




d�/dT and T under the same conversion rates (�) are
chosen from the TG curves under different heating
rates (�¼ 10, 15, 20, 25 and 30�C/min). By plotting
ln(�d�/dT) against 1/T, the activation energy (E)
could be calculated. Furthermore, the value of
ln[A(1� �)n] could be obtained from the intercept
of the plot. According to equation (10), a plot of
ln[A(1� �)n] versus ln(1��) could yield a straight
line. The slope and intercept of the line will provide n
and lnA values, respectively.

ln½Að1� �Þn� ¼ lnAþ n lnð1� �Þ ð10Þ

Weibull distribution

Weibull distribution, widely used in failure behavior
analysis, especially for brittle materials, is based on
the series model of weakest link theorem. The Weibull
distribution function is normally used to describe the
strength data.26 Weibull distribution has been used to
analyze the different molecular weight sizing agent on
the single carbon fiber tensile force and is expressed as
equation (11)

Fð�f Þ ¼ 1� exp �Lð�f=�0Þ
�

� �
ð11Þ

where L is a reference length, � is the Weibull shape
parameter for lifetime, and �f is the tensile strength of a
single fiber. Both the �0 and � are the material con-
stants. All the parameters are determined based on
the data obtained from the stress rupture testing.

P ¼ 1� Fð�f Þ ¼ exp �Lð�f=�0Þ
�

� �
ð12Þ

For Weibull distribution, natural logarithm on both
sides was used as equation (12).

ln ln 1=ð1� Fð�f Þ
� �

¼ � ln �f þ lnL� ln ��0 ð13Þ

where the F (�f) can be got by the following equation

Fð�f Þ ¼ x=ðNþ 1Þ ð14Þ

where N is the total fibers, and the x is the fracture
number of the fibers under the tensile stress. The
tested strengths of fibers are arranged sequentially in
an ascending order as �1<�2< � � � � �i� � � � � �x,
where �i is any of these tested strengths. The linear
equation Y¼AþBX can be obtained from curve fitting
of ln ln[1/(1�F(�f)] and ln �f. According to the B and A
of the linear equation, �0 and �¼B are obtained.

�0 ¼ expðlnððlnL� AÞ=�ÞÞ ð15Þ

The statistical average intensity ��f can be obtained by
the following equation

��f ¼ �0L
�1=��ð1þ 1=�Þ ð16Þ

where �( ) is the Gamma function.

Experimental

Materials

Carbon-fiber sizing agent (CFSA-H) was made in the
laboratory and its detail preparation procedures are
described in a patent.27 Briefly, epoxy resin (DER
331, 120 g) and polyethylene glycol (PEG 4000, 30 g)
were added in a reactor and heated at 60�C for
30min under a constant stirring rate. The catalyst
(Triphenylphosphine, 2 g) was added to the reactor
while stirring, and the temperature was increased to
100�C. The mixture was kept mechanically stirring for
6 h at 100�C. Thereafter, the system temperature was
decreased to room temperature, thus, the viscous emul-
sifier was obtained. Then through emulsion process (a
high-speed emulsifying machine with a speed of
14,000 rpm/min was used and quantitative deionized
water was dropwise added), the CFSA-H was prepared
with a solid content of 50wt%. Figure 1 shows the

Figure 1. The particles size distribution of CFSA-H.
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particle size distribution of CFSA-H. The weighted
mean distribution of CFSA-H was 0.117 mm, which is
sufficiently small for carbon fiber sizing.

The unsized carbon fibers were supplied by WeiHai
TuoZhan Fibers Ltd. The number of monofilaments is
12 k, the average diameter of carbon fibers is 7 mm; the
density is 1.78 g/cm3, and the linear density is 0.783 g/m.
The matrix system was epoxy DER 331 that was pur-
chased fromDowU.S. and the hardener was 4,40-methy-
lene-bis(2-ethylaniline) (H-256), which was supplied by
JiangYin WayFar Synthetic Material Co., Ltd.
Triphenylphosphine was supplied by Nippon Kayaku
Co., Ltd and polyethylene glycol (PEG4000) were pur-
chased from Beijing Yili Fine Chemicals Co., Ltd.

Characterization

Thermal analysis. The thermal decomposition of the
sizing agent was investigated using simultaneous ther-
mal analyzer (TGA/STDA851e, Mettle-Toledo,
Switzerland). Before testing, the sizing agent was
dried at 120�C for 3 hours in an oven. The TG tests
were performed at heating rates of 10, 15, 20, 25 and
30�C/min, in the temperature range of 30–600�C under
flowing nitrogen gas of 40ml/min. The sample mass
was about 10mg. Furthermore, the TG result of the
sized carbon fibers suggests that the content of sizing
agent on carbon fibers is about 1.2%, as shown in
Figure 2.

Surface topography. The surface morphology was exam-
ined by a FEI Sirion 200 scanning electron microscope
(SEM, Royal Dutch Philips Electronics Ltd., The
Netherlands).

X-ray photoelectron spectroscopy. The carbon fibers sur-
faces were analyzed using a Kratos Axis Ultra VG
X-ray photoelectron spectrometer (XPS) and

monochromatic Al K� radiation (1486.6 eV), operating
at 1 keV and an emission current of 0.6mA. Different
functional groups were assigned using the reported C1s
chemical shifts in various organic compounds. The rela-
tive amounts of these groups were estimated from the
corresponding areas of assumed Gaussian-Lorentzian
curves.

Mechanical properties of carbon fibers/epoxy composites. The
resin/hardener mixture was thoroughly stirred for
15min with the ratio of 100:32. The ILSS of composites
was determined according to ASTM D2344, with a
crosshead speed of 2mm/min. The test was performed
on an electronic universal material testing machine
(Instron 5569, USA). The values of ILSS were calcu-
lated by the following equation

ILSS ¼ 3F=4bh ð17Þ

Results and discussion

Thermal degradation kinetics

The TG curves and DTG curves of sizing agent at dif-
ferent heating rates in nitrogen are shown in Figure 3(a)
and (b). The TG and DTG curves are shifted up the
temperature scale with increasing the heating rate. At
these heating rates, the thermal decomposition of sizing
agent occurs in one defined step. The weight loss starts
at about 300�C and ends at about 450�C.

From the Flynn–Wall–Ozawa analysis, the conver-
sion values were used in the range of 20–90%, thus the
� values of 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6,
0.65, 0.7, 0.75, 0.8, 0.85, and 0.9 were adopted. The
results are given in Figure 4, which shows the plots of
log� versus 1000/T at varying conversions in nitrogen.
The straight lines fitting the data are nearly parallel,
indicating that the activation energies at the different
degrees of conversion are almost similar.

The activation energies (E) corresponding to different
rates of conversion are listed in Table 1, showing that
this kind of carbon fiber sizing agent has an average
thermal degradation activation energy of 214.03 kJ/mol.

The Friedman method is also used to determine the
activation energy at every particular value of �. Figure
5 shows the curves of conversion degree versus tem-
perature at different heating rates, which is calculated
from Figure 3a. Then, the conversion values in the
range of 20–90% are also adopted. The results are
given in Figure 6, which shows the plots of
ln(�d�/dT) versus 1000/T at varying conversion in
nitrogen. The straight lines fitting the data are also
nearly parallel (except �¼ 0.55), which is an indication
that the activation energies at different degrees of con-
version are almost similar.Figure 2. TGA curve of the sized carbon fibers in N2.
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The activation energies (E) corresponding to different
conversion rates are listed in Table 2, which shows that
this kind of carbon fiber sizing agent has an average
thermal degradation activation energy of 220.87 kJ/mol.

Figure 7 shows the dependence of the activation
energy on the conversion values. The calculated E by
two methods is observed to have an approximate trend
with increasing the conversion values. In the conversion
range of 0.2–0.45, the activation energy increases with
increasing the conversion value, then curves from both
methods have an inflection point when �¼ 0.5, and
finally, the value of E decreases until �¼ 0.9. When
�� 0.55, the E values of Flynn–Wall–Ozawa are less
than those of Friedman method; however, they have
opposite positions when �> 0.55. The differences in
the values of E calculated by the Flynn–Wall–Ozawa
and Friedman methods can be explained by a

systematic error due to improper integration.28

Therefore, the method of Friedman employs instantan-
eous rate values being very sensitive to the experimental
noise. With Flynn–Wall–Ozawa method, the equation
used is derived assuming a constant activation energy
and by introducing systematic error in the estimation
of E in the case that E varies with �, an error that
can be estimated by comparison with the Friedman
results.29

Although there are differences between these two
methods in calculating the activation energy, the
obtained E values are so close to each other. It could
be concluded that the determination of activation

Figure 3. TG (a) and DTG (b) curves of CFSA-H at different heating rates in N2.

Table 1. Activation energy obtained by Flynn–Wall–Ozawa

method.

Conversion, �
Activation

energy, E (kJ/mol)

Correlation

coefficient, R2

0.20 170.68 0.9762

0.25 183.16 0.9690

0.30 195.19 0.9613

0.35 208.34 0.9544

0.40 219.64 0.9576

0.45 230.72 0.9699

0.50 231.79 0.9713

0.55 237.21 0.9778

0.60 231.34 0.9825

0.65 228.97 0.9805

0.70 223.53 0.9856

0.75 223.71 0.9850

0.80 212.54 0.9838

0.85 209.01 0.9795

0.90 204.68 0.9734

Average 214.03

Figure 4. Fitted lines at different conversions according to

Flynn–Wall–Ozawa method.
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energy from Flynn–Wall–Ozawa method and Friedman
method is reliable.

The reaction order (n) and frequency factor (A) were
obtained from the scope and intercept by the plot of
ln[A(1� �)n] versus ln(1��). The �¼ 0.6, 0.65, 0.7,
0.75, 0.8, 0.85, and 0.9 were chosen to calculate the
values of ln[A(1� �)n] and ln(1� �), and Figure 8
shows the fitting line. The values of n and A are
4.7414 and 1.6906� 1017, respectively.

To make a long story short, CFSA-H has higher
thermal degradation activation energy compared with
that of reported epoxy system.30,31 Based on the good
thermal stability, it is expected to have a good influence
on the carbon fiber composites.

Surface topography

Figure 9(a) and (b) shows the SEM images of the
unsized and sized carbon fibers, respectively.

The results indicate that there are a number of longitu-
dinal streaks dispersing on the surface of carbon fibers.
But the sized carbon fiber has many shallower streaks
than the unsized fiber, demonstrating that the sizing
agent has a good spreadability on the carbon fiber sur-
face, which might play a key role on the mechanical
properties of carbon fiber–resin matrix composites.

Surface composition

XPS is a very useful technique in the determination of
chemical composition and functional groups of fiber

Table 2. Activation energy obtained by Friedman method.

Conversion, �
Activation

energy, E (kJ/mol)

Correlation

coefficient, R2

0.20 208.78 0.9727

0.25 226.86 0.9409

0.30 247.32 0.9532

0.35 255.77 0.9742

0.40 253.22 0.9828

0.45 256.11 0.9860

0.50 236.24 0.9927

0.55 244.58 0.9859

0.60 209.02 0.9869

0.65 202.45 0.9751

0.70 208.73 0.9868

0.75 202.22 0.9731

0.80 189.80 0.9609

0.85 189.87 0.9657

0.90 182.05 0.9466

Average 220.87

Figure 6. Fitted lines at different conversions according to the

Friedman method.

Figure 7. Dependence of the activation energy (E) on the

extent of conversion (�), as calculated with Flynn–Wall–Ozawa

method and Friedman method for CFSA-H.

Figure 5. Curves of conversion degree versus temperature at

different heating rates.
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surfaces. The surface composition of different carbon
fibers was determined by XPS and the results of C1s
curve fitting spectrum are given in Figure 10. Different
functional groups were assigned using the reported C1s
chemical shifts in various organic compounds. It is

found that the C1s peaks could be fitted to several
peaks with the binding energy ranging from 280 to
294 eV. The peaks are generally attributed to C-C,
C-OH or C-OR, C¼O, COOH or COOR and
Plasmon. The percent contribution (P.C.) of each
curve fitting photopeak to the total C1s photopeak is
listed in Table 3. The sizing agent improves the content
of the oxygen-containing groups on the carbon fiber sur-
face. Then, the surface of the sized carbon fibers has
more reactive functional groups than the unsized
carbon fibers, which will improve the chemical connec-
tion between carbon fibers andmatrix during the process
of solidification through forming a strong interface.

Figure 9. SEM images of carbon fibers: (a) unsized and (b) sized.

Figure 10. XPS C1 spectra of carbon fibers: (a) unsized and (b) sized.

Figure 8. Plot of ln[A(1��)n] versus ln(1��) to determine the

reaction order (n) and frequency factor (A).

Table 3. XPS of C1s fit results of carbon fibers.

Samples

C1s photopeak percent contribution (%)

C-C(H) C-OH(R) C¼O COOH(R) Plasmon

Unsized CF 70.67 10.12 14.96 3.62 0.63

Sized CF 59.64 37.86 1.89 0 0.61
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Tensile strength of single fiber

The Weibull distributions of carbon fibers are shown in
Figure 11. It can be found that the Weibull plots of
carbon fiber are linear, and the strength of single
carbon fiber obeys the single Weibull distribution.
The Weibull distribution is a continuous probability
distribution and an appropriate method to deal with
carbon fiber strength.

From the fitted curves, the tensile strength of differ-
ent single fiber can be obtained, as shown in Table 4.
According to the Weibull distribution theory, the ten-
sile strength in the carbon fibers almost follows a single
modal Weibull distribution, suggesting a single fracture
mechanism. The fracture mechanism of carbon fibers is
mainly due to the misorientation of graphite crystal
layers around some defects and voids, which is assumed
as a defect-controlling mechanism.32,33

The tensile strength of single carbon fiber is slightly
different between the unsized (Figure 11a) and sized
(Figure 11b) carbon fibers. The values of the tensile
strength are 3.05 and 3.26GPa, respectively. The
sizing agent on the fibers surface is beneficial to
bridge the surface defects, reduce the external applied
load, and improve the sensitivity of the tensile strength
of carbon fiber. The uniform distribution of sizing
agents on the fibers surface assists in stopping excessive
stress from spreading in the flaws and changing the
crack propagation paths. B (�¼B) value shows the
carbon fiber surface defects. The unsized carbon fiber
has a larger B value, which shows the carbon fiber sur-
face has more flaws.

Mechanical properties of carbon fibers/epoxy
composites

The ILSS results of the carbon fibers/epoxy composites
are shown in Figure 12. The sizing agent is observed to
remarkably increase the interfacial strength of the com-
posites. The ILSS increases from 75.6MPa for the
unsized carbon fibers/epoxy composites to 86.9MPa
for the sized carbon fibers/epoxy composites by 14.9%.

To better understand the role of sizing agent in the
composites interface, the fracture surfaces of the
unsized and sized carbon fiber epoxy composites were
investigated by SEM, Figure 13. For the unsized
carbon fibers composites, the fibers were pulled out
from the matrix, and the interface de-bonding between
fibers and matrix was obvious. The pull-out fibers were
clean and there were no resin fragments adhered on the
fiber surfaces, indicating a weak adhesion between
fibers and matrix. Compared with Figure 13(a), for
the sized carbon fiber composites, the interfacial adhe-
sion was obviously improved and a strong interface
bonding could be observed.

Figure 11. The Weibull distribution images of carbon fibers: (a) unsized and (b) sized.

Figure 12. ILSS results of carbon fibers/epoxy composites:

(a) unsized and (b) sized.

Table 4. The Weibull distribution results of carbon fibers.

Type A B �0/GPa R ��f =GPa

Unsized �7.85 6.55 1.82 0.997 3.05

Sized �5.30 4.15 1.40 0.985 3.26
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The mechanical properties of composites are largely
affected by the fiber/matrix interface, which is mainly
represented by two points: (1) the interface is the tran-
sition area for elastic modulus, fracture toughness,
strength and thermal properties; and (2) the true inter-
face is imperfect and affects the mechanical properties
of composites. In general, the initial failure is smaller
than that of the carbon fiber. As the matrix crack
propagates and reaches the interface under external
loads, two competing physical phenomena appear: for
the weak interface, the matrix crack cannot penetrate
through the interface but deflects along the interface,
which triggers the crack toughening mechanisms such
as the fiber bridging effect and fiber pull-out (as shown
in Figure 13a). But the sizing agent enhances the chem-
ical interaction between fibers and matrix, forming a
strong interface, and the matrix crack may penetrate
into the fiber, leading to a brittle fracture.34–36 The frac-
ture surface (Figure 13b) of the sized carbon fiber com-
posite is smooth, only a few fibers are pulled out, and
the length of fiber pull-out is short. Under external
load, the fibers crack simultaneously with the matrix,
and the crack cannot be easily deflected along the inter-
face due to the strong bonded interface, which could
create a favorable ILSS result.

Conclusion

The thermal degradation parameters of a home-made
carbon-fiber sizing agent were investigated by using two
methods. The activation energy (E) obtained from
Flynn–Wall–Ozawa method and Friedman methods
are in good agreement with each other, and the calcu-
lated values are 214.03 and 220.87 kJ/mol, respectively.
In addition, the reaction order (n) is 4.7414, and the
frequency factor is 1.6906� 1017. Overall, this kind of
carbon-fiber sizing agent shows good thermal stability.
Compared with the unsized carbon fibers, this kind of
carbon-fiber sizing agent improves the content of

oxygen-containing groups on carbon fiber surface,
improves the tensile strength of single fiber, and effect-
ively enhances the interfacial properties of carbon fiber/
epoxy composites. The ILSS increases from 75.6MPa
for the unsized carbon fibers/epoxy composites to
86.9MPa for the sized carbon fibers/epoxy composites
with an improvement of 14.9%.
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