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Abstract: Laser additive manufacturing is a promising technique for the preparation of complex-
shaped SiC composites. High-quality powders are critical for high-precision laser printing. In this
work, core-shell Cf @phenolic resin (PR) composites for selective laser sintering of carbon fiber
reinforced silicon carbide (Cf/SiC) composites were fabricated by surface modification using 3-
aminopropyltriethoxy silane coupling agent (KH550) in combination with planetary ball milling.
PR coated uniformly on the fiber surface to form a core-shell structure. The effects of PR on the
morphology, elemental composition, interfacial interactions, and laser absorption of the core-shell
composite powder were investigated in detail. Results indicated that the composite powder exhibited
good laser absorption within the infrared band.

Keywords: chopped Cf; composite powder; silane coupling agent; laser additive manufacturing

1. Introduction

Silicon carbide (SiC) is a strong covalent compound composed of CSi4 and SiC4 tetra-
hedron lattices interpenetrating each other, which has been widely applied in aerospace,
nuclear, and optical fields ascribed to its incomparable strength, thermostability, and
corrosion resistance [1–5]. Nevertheless, its intrinsic brittleness is a major obstacle for high-
temperature structural applications [6]. Carbon fiber reinforced SiC (Cf/SiC) composites
exhibit lightweight and superior reliability that are promising candidates for structural
applications. In comparison with continuous carbon fiber, chopped carbon fiber rein-
forced ceramic matrix composites have attracted more attention due to the fabrication
flexibility [7].

The main methods for fabricating Cf/SiC composites include the gas phase method
(chemical vapor infiltration, CVI), the liquid methods (precursor impregnation and pyrol-
ysis, PIP; liquid silicon infiltration, LSI), and the ceramic method (hot pressing sintering,
HPS; spark plasma sintering, SPS) [8]. Huang’s team fabricated Cf/SiC via slip casting
combined with LSI with the flexural strength of 412 ± 47 MPa [9]. Jiang’s team fabricated
Cf/SiC composites by SPS. Their study indicated that the ultrarapid heating and cooling
process during SPS resulted in thermal residual stress and the generation of cracks, yet the
composites exhibited a non-catastrophic fracture due to the introduction of chopped carbon
fibers [10]. Jiang’s team reported the Cf/SiC composites prepared by HPS had superior
mechanical properties. The flexural strength and fracture toughness were 395.5 MPa and
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6.8 MPa m1/2, respectively [11]. However, it is rather difficult to fabricate complex-shaped
components via the aforementioned methods.

Additive manufacturing (AM) or, namely, 3D printing provides flexibility to fabricate
complex-shaped components [12,13]. Selective laser sintering (SLS) is a promising AM
technology mainly because of its high accuracy, high throughput, and high efficiency [14,15].
SLS utilizes a laser generated by a stimulated emission combined with population inversion
as an energy source to soften and bond materials [16]. Moreover, the excessive powder
mass not only provides support for the built components but can also be recollected and
recycled [17].

SLS can be divided into direct SLS and indirect SLS. Compared with direct SLS,
indirect SLS shows great advantages including low thermal residual stress, fewer cracks,
and high density and thus receives increasing attention on SiC ceramic and composites [18].
Zeng’s team reported the SiC ceramic prepared by indirect SLS and PIP exhibited excellent
high-temperature strength (1600 ◦C, 203.7 MPa). In their study, the epoxy resin acted as
a binder to bond SiC powders [19]. Yan’s team utilized a solvent evaporation method to
fabricate phenolic resin coated carbon fiber and constructed a carbon fiber perform via
indirect SLS. The final Cf/SiC composites were obtained via polymer infiltration, pyrolysis,
and LSI [20].

During the indirect SLS, the lower melting point polymer binder melts and bonds the
raw material powder together ascribed to the thermal effect of the laser. Further, the binder
is transformed into inorganic carbon upon firing. “Printable” powder is critical for indirect
SLS. The requirements of high-quality powder suitable for SLS processing mainly include
high laser absorption and low binder content. However, the modification of raw powders
is normally required.

In this paper, a core-shell chopped Cf @phenolic resin composite powder with excellent
laser absorption for indirect SLS was fabricated via a coupling agent grafting method
combined with ball milling. A 3-aminopropyltriethoxy silane coupling agent (KH550)
was grafted on the surface of the carbon fiber to improve the wettability and interfacial
compatibility between the carbon fibers and the phenolic resin coating. Simultaneously,
the surface elemental composition, chemical structure, as well as microcrystalline structure
were investigated. Phenolic resin (PR) was used as a binder to form core-shell chopped Cf
@phenolic resin composite powder for the subsequent SLS process. The effects of PR on
the morphology and laser absorption of the composite powder were discussed.

2. Experimental
2.1. Materials

The carbon fiber was supplied by Shanghai Lishuo Composite Co., Ltd. (Shanghai,
China). Table 1 shows the basic properties of carbon fiber. The 3-aminopropyltriethoxy
silane coupling agent (KH550, Nanjing Chuangshi Chemical Co., Ltd.; Nanjing, China) was
used as the surfactant. Thermoplastic phenolic resin was selected as the coating substance
(Shaoxing Shangyu Ziqiang Polymer Materials Co., Ltd.; Shaoxing, China).

Table 1. Basic physical properties of carbon fiber.

Item Specification

Density 1.76 g/cm3

Monofilament diameter 6–8 µm
Oxygen content 0.58 wt%

2.2. Experimental Process

(1) Surface modification of carbon fiber: In this work, the carbon fiber was modified
by 3-aminopropyltriethoxy silane coupling agent (KH550). The KH550 as a bifunctional
compound can improve the wettability and compatibility between the inorganic carbon
fiber core and organic phenolic resin shell [21]. Meanwhile, the presence of long-chain
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KH550 is beneficial for the PR to coat onto the surface of carbon fiber by the molecular chain
entanglement mechanism [22]. An amount of KH550 was added into the mixed solvent
composed of 30 wt% deionized water and 70 wt% absolute ethanol in a three-necked flask to
react for 30 min in order to make the KH550 adequately hydrolyzed at 75 ◦C. Subsequently,
the carbon fiber powder was added into the reactor under magnetic stirring at 75 ◦C for
4 h. Finally, the modified fibers were separated from the mixed solution and ultrasonically
cleaned with alcohol three times to remove excessive KH550 [23]. The obtained fibers were
dried in an oven at 70 ◦C for 12 h.

(2) Preparation of core-shell chopped Cf @phenolic resin composite powder: The phe-
nolic resin was ultrasonically dispersed completely in ethanol. Then, the KH550 modified
carbon fiber and the PR solution were transferred into a container and ball milled at 300 rpm
for 1 h. The mass ratio of SiC balls, KH550 modified carbon fiber, and ethanol is 2:1:1. After
ball milling, the suspension was separated and dried in an oven at 60 ◦C. Finally, the Cf
@PR was obtained via grinding the dried sample with an agate mortar and sieving through
a 100 mesh. In this work, the Cf @PR composite powders with a PR volume content of
10 vol%, 15 vol%, 20 vol%, 25 vol%, and 30 vol% were fabricated. Figure 1 shows the detail
procedures for the fabrication of Cf @PR composite powders.
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Figure 1. Procedures for fabrication of Cf@ PR composite powder.

2.3. Characterizations

The infrared spectra of carbon fiber before and after modification by KH550 as well
as Cf @PR were obtained via a Spotlight 400 Fourier Transform Infrared Spectrometer
(FTIR) to analyze the surface functional groups and laser absorption from 4000 cm−1 to
400 cm−1 wavenumbers. The samples and dried KBr were ground in an agate mortar to
uniformly mix them, and then dried under an infrared lamp. Finally, the samples were
compressed and tested under ambient conditions. An X-ray photoelectron spectroscopy
(XPS, ESCAlab250, Thermo Fisher Scientific, Waltham, MA, USA) with a monochromatic
Al Kα X-ray source was used to characterize the surface elemental composition and atomic
concentrations. A Raman spectroscopy was used to analyze the microstructure of carbon
fiber before and after KH550 modification. The argon laser with 532 nm was used as an
excitation source. The Raman characterization was carried out at room temperature. The
morphology and interfacial microstructure of raw carbon fiber and Cf @PR composite
powder were observed by scanning electron microscopy (SEM, SU9000, Hitachi, Japan).
The microstructure and surface roughness of raw carbon fiber and Cf @PR composite
powder were analyzed by atom force microscopy (AFM) (NTEGRA, NT-MDT, Moscow,
Russia).



Polymers 2021, 13, 463 4 of 12

3. Results and Discussion
3.1. FTIR Spectra Analysis

The FTIR spectra of KH550, raw carbon fiber, and the fiber modified by KH550 samples
are shown in Figure 2 to analyze the surface functional groups. The curve a is for the
KH550 including several peaks. The peaks at 1573 cm−1 and 776 cm−1 corresponded to
the stretching vibration of –N–H [24]. The peaks at 1080 cm−1 and 959 cm−1 corresponded
to the characteristic stretching vibration of –Si–O–C in KH550 [23]. The peaks at 1166 cm−1

and 1105 cm−1 corresponded to the stretching vibration of –C–N [25]. The peaks at
2933 cm−1 and 2891 cm−1 corresponded to the asymmetry and symmetry stretching
vibration of –C–H, respectively [26].
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For the carbon fiber before and after modification by KH550, the FTIR spectra included
3350 cm−1 and 1634 cm−1 two characteristic peaks. The 1634 cm−1 corresponded to the
stretching vibration of –C=O, and the 3350 cm−1 corresponded to the stretching vibration of
–O–H [27]. Meanwhile, compared with the raw carbon fiber, the intensity of the –OH peak
increased significantly for the carbon fiber modified by KH550, which should be ascribed
to the reversible hydrolysis equilibrium process of KH550 as shown in the following
equation [28]. The occurrence of considerable –Si–OH and the formation of hydrogen bonds
as well as the covalent bond between the –Si–OH and the carbon fiber led to the increment
of the hydroxyl groups’ intensity for the modified carbon fiber [29]. Additionally, it should
be noted that the FTIR spectra of carbon fiber after modification by KH550 did not express
the characteristic peaks of KH550, which might be ascribed to the extremely low KH550
content and the limitation of FTIR detection sensitivity as well as the detection depth.

H2N(CH2)3Si(OC2H5)3 + H2O 
 H2N(CH2)3Si(OC2H5)2(OH) + CH3CH2OH

H2N(CH2)3Si(OC2H5)2(OH) + H2O 
 H2N(CH2)3Si(OC2H5)(OH)2 + CH3CH2OH

H2N(CH2)3Si(OC2H5)(OH)2 + H2O 
 H2N(CH2)3Si(OH)3+ CH3CH2OH

3.2. Raman Spectra Analysis

Figure 3 shows the Raman spectra and fitting curves of the carbon fiber before and
after the modification of KH550 to analyze the microcrystalline structure. The Raman
spectra was composed of D-band characteristic bands ranged from 1330–1350 cm−1 and
the G-band characteristic band ranged from 1580–1600 cm−1 [30]. The D-band represents
the A1g vibration mode of graphite crystallite, which indicates the disorder degree of the
crystal structure [31]. The G-band represents the first-order scattering E2g vibration mode
of sp2 carbon atoms in the graphite structure, which indicates the integrity of the sp2 hybrid
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bonding structure [32]. The ratio of the D-band integral area and G-band integral area
(R = ID/IG) indicates the disorder degree: the higher the R value, the more disorder degree
would be expected [29].
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Table 2 summarizes the Raman spectra calculating parameters including the D-band
and G-band position, full width at half maxima (FWHM), and R value of the carbon fiber
before and after the modification of KH550. Compared with the raw carbon fiber, the
intensity of the G-band increased, indicating that the grafted KH550 changed the crystallite
size and crystal edges. Meanwhile, it should be noted that the R value of the carbon-fiber-
grafted KH550 increased from 2.49 to 2.64 according to the Tuinstra–Koenig equation as
follows [33]

La =

(
2.4 × 10−10)× λ4

R
where La and λ represent the crystallite size and Raman laser wavelength. In our study,
λ is 532 nm.

Table 2. The Raman spectra calculating parameters of raw and KH550-modified carbon fiber.

Samples
D-Band G-Band

R = ID/IGPosition/cm−1 FWHM/cm−1 Position/cm−1 FWHM/cm−1

Cf 1361.81 239.23 1582.00 96.37 2.49
Cf-KH550 1363.11 247.75 1585.52 95.32 2.64

The increase of the R value corresponded to the decrease of La, which indicates that
the introduction of KH550 increased the number of unsaturated carbon atoms at the corner
and edges of the carbon fiber surface [34,35]. Therefore, the introduction of KH550 would
increase the disorder degree.

3.3. Surface Elemental Composition Analysis

XPS analysis was used to analyze the surface elemental composition and concen-
tration of the carbon fiber before and after modification of KH550 as shown in Figure 4.
The XPS survey spectra indicated that the Cf and Cf-KH550 samples were composed of
four elements, including carbon (C), oxygen (O), silicon (Si), and nitrogen (O). Meanwhile,
the intensity of the N and Si peaks were trivial for the raw carbon fiber compared with the
carbon fiber modified by KH550. The presence of N and Si in the raw carbon fiber was due
to the physical absorption of water, gas, and other substances.
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Table 3 shows the surface elemental concentration of carbon fiber before and after the
modification of KH550 corresponding to Figure 4. The surface of the raw carbon fiber was
mainly composed of carbon (81.49%) and oxygen (15.78%). The relatively high oxygen
content of unmodified carbon fiber provided considerable grafting reaction sites for KH550.
After the surface modification of KH550, the relative contents of N, O, and Si increased
from 2.04%, 15.78%, and 0.7% to 5.41%, 19.01%, and 5.66%, respectively. Among them, the
obvious changes of Si and N content implied that KH550 was successfully introduced onto
the surface of the carbon fiber. Correspondingly, the relative content of C predominant
decreased from 81.49% to 69.92%, which resulted in an increase of the N/C, O/C, and Si/C
ratios from 0.0250, 0.1936, and 0.0086 to 0.0774, 0.2719, and 0.0810, respectively.

Table 3. The surface elemental composition and concentration of carbon fiber before and after
modification from the XPS survey.

Samples Peak
Designation Band (eV) At% Conc.

Atomic Ratio

N/C O/C Si/C

Cf

C1s 284.64 81.49

0.0250 0.1936 0.0086
N1s 400.36 2.04
O1s 532.17 15.78
Si2p 101.94 0.7

Cf-KH550

C1s 284.63 69.92

0.0774 0.2719 0.0810
N1s 399.5 5.41
O1s 532.16 19.01
Si2p 102.48 5.66

The high resolution C1s XPS spectra was deconvoluted into three peaks includ-
ing graphitic carbon (–C–C, 284.6 eV), hydroxyl (–C–OH, 286.3–286.5 eV), and carboxyl
(–COOH, 287.6–288.3 eV) as shown in Figure 5 [36–39]. The –C–C band at 284.6 eV is
mainly ascribed to the disorderly layered graphite stacking structure of carbon fiber [40].
The corresponding relative contents of the three bonds are shown in Table 4.



Polymers 2021, 13, 463 7 of 12

Polymers 2021, 13, x FOR PEER REVIEW 7 of 12 
 

 

ascribed to the disorderly layered graphite stacking structure of carbon fiber [40]. The 

corresponding relative contents of the three bonds are shown in Table 4. 

Table 4. The contents of surface functional groups from the deconvolution of C1s XPS spectra. 

Sample –C–C –C–OH –COOH 

Cf 68.34% 18.68% 12.98% 

Cf-KH550 73.96% 20.65% 5.39% 

 

Figure 5. The C1s XPS spectra of (a) raw carbon fiber (b) carbon fiber modified by KH550. 

Compared with raw carbon fiber, the relative contents of –C–C and –C–OH on the 

surface of the carbon fiber modified by KH550 increased from 68.34% and 18.68% to 

73.96% and 20.65%, respectively, while the content of -COOH decreased. During the sur-

face modification process, the introduction of the KH550 silane coupling agent gradually 

hydrolyzed to generate considerable Si–OH bonds. Meanwhile, the adequately hydro-

lyzed KH550 reacted with the –OH on the fiber surface to form a chemical bond resulting 

in the increase of –OH and –C–C bonds, so that the number of –COOH bonds decreased. 

The deconvolution results of the C1s XPS spectra corresponded to the aforementioned 

FTIR results. 

3.4. Surface Morphology of Cf @PR 

The fiber length distribution was calculated and is shown in Figure 6. The chopped 

Cf is composed of various lengths ranging from 1 μm to 130 μm, and the mean fiber length 

is 34.75 μm. 

 

Figure 6. The length distribution of raw carbon fiber. 

Figure 7 depicts the SEM image of the Cf raw materials and the core-shell chopped 

Cf @phenolic resin composite with different PR contents. The raw chopped Cf had a rough 

surface with considerable grooves (Figure 7a). The formation of grooves was ascribed to 

Figure 5. The C1s XPS spectra of (a) raw carbon fiber (b) carbon fiber modified by KH550.

Table 4. The contents of surface functional groups from the deconvolution of C1s XPS spectra.

Sample –C–C –C–OH –COOH

Cf 68.34% 18.68% 12.98%
Cf-KH550 73.96% 20.65% 5.39%

Compared with raw carbon fiber, the relative contents of –C–C and –C–OH on the
surface of the carbon fiber modified by KH550 increased from 68.34% and 18.68% to
73.96% and 20.65%, respectively, while the content of –COOH decreased. During the
surface modification process, the introduction of the KH550 silane coupling agent gradually
hydrolyzed to generate considerable Si–OH bonds. Meanwhile, the adequately hydrolyzed
KH550 reacted with the –OH on the fiber surface to form a chemical bond resulting in
the increase of –OH and –C–C bonds, so that the number of –COOH bonds decreased.
The deconvolution results of the C1s XPS spectra corresponded to the aforementioned
FTIR results.

3.4. Surface Morphology of Cf @PR

The fiber length distribution was calculated and is shown in Figure 6. The chopped Cf
is composed of various lengths ranging from 1 µm to 130 µm, and the mean fiber length is
34.75 µm.
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Figure 7 depicts the SEM image of the Cf raw materials and the core-shell chopped Cf
@phenolic resin composite with different PR contents. The raw chopped Cf had a rough
surface with considerable grooves (Figure 7a). The formation of grooves was ascribed to
the process of the raw filaments integrated into the tow [41]. Notably, the grooves can act
as mechanical interlocking sites [22], which is a benefit of the formation of Cf @phenolic
resin composite powder. Simultaneously, there existed many tiny fragments on the surface
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of the carbon fiber that were formed by the procedure of processing the continuous fibers
into the chopped fibers.
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Figure 7b–f show that the chopped Cf @PR composite powders have a PR volume
content of 10 vol%, 15 vol%, 20 vol%, 25 vol%, 30 vol%, respectively. Due to the presence
of the KH550 transition layer, the PR coating homogeneously dispersed on the surface of
carbon fiber, hiding its original morphology and surface grooves. When the PR content is
lower than 20 vol%, the interface between the carbon fiber and PR (as shown by the yellow
circles) was blurred due to the low PR content, while when the PR content increased to
25 vol% and 30 vol%, the interface was distinct. Simultaneously, a few proportions of PR
existed in the gap of fibers with increasing PR content. Furthermore, with the increment
of PR content, the edges of the PR-coated carbon fibers were adhered to form a distinct
crosslinked network structure ascribed to the decrease of the PR molecular chains’ distance
during the drying process [42].

The surface microstructure and roughness of raw carbon fiber and chopped Cf
@25 vol% PR composite powder were further analyzed by AFM as shown in Figure 8.
For the raw fiber, the calculating surface roughness value (Ra) was 15.535 nm. The presence
of considerable longitudinal grooves resulted in a rough surface of raw fiber, whereas
when the additional content of PR was 25 vol%, the roughness was significantly reduced
(Ra = 5.862 nm). The decrement of roughness was ascribable to the PR coating on the fiber
surface covering the grooves, leading to a relatively smooth surface. The AFM results were
consistent with the aforementioned SEM results.
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3.5. The Laser Absorption Analysis of Cf @PR

For the indirect SLS process, the binder absorbs the energy coming from the laser
beams to soften and bond the raw powders together. Therefore, the powders used for the
SLS process should exhibit a relatively high laser absorption at a specific wavelength [43].
Normally for SLS, a CO2 laser with a wavelength of 10.6 µm is selected the energy source,
and the polymer materials exhibit high laser absorption within the characteristic band
ranging from 1300 cm−1 to 400 cm−1 (7.7~25 µm), normally [44]. Additionally, the mixed
powder shows the hybrid absorption, which can be expressed by the follow equation [45]

α = αb ϕb + αc ϕc (1)

where the α, αb, αc, ϕb, and ϕc represent the total absorption, the absorption of binder, the
absorption of ceramic powder, the volume fraction of binder, and the volume fraction
of ceramic powder, respectively. While we have fabricated the core-shell chopped Cf
@phenolic resin composite powder, it shows a relative high laser absorption in this study.
Figure 9 shows the laser absorption analysis of the Cf @PR composite powder with different
PR content. As shown in Figure 9, with an increase of wavelength ranging from 1500 cm−1

to 550 cm−1(6.67~18.18 µm), the Cf @PR composite powder showed increased intensity,
which indicates a decrease of transmittance and an increase of absorption. Further, with
an increase of PR content, the Cf @PR composite powder showed intensive absorption
compared with the Cf @PR composite powder without the addition of PR. This suggested
that the addition of PR was beneficial to the improvement of the Cf @PR composite
powder. Meanwhile, when the PR content increased to 30 vol%, the laser absorption did
not increase significantly, which might be ascribed to the limitation of laser penetration
depth. The laser-matter interaction is essentially an energy dissipation process, including
deflection, absorption, and scatter (primary dissipation), heat equilibration (secondary
dissipation), and long-range heat conduction (tertiary dissipation) [46], which results
in the formation of a hierarchical heterogeneous structure due to the limitation of laser
penetration depth and heat conduction as well as radiation [47]. Therefore, when the PR
content increased to 25 vol% and 30 vol%, the PR coating had reached a certain thickness;
it might be difficult to penetrate the thick PR coating [48], and thus the laser absorption did
not increase obviously. Thus, the optimal PR content was 25 vol%.
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4. Conclusions

A core-shell chopped Cf @phenolic resin composite powder with excellent laser
absorption ratio for laser additive manufacturing was fabricated by the surface modification
of a silane coupling agent combined with ball milling. The effect of the KH550 silane
coupling agent and phenolic resin on the surface elemental composition, morphology,
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and laser absorption ratio of Cf @phenolic resin composite powder was investigated.
We can draw the following conclusions:

(1) The FTIR, Raman, and XPS indicated that the KH550 has been grafted onto the surface
of carbon surface successfully. After the surface modification, the concentration of the
Si and N elements on the surface of the fiber changed significantly.

(2) The introduction of KH550 improves the wettability and compatibility between the
carbon fiber and phenolic resin, which resulted in a homogeneous PR coating on the
surface of carbon fiber. When the content of PR was higher than 20 vol%, an interface
between the fiber and the PR was observed.

(3) The Cf @PR composite powder exhibited excellent laser absorption, ranging from
1500 cm−1 to 550 cm−1 (6.67~18.18 µm), which may be applicable for a CO2 laser
during laser additive manufacturing. The optimal PR content was 25 vol%.

Author Contributions: Methodology, X.C., J.Y.; Validation, X.C., J.Y., X.L.; Formal Analysis, X.C., J.Y.,
X.L.; Investigation, X.C.; Resources, J.Y., X.L., and Z.H.; Data Curation, X.C.; Writing—Original Draft
Preparation, X.C.; Writing—Review & Editing, X.C., J.Y., X.L., and A.X.; Supervision, J.Y., and X.L.;
Project Administration, J.Y., X.L., and Z.H.; Funding Acquisition, J.Y., X.L., and Z.H. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the finical support of the National Natural Science
Foundation of China (No. 52073299, 91960102, 51602325); Youth Innovation Promotion Association
(CAS, No. 2018289); Natural Science Foundation of Shanghai (20ZR1465400); Science Foundation for
Opening Project of State Key Laboratory of High-Performance Ceramics and Superfine Microstruc-
tures, Shanghai Institute of Ceramics CAS (SKL201902SIC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, W.; Yamashita, S.; Kita, H. Progress in tribological research of SiC ceramics in unlubricated sliding-A review. Mater. Des.

2020, 190, 108528. [CrossRef]
2. Li, J.; Ren, X.; Zhang, Y.; Hou, H. Significant improvements of the relative density, microhardness, and fracture toughness of SiC

via the addition of Ni3Al and Mg2Si. Ceram. Int. 2020, 47, 1472–1477. [CrossRef]
3. Han, D.; Mei, H.; Xiao, S.; Dassios, K.G.; Cheng, L. A review on the processing technologies of carbon nanotube/silicon carbide

composites. J. Eur. Ceram. Soc. 2018, 38, 3695–3708. [CrossRef]
4. Ma, R.; Shi, J.; Lin, W.; Chen, J. Synthesis and sintering of nanocrystalline SiC ceramic powders. Mater. Chem. Phys.

2020, 253, 123445. [CrossRef]
5. Dinesh, V.; Swarna, S.; Sanjay, J.; Meenu, V.; Khenata, R. Mechanically induced stiffening, thermally driven softening, and brittle

nature of SiC. J. Adv. Ceram. 2016, 5, 13–34. [CrossRef]
6. Alireza, M.; Hamidreza, B.; Mehdi, T.; Hamidreza, L.; Jukka, M. Determination of fracture toughness using the area of micro-crack

tracks left in brittle materials by Vickers indentation test. J. Adv. Ceram. 2013, 2, 87–102. [CrossRef]
7. Lu, Z.; Xia, Y.; Miao, K.; Li, S.; Zhu, L.; Nan, H.; Cao, J.; Li, D. Microstructure control of highly oriented short carbon fibres in SiC

matrix composites fabricated by direct ink writing. Ceram. Int. 2019, 45, 17262–17267. [CrossRef]
8. Naslain, R. Design, preparation and properties of non-oxide CMCs for application in engines and nuclear reactors: An overview.

Compos. Sci. Technol. 2004, 64, 155–170. [CrossRef]
9. Meng, X.; Wu, X.; Pei, B.; Zhu, Y.; Huang, Z. Preparation and Mechanical Properties of Short Carbon Fiber Reinforced Silicon

Carbide Matrix Composites. J. Inorg. Mater. 2019, 34, 1015–1020. [CrossRef]
10. Ding, Y.; Dong, S.; Huang, Z.; Jiang, D. Fabrication of short C fiber-reinforced SiC composites by spark plasma sintering. Ceram.

Int. 2007, 33, 101–105. [CrossRef]
11. He, X.; Guo, Y.; Yu, Z.; Zhou, Y.; Jia, D. Study on microstructures and mechanical properties of short-carbon-fiber-reinforced SiC

composites prepared by hot-pressing. Mater. Sci. Eng. A 2009, 527, 334–338. [CrossRef]
12. Nath, S.D.; Nilufar, S. An Overview of Additive Manufacturing of Polymers and Associated Composites. Polymers 2020, 12, 2719.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.matdes.2020.108528
http://doi.org/10.1016/j.ceramint.2020.08.240
http://doi.org/10.1016/j.jeurceramsoc.2018.04.033
http://doi.org/10.1016/j.matchemphys.2020.123445
http://doi.org/10.1007/s40145-015-0166-9
http://doi.org/10.1007/s40145-013-0047-z
http://doi.org/10.1016/j.ceramint.2019.05.283
http://doi.org/10.1016/S0266-3538(03)00230-6
http://doi.org/10.15541/jim20180578
http://doi.org/10.1016/j.ceramint.2005.08.004
http://doi.org/10.1016/j.msea.2009.08.004
http://doi.org/10.3390/polym12112719
http://www.ncbi.nlm.nih.gov/pubmed/33212903


Polymers 2021, 13, 463 11 of 12

13. Niño, E.D.V.; Lonne, Q.; Lantada, A.D.; Ospino, E.M.; Hernández, H.A.E.D.R.C.; Ramírez-Caballero, G.; Endrino, J.L. Physical and
Chemical Properties Characterization of 3D-Printed Substrates Loaded with Copper-Nickel Nanowires. Polymers 2020, 12, 2680.
[CrossRef] [PubMed]

14. Lee, H.; Lim, C.H.J.; Low, M.J.; Tham, N.; Murukeshan, V.M.; Kim, Y. Lasers in additive manufacturing: A review. Int. J. Precis.
Eng. Manuf.-Green Technol. 2017, 4, 307–322. [CrossRef]

15. Li, Z.; Zhou, W.; Yang, L.; Chen, P.; Yan, C.; Cai, C.; Li, H.; Li, L.; Shi, Y. Glass Fiber-Reinforced Phenol Formaldehyde Resin-Based
Electrical Insulating Composites Fabricated by Selective Laser Sintering. Polymers 2019, 11, 135. [CrossRef]

16. Sze, S.M.; Ng, K.K. Physics of Semiconductor Devices, 3rd ed.; A John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007.
17. Zocca, A.; Colombo, P.; Gomes, C.M.; Günster, J.; Green, D.J. Additive Manufacturing of Ceramics: Issues, Potentialities, and

Opportunities. J. Am. Ceram. Soc. 2015, 98, 1983–2001. [CrossRef]
18. Wang, J.; Dommati, H.; Hsieh, S. Review of additive manufacturing methods for high-performance ceramic materials. Int. J. Adv.

Manuf. Technol. 2019, 103, 2627–2647. [CrossRef]
19. Xu, T.; Cheng, S.; Jin, L.; Zhang, K.; Zeng, T. High-temperature flexural strength of SiC ceramics prepared by additive manufac-

turing. Int. J. Appl. Ceram. Technol. 2020, 17, 438–448. [CrossRef]
20. Zhu, W.; Fu, H.; Xu, Z.; Liu, R.; Jiang, P.; Shao, X.; Shi, Y.; Yan, C. Fabrication and characterization of carbon fiber reinforced SiC

ceramic matrix composites based on 3D printing technology. J. Eur. Ceram. Soc. 2018, 38, 4604–4613. [CrossRef]
21. Park, S.J.; Jin, J.S. Effect of Silane Coupling Agent on Interphase and Performance of Glass Fibers/Unsaturated Polyester

Composites. J. Colloid Interface Sci. 2001, 242, 174–179. [CrossRef]
22. Zhu, W.; Yan, C.; Shi, Y.; Wen, S.; Liu, J.; Wei, Q.; Shi, Y. A novel method based on selective laser sintering for preparing

high-performance carbon fibres/polyamide12/epoxy ternary composites. Sci. Rep. 2016, 6, 33780. [CrossRef] [PubMed]
23. Shang, X.; Zhu, Y.; Li, Z. Surface modification of silicon carbide with silane coupling agent and hexadecyl iodiele. Appl. Surf. Sci.

2017, 394, 169–177. [CrossRef]
24. Cui, H.; Jin, Z.; Zheng, D.; Tang, W.; Li, Y.; Yun, Y.; Lo, T.Y.; Xing, F. Effect of carbon fibers grafted with carbon nanotubes on

mechanical properties of cement-based composites. Constr. Build. Mater. 2018, 181, 713–720. [CrossRef]
25. Peng, C.; Chen, P.; You, Z.; Lv, S.; Zhang, R.; Xu, F.; Zhang, H.; Chen, H. Effect of silane coupling agent on improving the adhesive

properties between asphalt binder and aggregates. Constr. Build. Mater. 2018, 169, 591–600. [CrossRef]
26. Wei, B.; Chang, Q.; Bao, C.; Dai, L.; Zhang, G.; Wu, F. Surface modification of filter medium particles with silane coupling agent

KH550. Colloid. Surf. A 2013, 434, 276–280. [CrossRef]
27. Zhang, R.L.; Gao, B.; Du, W.T.; Zhang, J.; Cui, H.Z.; Liu, L.; Ma, Q.H.; Wang, C.G.; Li, F.H. Enhanced mechanical properties of

multiscale carbon fiber/epoxy composites by fiber surface treatment with graphene oxide/polyhedral oligomeric silsesquioxane.
Compos. Part A 2016, 84, 455–463. [CrossRef]

28. Dong, J.; Li, Y.; Wen, J.; Xiao, X.; Zhu, X.; Man, Y. Research on Hydrolysis Process of KH550 Silane Coupling Agent. J. Salt Lake
Res. 2020, 28, 28–33.

29. Wen, Z.; Xu, C.; Qian, X.; Zhang, Y.; Wang, X.; Song, S.; Dai, M.; Zhang, C. A two-step carbon fiber surface treatment and its effect
on the interfacial properties of CF/EP composites: The electrochemical oxidation followed by grafting of silane coupling agent.
Appl. Surf. Sci. 2019, 486, 546–554. [CrossRef]

30. Liu, J.; Tian, Y.; Chen, Y.; Liang, J. Interfacial and mechanical properties of carbon fibers modified by electrochemical oxidation in
(NH4HCO3)/(NH4)2C2O4·H2O aqueous compound solution. Appl. Surf. Sci. 2010, 256, 6199–6204. [CrossRef]

31. Yuan, H.; Wang, C.; Zhang, S.; Lin, X. Effect of surface modification on carbon fiber and its reinforced phenolic matrix composite.
Appl. Surf. Sci. 2012, 259, 288–293. [CrossRef]

32. Sze, S.K.; Siddique, N.; Sloan, J.J.; Escribano, R. Raman spectroscopic characterization of carbonaceous aerosols. Atmos. Environ.
2001, 35, 561–568. [CrossRef]

33. Mahdavipour, B.; Elahi, A.S. Growth and Characterization of Boron-Carbon Structures with the Hot Filament Chemical Vapor
Deposition Technique. Silicon 2018, 10, 1731–1736. [CrossRef]

34. Zhao, Y.; Ma, Z.; Song, H.; Chen, M.; Zhou, Z. Synthesis and Characterization of Carbon Fibers Multi-scale Reinforcement with
Grafted Graphene Oxide. Chin. J. Mater. Res. 2016, 30, 229–234. [CrossRef]

35. Kumar, R.; Dhawan, S.K.; Singh, H.K.; Kaur, A. Charge transport mechanism of thermally reduced graphene oxide and their
fabrication for high performance shield against electromagnetic pollution. Mater. Chem. Phys. 2016, 180, 413–421. [CrossRef]

36. Lin, J.; Sun, C.; Min, J.; Wan, H.; Wang, S. Effect of atmospheric pressure plasma treatment on surface physicochemical properties
of carbon fiber reinforced polymer and its interfacial bonding strength with adhesive. Compos. Part B Eng. 2020, 199. [CrossRef]

37. Yenier, Z.; Altay, L.; Sarikanat, M. Effect of Surface Modification of Carbon Fiber on Mechanical Properties of Carbon/Epoxy
Composites. Emerg. Mater. Res. 2020, 9, 1–8. [CrossRef]

38. Feng, P.; Song, G.; Li, X.; Xu, H.; Xu, L.; Lv, D.; Zhu, X.; Huang, Y.; Ma, L. Effects of different “rigid-flexible” structures of carbon
fibers surface on the interfacial microstructure and mechanical properties of carbon fiber/epoxy resin composites. J. Colloid
Interface Sci. 2021, 583, 13–23. [CrossRef]

39. Pittman, C.U.; Jiang, W.; Yue, Z.R.; Gardner, S.; Wang, L.; Toghiani, H.; Leon, C.A.L. Surface properties of electrochemically
oxidized carbon fibers. Carbon 1999, 37, 1797–1807. [CrossRef]

40. Xiao, H.; Lu, Y.; Zhao, W.; Qin, X. The effect of heat treatment temperature and time on the microstructure and mechanical
properties of PAN-based carbon fibers. J. Mater. Sci. 2013, 49, 794–804. [CrossRef]

http://doi.org/10.3390/polym12112680
http://www.ncbi.nlm.nih.gov/pubmed/33202831
http://doi.org/10.1007/s40684-017-0037-7
http://doi.org/10.3390/polym11010135
http://doi.org/10.1111/jace.13700
http://doi.org/10.1007/s00170-019-03669-3
http://doi.org/10.1111/ijac.13454
http://doi.org/10.1016/j.jeurceramsoc.2018.06.022
http://doi.org/10.1006/jcis.2001.7788
http://doi.org/10.1038/srep33780
http://www.ncbi.nlm.nih.gov/pubmed/27650254
http://doi.org/10.1016/j.apsusc.2016.10.102
http://doi.org/10.1016/j.conbuildmat.2018.06.049
http://doi.org/10.1016/j.conbuildmat.2018.02.186
http://doi.org/10.1016/j.colsurfa.2013.05.069
http://doi.org/10.1016/j.compositesa.2016.02.021
http://doi.org/10.1016/j.apsusc.2019.04.248
http://doi.org/10.1016/j.apsusc.2010.03.141
http://doi.org/10.1016/j.apsusc.2012.07.034
http://doi.org/10.1016/S1352-2310(00)00325-3
http://doi.org/10.1007/s12633-017-9662-6
http://doi.org/10.11901/1005.3093.2015.020
http://doi.org/10.1016/j.matchemphys.2016.06.025
http://doi.org/10.1016/j.compositesb.2020.108237
http://doi.org/10.1680/jemmr.18.00164
http://doi.org/10.1016/j.jcis.2020.09.005
http://doi.org/10.1016/S0008-6223(99)00048-2
http://doi.org/10.1007/s10853-013-7762-2


Polymers 2021, 13, 463 12 of 12

41. Wen, Z.; Qian, X.; Zhang, Y.; Wang, X.; Wang, W.; Song, S. Electrochemical polymerization of carbon fibers and its effect on the
interfacial properties of carbon reinforced epoxy resin composites. Compos. Part A Appl. Sci. Manuf. 2019, 119, 21–29. [CrossRef]

42. Zhou, P.; Qi, H.; Zhu, Z.; Qin, H.; Li, H.; Chu, C.; Yan, M. Development of SiC/PVB Composite Powders for Selective Laser
Sintering Additive Manufacturing of SiC. Materials 2018, 11, 2012. [CrossRef] [PubMed]

43. Becker, A.F.A. Characterization and Prediction of SLS Processability of Polymer Powders with Respect to Powder Flow and Part
Warpage. Ph.D. Thesis, Pontificia Universidad Católica de Chile, Santiago, Chile, 2016.

44. Schmid, M.; Amado, A.; Wegener, K. Materials perspective of polymers for additive manufacturing with selective laser sintering.
J. Mater. Res. 2014, 29, 1824–1832. [CrossRef]

45. Chen, A.; Wu, J.; Liu, K.; Chen, J.; Xiao, H.; Chen, P.; Li, C.; Shi, Y. High-performance ceramic parts with complex shape prepared
by selective laser sintering: A review. Adv. Appl. Ceram. 2017, 1–18. [CrossRef]

46. Streek, A.; Regenfuss, P.; Exner, H. Fundamentals of Energy Conversion and Dissipation in Powder Layers during Laser Micro
Sintering—ScienceDirect. Phys. Procedia 2013, 41, 851–862. [CrossRef]

47. Thomas, M.; Heinrich, J. Slurry-Based Additive Manufacturing of Ceramics. Int. J. Appl. Ceram. Technol. 2013, 1–8. [CrossRef]
48. Graf, S.; Staupendahl, G.; Gerling, P.; Muller, F.A. Optical constants n and κ of various technical and optical glasses at λ=10.59µm.

J. Appl. Phys. 2013, 113, 1080. [CrossRef]

http://doi.org/10.1016/j.compositesa.2019.01.014
http://doi.org/10.3390/ma11102012
http://www.ncbi.nlm.nih.gov/pubmed/30336617
http://doi.org/10.1557/jmr.2014.138
http://doi.org/10.1080/17436753.2017.1379586
http://doi.org/10.1016/j.phpro.2013.03.159
http://doi.org/10.1111/ijac.12113
http://doi.org/10.1063/1.4772619

	Introduction 
	Experimental 
	Materials 
	Experimental Process 
	Characterizations 

	Results and Discussion 
	FTIR Spectra Analysis 
	Raman Spectra Analysis 
	Surface Elemental Composition Analysis 
	Surface Morphology of Cf @PR 
	The Laser Absorption Analysis of Cf @PR 

	Conclusions 
	References

