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ABSTRACT: Carbon fiber reinforced polymer (CFRP), a highly
engineered lightweight material with superior properties, is widely
used in industrial fields, such as aerospace, automobile, and railway
transportation, as well as medical implants and supercapacitor. This
work presents an effective surface treatment method for the
controllable fabrication of hydrophilic surface micro/nanostruc-
tures of CFRP through femtosecond laser processing. Selective
removal of the epoxy resin and leaving the carbon fibers exposed
are achieved when CFRP is weakly ablated by a femtosecond laser.
The diameters and structures of the carbon fibers can be controlled
by adjusting the laser processing parameters. Three-dimensional
surface micro/nanostructures are processed when CFRP is strongly
ablated by a femtosecond laser. Meanwhile, the transformation of
the sp2 orbitals to sp3 orbitals of graphitic carbons of carbon fibers is induced by a femtosecond laser. Moreover, the investigation of
surface roughness and wettability of femtosecond laser-processed CFRP indicates increased roughness and excellent hydrophilicity
(a contact angle of 28.1°). This work reveals the effect of femtosecond laser processing on the regulation of the physicochemical
properties of CFRP, which can be applicable to surface treatment and performance control of other fiber-resin composites. The
excellent hydrophilicity will be conducive to the combination of CFRP with other materials or to reducing the friction resistance of
CFRP used in medical implants.

■ INTRODUCTION
Carbon fiber reinforced polymer (CFRP) is a kind of highly
engineered material that offers high specific modulus and high
specific strength.1 CFRP has superior mechanical, thermal, and
chemical properties, and is a kind of ideal lightweight
material.2,3 CFRP is widely used in the main, functional,
protective, and auxiliary components of various types of space
vehicles in the aerospace industry.3,4 It may be the route one
must take to the development trend of high bearing capacity,
high stability, long life, energy saving, and emission reduction
in automobiles, railway transportation, national defense, and
other industrial fields.1,5 In addition, CFRP has been used in
medical implants6−10 and composite structural supercapaci-
tors.11−13 In the above industrial, medical, or supercapacitor
applications, CFRP needs not only to be cut and drilled14−16

but also to be surface-treated.17−24 This may be due to the
intrinsic surface hydrophobicity of CFRP, which leads to low
bonding strength when used in combination with other
materials or produces large friction resistance in close contact
with human tissue. Hence, it is urgent and challenging to
develop a simple, effective, controllable, and high-precision
surface treatment strategy for CFRP.

Currently, the surface treatment of carbon fiber composites
includes surface chemical modification, removal of the surface
weak boundary layer, improved wetting of the low-energy
surface, and increased surface roughness, which can enlarge the
bondable surface area or improve the mechanical inter-
locking.21−23,25 Surface chemical modification can be achieved
by grafting multiwalled carbon nanotubes (MWCNTs) onto a
carbon fiber surface using silane coupling agent as carrier.23

Removal of the surface weak boundary layer can be achieved
through UV or picosecond laser cleaning.22,26 Improving the
wetting of low-energy surface and increasing the surface
roughness of carbon fiber composites can be achieved through
mechanical methods (such as manual hand sanding, grit
blasting, and peel-ply plus grit blasting)21,27 and energetic
techniques, such as plasma treatment21,27−31 and laser
processing.24,32−35 Among them, the mechanical method had
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the advantage of low cost, but its flexibility, adjustability,
efficiency, and precision were relatively low. Plasma treatment
has the advantage of relatively high efficiency and precision,
but it needs a special atmosphere environment and inorganic
or organic masks; the treatment effect is time-sensitive; the
treatment process is relatively complex, and not flexible
enough; and the equipment is generally expensive. Laser
surface processing can achieve surface modification, surface
etching, and micro/nanostructure processing of materials and
has many advantages, such as simple operation, no special
environment required, maskless, arbitrary patterning, high
flexibility, and high controllability. Moreover, a femtosecond
laser with ultrahigh power density and ultrashort pulse width
has a nonlinear nonequilibrium processing feature, and
nonthermal processing effects. Hence, femtosecond laser
surface processing also has the advantages of high efficiency
and high precision36−39 and should be an ideal strategy for the
surface treatment of materials.17−20,40

In this work, we proposed a surface treatment method to
controllably fabricate the hydrophilic surface micro/nanostruc-
tures of CFRP through femtosecond laser processing. Selective
removal of the epoxy resin and leaving the carbon fibers
exposed were achieved when CFRP was weakly ablated by a
femtosecond laser. The dependence of the diameters and
structures of carbon fibers on laser pulse energy and scanning
speed was investigated. Three-dimensional micro/nanostruc-
tures of CFRP were processed when CFRP was strongly
ablated by a femtosecond laser. Characterization analyses
indicated lattice destruction of carbon fibers, transformation of
sp2 orbitals to sp3 orbitals of the graphitic carbons of carbon
fibers, and photo-oxidation of phenyl groups of epoxy resin
induced by a femtosecond laser. To investigate the surface
properties and functions of femtosecond laser-processed
CFRP, the roughness of laser-processed CFRP with typical
surface structures and the surface wettability of CFRP
processed by femtosecond laser with different parameters
were investigated, indicating increased roughness and excellent
hydrophilicity of laser-processed CFRP. This work systemati-
cally revealed the effect of femtosecond laser processing on the
regulation of the physicochemical properties of CFRP, which
can be applicable to the surface treatment and performance
control of other fiber-resin composites. The excellent hydro-
philicity of laser-processed CFRP is conducive to enhancing
the bonding strength and adhesion of CFRP used in
combination with other materials to better meet the
mechanical strength requirements of CFRP-based components
in the fields, such as significant aerospace and automotive
industries. It also reduces the friction resistance of CFRP in
close contact with human tissue to better meet the use of
medical implants.

■ RESULTS AND DISCUSSION
In this work, the CFRP used (Figure S1) consisted of carbon
fiber and epoxy resin. It was fabricated through the material
preparation process: first, a single layer of carbon fiber and
resin glue were mixed into a single-layer structure with
thickness of ∼0.8 mm; then, multiple single-layer structures
were laminated and solidified to form the final CFRP structure.
The carbon fibers in each layer were distributed in parallel and
periodically arranged (Figure 1a), and the average diameter of
the carbon fibers was ∼5.5 μm (the measurement method is
shown in Figure S2). The most surface layer of CFRP was
epoxy resin, and the roughness was 0.03 μm (Figure 1b).

Femtosecond laser pulses were focused on the surface of
CFRP, and their scanning direction was perpendicular to the
direction of the carbon fibers during laser processing of CFRP
for surface etching and micro/nanostructure fabrication
(Figure 1c). Figure 1d shows a diagram of the processing
effect of the laser scanning direction perpendicular to the
carbon fiber, which can reveal the basic bamboo-like structures
of the exposed carbon fiber. Surface etching can selectively
remove the epoxy resin at the selected location and expose the
carbon fibers (Figure S3). Flocculent structures of the epoxy
resin on the CFRP surface were revealed when laser processing
was not enough to etch the resin away but to process its
surface (Figure S4).

Surface Structure Regulation of CFRP Processed by a
Femtosecond Laser. Femtosecond laser surface processing
can achieve selective removal of the epoxy resin, leaving the
carbon fibers exposed. As shown in Figure 2, with the increase

of laser pulse energy, the diameter of carbon fibers decreased
(Figure 2a1-d1), indicating that, except for the removal of
epoxy resin, carbon fibers were also ablated and the ablation
was gradually enhanced, resulting in more material removal of
carbon fibers. At the same time, carbon fibers showed bamboo-
like structures, which became increasingly visible with the
increase of laser pulse energy. The length of “bamboo” was
∼22 μm, about twice the laser scanning spacing, which can be
attributed to the following speculation. In the laser line-
scanning process, the scanning direction was perpendicular to

Figure 1. (a) Structure diagram of CFRP. (b) Optical and SEM
images of the used CFRP. (c) Schematic diagram of laser processing
of CFRP. (d) Diagram of the processing effect of the laser scanning
direction perpendicular to the carbon fiber.

Figure 2. Morphology (SEM images) of exposed carbon fibers after
the epoxy resin was selectively removed by a femtosecond laser with
laser pulse energies of (a) 1 μJ, (b) 4 μJ, (c) 7 μJ, and (d) 12 μJ. The
laser scanning speed was 1000 μm/s.
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the direction of the carbon fibers. After the first line of
scanning processing, the epoxy resin was removed, then the
laser pulse energy was directly deposited on the carbon fibers
in the second line of scanning processing, resulting in relatively
strong ablation of the carbon fibers. With laser progressive
scanning processing, this process occurred alternately. When
the laser pulse energy was too large, for example, greater than
20 μJ, the carbon fibers were strongly ablated, became section

by section, and were even broken (Figure S5). The decreasing
diameter and more visible bamboo-like structure of carbon
fibers with increasing laser pulse energy are simplistically
explained in Figures S6,S7. In addition, the surface of the
carbon fibers was also modified or processed, and the
nanoburrs and periodic structures were created on the carbon
fiber surface. With the increase of laser pulse energy,
nanoburrs-periodic structures (Figure 2a2−b2) and periodic

Figure 3. Morphology (SEM images) of the CFRP processed by a femtosecond laser with different laser pulse energies and scanning speeds.

Figure 4. Characterization of the change of surface composition of CFRP processed by a femtosecond laser. (a) Raman spectra of the pristine
surface of CFRP and the exposed carbon fiber after femtosecond laser processing. (b) Dependence of the ratio of the intensities of the D-peak and
G-peak (ID/IG) on the laser pulse energy (laser scan speed was 100 μm/s). (c) Dependence of the intensity of the 2D-peak on the laser scanning
speed (laser pulse energy was 10 μJ). XPS C 1s spectra of CFRP (d) before and (e) after femtosecond laser processing. (f) sp2 orbitals of graphitic
carbon of carbon fiber and sp3 orbital of diamond-like lattice.
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structures (Figure 2c2−d2) were created on the carbon fiber
surface, and the period of periodic structures was ∼680 nm.
According to electromagnetic theory, the formation of a laser-
induced periodic surface structure (LIPSS) on the carbon fiber
surface is attributed to the generation of a surface plasmon
polariton (SPP) propagating parallel to the surface, interfer-
ence between the incident light wave and the SPP wave to
modulate light intensity, and imprinting of the interference
pattern on the carbon fiber surface.41,42

Except that the surface epoxy resin was completely removed,
the surface micro/nanostructures, the main composition of
which was carbon fibers, were fabricated when the laser pulse
energy was high or the scanning speed was low in the process
of femtosecond laser processing. Figure 3 shows the
morphology of CFRP processed by femtosecond laser
processing with different laser pulse energies and scanning
speeds. When the scanning speed was low, except the surface
epoxy resin was completely removed, the carbon fibers were
ablated and melted and the heat accumulation effect was
strong. When the scanning speed was high, the removal of
epoxy resin was mainly realized, and the thermal melting effect
was weak. With the increase of laser pulse energy, carbon fibers
were more strongly ablated and interrupted, the thermal
melting effect was enhanced, multiple carbon fibers melted
together, and no single carbon fiber was visible. In addition, the
dependence of the diameters of the processed carbon fibers on
the laser pulse energy and scanning speed was also
investigated, as shown in Figures S8 and S9. With the increase
of laser pulse energy from 0−30 μJ (laser scanning speed was
1000 μm/s), the diameters of the processed carbon fibers
decreased gradually. With the increase of scanning speed from
100−1000 μm/s (laser pulse energy was 7 μJ), the diameters
of the processed carbon fibers increased gradually. With the
decrease of laser scanning speed, the bamboo-like structures of
carbon fibers became dense, and the length of “bamboos” was
∼11 μm, about the scanning spacing. This was speculatively
attributed to the fact that when the laser scanning speed
decreased, the pulse numbers per unit area increased, leading
to the increase of deposited laser energy and the strong
incubation effect, resulting in the strong ablation of carbon
fibers in every line of femtosecond laser scanning processing.
The “bamboos” were interrupted when the carbon fibers were
strongly ablated at too high laser pulse energy or too low
scanning speed, and the surface of laser-processed CFRP
revealed three-dimensional micronano structures.

Surface Composition Analysis of Femtosecond Laser-
Processed CFRP. To characterize the change in surface
composition of CFRP processed by a femtosecond laser,
Raman and X-ray photoelectron spectroscopy (XPS) spectra
were obtained. Figure 4a shows the Raman spectra of the
pristine surface of CFRP and the exposed carbon fiber after
femtosecond laser processing. The Raman spectrum of pristine
CFRP surface shows seven Raman modes. The Raman
frequencies (cm−1) and assignments of the Raman modes
are shown in Table S1, which indicates the atomic vibration
characteristics of epoxy resin and carbon fiber. The Raman
spectrum of the exposed carbon fiber after femtosecond laser
processing shows three Raman modes at 1347, 1585, and 2700
cm−1, respectively, assigned to the D-peak, G-peak, and 2D-
peak. The D-peak was a disorder-induced peak and
corresponded to the disordered graphitic lattice (A1g
symmetry), which was attributed to the reduced symmetry of
the graphite lattice near edges (sp3 carbon atoms).43,44 The G-

peak corresponded to the ideal graphitic lattice (E2g
symmetry), which was attributed to the in-plane vibration of
the sp2 carbon atoms.43,44 The 2D-peak was attributed to the
first overtone of the D-peak, and could reflect the degree of
perfection of the graphite lamellar structure.44,45 The ratio of
the intensities of the D-peak and G-peak, ID/IG, has been
widely utilized to characterize the degree of structural
disorder.43 In the process of femtosecond laser processing
CFRP, the ratio of the intensities of the D-peak and G-peak
(ID/IG) increased with the increase of the laser pulse energy, as
shown in Figure 4b, which indicated the increase of the degree
of structural disorder. This was attributed to the stronger
ablation and lattice destruction of carbon fibers, namely, more
carbon bond breaking and the appearance of more sp3 carbon
atoms, when CFRP was processed by femtosecond laser with
high laser pulse energy. In addition, the intensity of the 2D-
peak was positively correlated with the laser scanning speed, as
shown in Figure 4c. This indicated the decrease of the degree
of perfection of the graphite lamellar structure with the
decrease of laser scanning speed, which means stronger
ablation. The results of Raman characterization were consistent
with the phenomenon of morphological characterization of
CFRP processed by a femtosecond laser.
XPS spectra were obtained to characterize the valence state

of CFRP before and after femtosecond laser processing. Figure
4d shows the C 1s spectrum of CFRP before femtosecond laser
processing, which discloses five split peaks. The binding
energies from low to high were assigned to C−C groups
(∼284.6 eV), C−N groups (∼285.5 eV), C−O groups
(∼286.6 eV), O−C = O groups (∼288.5 eV), and a satellite
peak due to π−π* transition (∼292.1 eV).46−52 Figure 4e
shows the C 1s spectra of CFRP after femtosecond laser
processing, which discloses five split peaks. The binding
energies from low to high were assigned to sp3 carbons
(∼283.8 eV), C−C groups (∼284.6 eV), C−N groups
(∼285.5 eV), C−O groups (∼286.6 eV), and O−C = O
groups (∼288.5 eV).46−51,53 The sp3 carbons might be related
to the diamond lattice, which indicated the transformation of
sp2 orbitals to sp3 orbitals of the graphitic carbons of carbon
fibers induced by the femtosecond laser (Figure 4f),53,54

consistent with the result revealed by Raman characterization.
In addition, Figure 4e had no satellite peak due to π−π*
transition shown in Figure 4d, and the disappearance of the C
1s satellite peak, which is the characteristic of surface-tethered
aromatic species, indicated the photo-oxidation of the phenyl
groups of epoxy resin processed by femtosecond laser.55,56

Roughness and Wettability of Femtosecond Laser-
Processed CFRP. To investigate the surface properties of
femtosecond laser-processed CFRP, the surface roughness (Sa,
the arithmetic average height) of laser-processed CFRP with
typical surface structures was tested by a 3D laser confocal
microscope (Figure 5). The surface of the nontreated CFRP
was solidified epoxy resin, which was relatively smooth, and the
Sa was 0.03 μm (Figure 1b). The Sas of laser-processed CFRP,
the surfaces of which were complete carbon fibers, carbon
fibers with sparse bamboo-like structures, carbon fibers with
compact bamboo-like structures, and fractured carbon fibers,
were 2.020, 1.678, 1.278, and 1.592 μm, respectively (Figure
5a−d). As the laser ablation further became stronger, the
surface of the processed CFRP revealed three-dimensional
microstructures and became rougher with larger roughnesses,
such as 1.702 and 2.267 μm (Figure 5e,f). The larger
roughness of laser-processed CFRP than that of nonprocessed
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CFRP was mainly attributed to the selective removal of resin
and the exposure of carbon fibers, which was due to the smaller
ablation threshold and large ablation removal rate of resin than
that of carbon fiber. The arranged carbon fibers had curved
structures, leading to greater roughness than the flat resin. As
the diameter of the carbon fibers decreased, the curved
structures decreased and the roughness decreased. With the
fracture of carbon fibers, the three-dimensional surface
structures were formed gradually, and the roughness increased
gradually. In addition, the more complete parameters of surface
roughness of the laser-processed CFRP with typical surface
structures shown in Figure 5 are shown in Table S2, including
root-mean-square height (Sq), degree of skewness (Ssk),
kurtosis (Sku), maximum peak height (Sp), maximum valley
depth (Sv), maximum height (Sz), and arithmetic average
height (Sa). They exhibited a roughness contrast similar to Sa.
To investigate the physical function of the laser-processed

CFRP, we also investigated surface wettability. Unique wetting
phenomena, such as excellent hydrophobicity and hydro-
philicity, can be exhibited by superwettable textured surfaces
and have enabled a wide variety of applications in the fields of

bionics, biosensing, surface performance improvement, and so
on.57−62 Ultrafast laser processing has great potential in
regulating the surface wettability of various materials and
achieved significant applications.57−60,63−65 The surface
wettability of CFRP processed by a femtosecond laser with
different laser pulse energies and scanning speeds is shown in
Figure 6. The nontreated CFRP was hydrophobic, and its
initial contact angle of water droplet was 105.6°, which was
attributed to the good hydrophobicity of smooth epoxy resin
on the surface of nontreated CFRP.66−68 Figure 6a shows the
dependence of the droplet contact angle of the laser-processed
CFRP on laser scanning speed. It revealed that the droplet
contact angle of the laser-processed CFRP decreased with the
decrease of laser scanning speed, and the rate of decrease was
gradually slowing down. When the laser scanning speed was
reduced to 200 μm/s, the contact angle was as small as 36.5°,
indicating the good hydrophilicity of laser-processed CFRP.
Figure 6b shows the dependence of the droplet contact angle
of laser-processed CFRP on laser pulse energy. It revealed that
with the decrease of laser pulse energy, the droplet contact
angle of laser-processed CFRP first decreased rapidly, then
decreased slowly, and finally remained unchanged. When the
laser pulse energy was increased to 50 μJ, the contact angle
reached 28.1°, which indicated better hydrophilicity of the
laser-processed CFRP. In addition, the wettability of the laser-
processed CFRP was also compared with that of surface-
treated CFRP by different methods reported in the literature,
as shown in Table S3. It revealed the excellent hydrophilicity of
the femtosecond laser-processed CFRP. In addition, the
wettability of CFRP controlled by femtosecond laser
processing can not only achieve hydrophilicity but also achieve
hydrophobicity.69−72 This may be attributed to the different
laser processing parameters, as well as the different resin
composition, resin-fiber composition ratio, carbon fiber
arrangement structure, fiber layer spacing, etc., which will
affect the results of femtosecond laser processing. The excellent
hydrophilicity of the laser-processed CFRP can be spec-
ulatively attributed to the intrinsic hydrophilicity of exposed
carbon fibers,73,74 the transformation of sp2 orbitals to sp3
orbitals of carbons, which can lead to more elevated free
energy,75,76 and the carbon fiber-epoxy resin fused micro/
nanostructures, which may be beneficial to the capillary effect
of water droplets.77−79 The excellent hydrophilicity of laser-
processed CFRP should be conducive to enhancing the

Figure 5. Sa of CFRP with typical surface structures processed by a
femtosecond laser. Sa of laser-processed CFRP with surface structures
of (a) complete carbon fibers; (b) carbon fibers with sparse bamboo-
like structures; (c) carbon fibers with compact bamboo-like
structures; (d) fractured carbon fibers; (e) small three-dimensional
microstructures; and (f) large three-dimensional microstructures. The
dimension of the tested area was 129 × 129 μm2.

Figure 6. Surface wettability of CFRP processed by a femtosecond laser with different parameters. (a) Dependence of the droplet contact angle of
the laser-processed CFRP on (a) laser scanning speed (laser pulse energy was 7 μJ) and (b) laser pulse energy (laser scanning speed was 500 μm/
s).
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bonding strength of CFRP used in combination with other
materials or reducing the friction resistance of CFRP in close
contact with human tissue, hence better meeting the usage
requirements of CFRP.

■ CONCLUSIONS
An effective surface treatment method was proposed to
controllably fabricate the hydrophilic surface micro/nanostruc-
tures of CFRP through femtosecond laser processing. Selective
removal of the epoxy resin and leaving the carbon fibers
exposed were achieved by weak femtosecond laser ablation.
The dependence of the diameters and structures of the carbon
fibers on the laser pulse energy and scanning speed were
investigated, and the three-dimensional micro/nanostructures
of CFRP were processed by strong femtosecond laser ablation.
Raman and XPS characterization analysis indicated the lattice
destruction of carbon fibers, the transformation of sp2 orbitals
to sp3 orbitals of the graphitic carbons of carbon fibers, and the
photo-oxidation of phenyl groups of epoxy resin induced by
femtosecond laser. To investigate the surface properties and
functions of laser-processed CFRP, the roughness of laser-
processed CFRP with typical surface structures and the surface
wettability of CFRP processed by a femtosecond laser with
different processing parameters were investigated, indicating
increased roughness and excellent hydrophilicity (a contact
angle as low as 28.1°) of femtosecond laser-processed CFRP. It
will be conducive to the combination of CFRP with other
materials or to reducing the friction resistance of CFRP used in
medical implants. This work revealed the effect of femtosecond
laser processing on the regulation of the physicochemical
properties of CFRP, which can be applicable to the surface
treatment and performance control of other fiber-resin
composites.

■ METHODS
Femtosecond Laser Processing. The femtosecond laser

used was a self-mode-locking Ti: Sapphire femtosecond laser
was manufactured by Spectrum Physics company, which was
mainly composed of a self-mode-locked oscillation stage
(Tsunami) and a chirped pulse amplification stage (Spitfire
Pro). The oscillation stage had a maximum laser output power
of 560 mW and a repetition frequency of 80 MHz. After the
amplification stage, the laser can be converted into a Gaussian
linear polarized light with a maximum output power of 4.2 W.
The central wavelength, pulse width, and repetition rate were
800 nm, 35 fs, and 1 kHz, respectively. The lightpath
construction of the femtosecond laser processing system was
reported in our previous study.80 The plano-convex lens with a
focal length of 100 mm was used to focus on the laser beam,
and the laser spot diameter was about 16 μm. The range of the
laser pulse energy was 0.5−50 μJ, the range of the laser
scanning speed was 100−2000 μm/s, and the detailed values of
the laser parameters are mentioned in the Figures and the
illustration.

Characterization of the Surface Micro/Nanostruc-
tures of CFRP. Optical images were obtained by using an
optical microscope (BX53) manufactured by the Olympus
Corporation. SEM images were obtained using a field emission
environmental scanning electron microscope (QUANTA 200
FEG) manufactured by the FEI Company. Raman spectra were
obtained using a Raman spectrometer (inVia-Qontor)
manufactured by Renishaw Company (532 nm light source,

50× focusing objective). XPS was performed using an X-ray
photoelectron spectrometer (Quantera II) manufactured by
ULVAC-PHI Corporation (Ar ion gun, calibration peak of
binding energy was 284.6 eV). Surface roughness was tested
with a three-dimensional laser confocal microscope (LEXT
OLS4100) manufactured by the Olympus Corporation. The
contact angle of water droplets on processed CFRP was tested
by a Dataphysics video-based optical contact angle measuring
instrument.
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