d x2d )

xd + xsp = 1,

1/2

xd =

sp sp 1/2

+ (x1 x2 )

d


(2)

(3)

where Wad is the work of adhesion, Wco is the work of cohesion, ,
 d and  sp are total surface energy, dispersive surface energy and
polar surface energy respectively.  is a thermodynamic parameter, which could be used to characterize the relation of Wad and
Wco for the two phases. The value of  reaches maximum (max = 1)
when the polarities of the two phases are the same. The interaction parameter between carbon ﬁber and epoxy E51 is estimated
according to the surface energy and its components [22]. Results
show that the value of  is 0.9978 between untreated T300B ﬁber
and epoxy E51 and decreases with the increasing heat treatment
temperature, which is illustrated in Fig. 4. The change trend of contact angle between carbon ﬁber and epoxy E51 is contrary to that of
the interaction parameter, indicating that the similar polarity could
result in the small contact angle and favorable wettability.
3.4. Interfacial shear strength of carbon ﬁber/epoxy composite
According to the above analysis, the surface chemical composition and surface energy of the carbon ﬁbers are changed with the
increasing heat treatment temperature, which might have effect on
the carbon ﬁber/epoxy interfacial adhesion. The interfacial shear
strength of carbon ﬁber/epoxy was measured by micro-droplet

Fig. 6. Change of IFSS and activated carbon atoms content on carbon ﬁber surface
with the increasing heat treatment temperature.

test. As can be seen from Figs. 5 and 6, the IFSS of treatedT300B/epoxy decreases when the heat treatment temperature
increases to 180 ◦ C, while no evident differences are found between
T300B/epoxy composites after treated at 180 ◦ C and 200 ◦ C. When
irreversible chemical interaction are neglected and only physical
interaction are present, the interfacial adhesion increases with the
work of adhesion, Wad , which can be estimated by applying the
Young–Dupré equation [23] and Fowke’s theory [4,24] according
to the geometric mean method, as follows:
Wad = 2(fd rd )

sp

sp 1/2

+ 2(f r )

(4)

As shown in Fig. 5, the Wad of T300B/epoxy decreases with the
increasing heat treatment temperature, which is accordant with
the IFSS tendency when the heat treatment temperature is lower
than 180 ◦ C. However, the work of adhesion does not reveal close
correlation with IFSS trend when the heat treatment temperature
increases from 180 ◦ C to 200 ◦ C, which illustrates that interactions
between carbon ﬁber matrix are not only physical but also chemical
bonding in interface region.
The change of interfacial shear strength and activated carbon
atoms content with the increasing heat treatment temperature is
shown in Fig. 6. The decrement of activated carbon atoms content
which is mainly caused by the reduced content of hydroxyl group
would result in the decrease IFSS, which is attributes to that the content of reactive functional group in interface region decreases and
the possibility of forming powerful chemical bonding between carbon ﬁber and matrix decreases, accordant with the theory proposed
by Wu Souheng [21], as follows:
f = KC n

Fig. 5. Change of IFSS and Wad with the increasing heat treatment temperature.

1/2

(5)

where f is bond strength, C is the concentration of reactive groups
in interface region, K and n are constant and n ≈ 0.6. Meanwhile,
the decrement in the surface polarity or active sites for van der
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Waals linking and hydrogen bonding could worsen the interfacial
adhesion between the ﬁber and surrounding polymer matrix [25].
4. Conclusions
By comparing untreated T300B, the content of hydroxyl group
and activated carbon atoms on carbon ﬁber surface decreases
and the polar surface energy becomes lower with the increasing heat treatment temperature. The dispersive surface energy of
carbon ﬁber and contact angle between carbon ﬁber and epoxy
E51 increases, while the interfacial shear strength of T300B/epoxy
reduces with the heat treatment process. The wettability of resin
on carbon ﬁber depends not only by the surface energy values of
carbon ﬁber and resin, but also on the polarity match of surface
energy. And close correlation can be found between IFSS and the
concentration of reactive groups in interface region. The results can
be theoretical guidance for the manufacture of carbon ﬁber and carbon ﬁber reinforced resin matrix composite. In order to improve the
performance of carbon ﬁber reinforced resin matrix composite, the
surface energy should be raised, the polar surface energy of carbon
ﬁber and resin should be modiﬁed to be closed and the concentration of reactive functional groups in interface region should be
improved.
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