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Anodic oxidation of carbon fibers has attracted considerable attention for interfacial modification of composites due to its
advantages of continuous processing capability and uniform surface modification. However, the mechanism by which the
axial potential distribution along carbon fibers affects surface modification behavior and interfacial performance remains
unclear. In this study, the axial potential distribution of carbon fibers during anodic oxidation was investigated by
regulating the electrode potential, and its effect on the interfacial properties of carbon fiber/epoxy composites was
analyzed. The results show that: 1) the axial potential of carbon fibers decreases progressively with increasing distance
from the anode plate. This decay is caused by the combined effects of the intrinsic resistance of the fibers and the
conductive loss of the electrolyte, which consequently limits the effective region of the electrochemical reaction; 2) within
the effective reaction region, a moderate increase in the fiber potential can significantly improve the interfacial
performance of the composites, whereas an excessively high potential leads to degradation of interfacial properties; 3) a
smoother and more uniform potential distribution is more favorable for achieving strong interfacial bonding.
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1. INTRODUCTION

Polyacrylonitrile (PAN)-based carbon fibers, which
combine excellent mechanical performance with
lightweight characteristics, have been widely applied in
aerospace, national defense, and advanced equipment
manufacturing fields [1]. However, as the tensile modulus
of carbon fibers increases, the degree of graphitization is
enhanced, resulting in a gradual reduction of surface
chemical activity. Consequently, the interfacial adhesion
between the carbon fibers and polymer matrix becomes
weaker, thereby limiting the overall mechanical
performance of the composites [2, 3].

To improve the interfacial compatibility between
carbon fibers and resin matrices, numerous surface
modification techniques have been developed, including
chemical vapor deposition [4], surface coating [5], plasma
treatment [6], surface grafting [7, 8], and electrochemical
oxidation [9-12]. Among these, anodic oxidation has
attracted significant attention owing to its operational
simplicity, continuous processing feasibility, and uniform
surface modification. In this method, the carbon fibers act
as the anode, and inert metals or graphite serve as the
cathode. The surface oxidation of the fibers is achieved
through electrochemical reactions in acidic, basic, or saline
electrolytes [13].

Current research on anodic oxidation has mainly
focused on the effects of process parameters — such as
electrolyte type [14-18], current density [19-21],
electrolyte concentration [22, 23], and treatment duration
[24] — on the modification efficiency. However, the

* Corresponding author: Y. Wang
E-mail: wangy@mail.buct.edu.cn

influence of axial potential distribution along the fiber
direction on interfacial properties has not been
systematically studied. Sun [25] established a model
showing that the axial potential of carbon fibers gradually
decreases and levels off with increasing treatment length,
but the effects of this potential distribution on surface
chemical structure and interfacial performance were not
further explored.

In view of this, the present study systematically
investigates the axial potential distribution of carbon fibers
during anodic oxidation by regulating electrode potential.
Combined with analyses of surface functional group
evolution and interfacial shear performance, the coupling
mechanism between potential distribution and interfacial
bonding strength is revealed. This work provides both a
theoretical basis and technical guidance for the optimization
of electrochemical surface modification of carbon fibers.

2. EXPERIMENTAL SECTION
2.1. Materials

The carbon fibers used in this study were prepared from
laboratory-made polyacrylonitrile (PAN) precursor yarns
(12K)  through pre-oxidation, carbonization, and
graphitization processes. The resulting fibers exhibited a
tensile modulus of 320 GPa, an average monofilament
diameter of approximately 5.2 um, a bundle cross-sectional
area of 2.55 x 107 m?, and a resistivity of 1.1 x 10~ Q-m.
Analytical grade sulfuric acid used for anodic oxidation was
purchased from Beijing Modern Oriental Fine Chemical



Co., Ltd. The E-51 epoxy resin was supplied by Shanghai
Huayi Resin Co., Ltd., while the curing agent methyl
tetrahydrophthalic ~ anhydride and the accelerator
aminoethylpiperazine were obtained from Beijing Chemical
Factory.

2.2. Anodic oxidation process

The anodic oxidation setup is illustrated in Fig. 1a. A
platinum plate served as the anode and an alloy plate as the
cathode. The electrolyte was a 0.3 wt.% sulfuric acid
aqueous solution, which was circulated using a water pump
to maintain continuous flow. After anodic oxidation, the
carbon fibers were thoroughly rinsed with deionized water
and dried. The origin of the axial coordinate was defined at
the front edge of the cathode plate, with the total cathode
length being 40 cm; the treatment length of the carbon fibers
was determined accordingly.

2.3. Preparation of unidirectional carbon
fiber/epoxy composites

Individual carbon fiber was fixed onto a specialized
frame. A resin mixture was prepared by blending E-51
epoxy resin, methyl tetrahydrophthalic anhydride, and
aminoethylpiperazine at a mass ratio of 100:83:1.5,
followed by thorough stirring. The resin mixture was then
applied onto the fiber surface using a metal needle, forming
droplet-like coatings via surface tension. The samples were
cured in an oven at 130 °C for 3 h. After curing, the samples
were mounted into testing molds, and both ends were fixed
with adhesive. Once the adhesive was completely dried, the
specimens were used for interfacial shear strength (IFSS)
testing.
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2.4. Characterization and measurements

The electrical resistivity of the carbon fibers was
measured using the four-point probe method. The current
was supplied by a DC/AC source (Model 6221, Keithley,
USA), and the potential was recorded using a nanovoltmeter
(Model 2182A, Keithley, USA), as schematically shown in
Fig. 1c.

The axial potential of the carbon fibers during anodic
oxidation was measured using a multimeter (VC9802A,
VICTOR, China). Measurements were taken every 5cm
along the fiber above the cathode plate. To ensure reliable
contact, the fibers were supported with glass rods during
testing.

Surface morphologies of the carbon fibers were
observed using a scanning electron microscope (JSM-
7800F, JEOL, Japan). The samples were sputter-coated with
gold to enhance conductivity prior to imaging. The
accelerating voltage was 10 kV, and the distance between
the sample stage and the objective lens was approximately
10 mm.

The surface chemical structure was characterized using
X-ray photoelectron spectroscopy (Nexsa G2, Thermo,
USA). The sample was ultrasonically cleaned before testing,
and the base pressure vacuum during testing was
12.0 x 1077. A monochromatic Al Ko X-ray source with a
photon energy of 1486.6 eV was used. with a passband
energy of 100 eV for wide-scan spectra and 30 eV for high-
resolution spectra.

The C 1s spectral in this study were all analyzed using
Casa XPS software (UK Casa Software Ltd.), processing the
range from 280 to 292 eV with a Shirley baseline. The C 1s
spectra were deconvolved into five components: C=C
(284.8 eV), C-C (285.5+0.1eV), C-O (286.2+£0.2eV),
C=0 (286.9 + 0.3 eV), and O-C=0 (288.6 £ 0.2 eV).
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Fig. 1. Schematic diagrams of the experimental procedures: a—anodic oxidation process; b—preparation of unidirectional carbon
fiber/epoxy composites; ¢ —four-point measurement of carbon fiber resistivity; d —microdroplet debonding test for interfacial shear

strength (IFSS)



The correspondence between chemical groups and
binding energies was consistent with that described in the
literature [22]. The fitting peak adopted an asymmetric
fitting peak [26]. The proportions of different oxygen-
containing functional groups on the carbon fiber surface
were obtained by integrating the area.

The interfacial properties of carbon fibers were
evaluated using a composite interfacial testing device
(HM410, TOEI KASEI Company, Japan) through the
micro-droplet debonding method to determine the
interfacial shear strength (IFSS). Epoxy droplets with an
embedded length of 40 —55 um were selected for each test.
Twenty valid data points were averaged for each sample
group. The IFSS was calculated according to the following
equation:

Fmax

where Fmax is the maximum force at debonding; d is the
diameter of the single carbon fiber; L is the embedded length
of the epoxy resin. The schematic diagram of the testing
setup is shown in Fig. 1 d.

3. RESULTS AND DISCUSSION

3.1. Axial potential distribution of carbon fibers
during anodic oxidation

Fig. 2 a depicts the variation of axial potential along the
carbon fiber during anodic oxidation. Both the potential
magnitude and its gradient progressively decrease with
increasing distance from the anode plate. The extent of
potential attenuation varies under different initial electrode
potentials [25]. With higher initial potentials, the axial
potential decays more rapidly, indicating that both the
intrinsic resistance of the carbon fiber and the conductive
losses in the electrolyte contribute more significantly to
potential attenuation at elevated voltages.

According to Ohm’s law, the theoretical potential drop
along the fiber was calculated (Fig. 2 b), and the comparison
between theoretical and measured attenuation values under
various initial potentials is summarized in Table 1. The
measured potential attenuation is consistently greater than
the theoretical value, and the discrepancy increases with
initial potential. This deviation suggests that, in addition to
the inherent electrical resistance of the fiber, the ionic
conductivity of the electrolyte and the interfacial
electrochemical reactions collectively amplify the potential
loss.

Table 1. Comparison of theoretical and experimental axial
potential attenuation of carbon fibers under different
initial potentials

Initial Theoretical Experimental | Difference,
potential, V | attenuation, VV | attenuation, V Vv
0.83 0.10 0.20 0.10
0.99 0.16 0.31 0.15
1.24 0.21 0.42 0.21
1.44 0.23 0.46 0.23
2.05 0.26 0.51 0.25
2.70 0.51 1.02 0.51

When the initial potential was further increased
(Fig. 2 c), potential losses in the electrolyte intensified,
causing a substantial decrease in potential in regions distant
from the anode. In some cases, the local potential even fell
below that of lower initial potential conditions. Such a non-
uniform potential distribution narrows the effective
oxidation zone and compromises the uniformity and
stability of surface modification.

3.2. Effect of axial potential distribution on surface
chemical structure

3.2.1. Surface chemical evolution under moderate
potential (2.7 V)

The XPS survey spectra of carbon fibers anodized at
2.7 V over different treatment lengths are shown in Fig. 3 a.
The increasing intensity of the Ols peak with distance
indicates a gradual enrichment of oxygen on the fiber
surface (Fig. 3b). This demonstrates that within the
effective electrochemical reaction region, anodic oxidation
continuously promotes the generation and accumulation of
oxygen-containing functional groups [27, 28]. However, as
the reaction proceeds further along the axis, the rate of
oxygen accumulation slows, likely due to oxidation
saturation combined with the axial potential decay.

Deconvolution of the C 1s spectra (Fig.4) and the
quantitative data summarized in Table 2 reveal that the
relative contents of hydroxyl (C—O) and carboxyl (O—-C=0)
groups increase steadily with treatment length, whereas
carbonyl (C=0) groups exhibit a rise—fall trend. This
evolution is attributed to the secondary oxidation of
carbonyl groups into carboxyl species during prolonged
treatment. Overall, moderate potential and appropriate
oxidation length facilitate the formation of abundant oxygen
functionalities, enhancing the surface polarity and reactivity
of carbon fibers.

w 083v] 0

A 124V
v 144V

270v|

———

—u

Carbon fiber axial potential V
Carbon fiber axial potential, Vv

=
T
[

o
o

——

. . o

—=—083V] 2 w 270v]
——099V] . 287V
—a— 124V] 4 320v]
—— 144V 30
205V
270V]

Carbon fiber axial potential V

e .

0.52Vim s
o jovim a A A

Length of treatment.cm

a

Length of treatment.cm

30 40 50 [ 10 20 30 10

Length of treatment.cm

c

Fig. 2. Axial potetial distribution of carbon fibers during anodic oxidation: a— measured potential profiles under different initial electrode
potentials; b—potential variation calculated from Ohm’s law; c—at higher initial potentials
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Fig. 3. a— XPS survey spectra of carbon fibers anodized at 2.7 V with different treatment lengths; b —variation of the O/C atomic ratio
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Intensity.a.u
Intensity.a.u

Binding energy.eV Binding energy.eV

a

b

Intensity.a.u

Binding energy.eV

c

Intensity.a.u.

Intensity.a.u.

Binding energy.eV

d

Fig. 4. Deconvoluted C 1s spectra of carbon fibers treated at 2.7 V over different lengths: a—0cm; b—10 cm; ¢—20 cm; d—30 cm;

e—40cm

Table 2. Relative contents of surface oxygen-containing
functional groups (C-O, C=0, O—-C=0) on carbon fibers
treated at 2.7 V with different lengths

Content, %
Length of treatment, cm co C=0 0Cc=0
0 1.67 1.64 0.86
10 4.95 5.15 3.67
20 5.55 3.56 3.96
30 5.64 3.96 4.64
40 6.08 3.37 4.80

3.2.2. Surface chemical evolution under excessive
potential (3.2 V)

The XPS survey spectra of carbon fibers anodized at
3.2 V over different treatment lengths are shown in Fig. 5 a,
it shows that the O1s peak intensity first increases and then
decreases with distance (Fig.5b), indicating that the
oxygen concentration drops beyond a certain region. The

Binding

deconvoluted C 1s spectra (Fig.6) and content data
(Table 3) demonstrate a continuous reduction in hydroxyl,

energy.eV

e

carbonyl, and carboxyl contents along the fiber length.

Table 3. Relative

contents of oxygen-containing functional groups

(C-0, C=0, 0-C=0) on carbon fiber surfaces anodized
at3.2Vv
Content, %
Length of treatment, cm co C=0 0C=0
10 4.94 4.26 6.23
20 4.29 3.59 5.11
30 3.70 3.79 6.20
40 3.63 3.72 6.18
It suggests that excessive potential induces over-

oxidation or surface layer exfoliation, which reduces the
functional groups and weakens the surface

density of active

modification effect.
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Fig. 5. a—XPS survey spectra of carbon fibers anodized at 3.2 V
with different treatment lengths; b —variation of the O/C
atomic ratio with treatment length

Integrating the potential distribution results with the
XPS analysis indicates that anodic oxidation requires
sufficient surface potential to sustain oxidation reactions.
Within a moderate range, higher potential accelerates
oxygen incorporation. However, excessive potential
dramatically increases the reaction rate, causing severe
oxidation and removal of amorphous carbon.

3.3. Effect of axial potential distribution on interfacial
properties of composites

Fig. 7 presents the variation of interfacial shear strength
(IFSS) of carbon fiber/epoxy composites as a function of treatment
length under different initial potentials. When the initial potential
is 2.7 V, the IFSS increases significantly with treatment length,
reaching 2 90.2 % improvement at 40 cm. Conversely, at 3.2 V, the
IFSS enhancement decreases to 46.4 %, implying that excessive
potential is detrimental to interfacial adhesion.

This trend correlates strongly with the evolution of surface
functional groups. A moderate potential favors the formation of
polar oxygen functionalities (e.g., -OH, —COOH), which enhance
chemical bonding and wettability between the fiber and the resin.
In contrast, over-oxidation at high potential reduces the
concentration of active sites and introduces microstructural
damage, weakening interfacial bonding.

The post-debonding morphologies (Fig. 8) further support this
observation. For untreated fibers, the resin droplets detach cleanly,
leaving a smooth fiber surface (Fig. 8 a, b). After anodic oxidation
at 2.7 V, the deboned regions become rough with substantial resin
residue and higher displacement during detachment (Fig. 8 c, d),
reflecting improved interfacial adhesion. At 3.2 V, however, the
fiber surface appears smooth again with limited resin remnants
(Fig. 8 e, f), likely due to surface exfoliation induced by over-
oxidation.
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Fig. 6. Deconvoluted C 1s spectra of carbon fibers treated at 3.2 VV
with different treatment lengths: a—10cm; b—-20cm;
c—30cm; d—40 cm
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Fig. 7. Variation of interfacial shear strength (IFSS) of composites
with treatment length under different initial potentials:
a-27V;b-32V

The force—displacement curves obtained from microdroplet
tests (Fig. 9) reveal that untreated samples exhibit brittle
debonding behavior, whereas anodized fibers show larger
displacement and ductile failure characteristics, confirming
enhanced interfacial toughness [29 — 31].
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Moreover, as treatment length increases, the
displacement at equivalent debonding force rises, indicating
improved interfacial strength.

On a microstructural level (Fig. 10), there are two types
of structures present in carbon fibers, amorphous and
graphitic carbon [32, 33]. Under moderate potentials,
oxidation preferentially initiates in amorphous regions, with
the edges of graphitic lamellae gradually activated to form
stable oxygenated groups. Under excessive potentials, the
amorphous domains are excessively oxidized or even
eroded, whereas the graphitic structures remain relatively
intact. Consequently, the overall amount of active oxygen
functional groups decreases, leading to fewer interfacial
chemical bonds and reduced IFSS.
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Fig. 8. Surface morphologies of carbon fibers after microdroplet debonding tests: a, b —untreated fibers; ¢, d—fibers treated at a moderate

potential; e, f— fibers treated at an excessive potential
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Fig. 10. Oxidation reactions occurring within the carbon fiber structure: a—amorphous carbon; b —graphitized carbon

4. CONCLUSIONS

1.

The axial potential of carbon fibers decreases with
increasing distance from the anode plate during anodic
oxidation, primarily due to the combined effects of fiber
resistance and electrolyte conductivity losses. A higher
initial potential leads to a more non-uniform potential
distribution and a shorter effective oxidation region.
Within the effective electrochemical region, a moderate
anodic potential (2.7 V) facilitates the formation and
accumulation of oxygen-containing functional groups,
thereby enhancing fiber surface polarity. In contrast, an
excessive potential (3.2 V) causes surface exfoliation
and a reduction in functional group density.

With an optimized potential distribution, the interfacial
shear strength (IFSS) of composites increases from
43.95 MPa to 83.59 MPa (an improvement of 90.2 %),
and the interfacial failure mode shifts from brittle to
ductile debonding. However, at high potential, the IFSS
enhancement drops to 46.4 %.

The research results highlight that a smooth axial
potential distribution coupled with a moderate anodic
potential is crucial for achieving superior interfacial
performance.
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