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Abstract

This study aims to utilize silicon carbide (SiC) powder and phenol-formaldehyde resin (PF) as the primary raw
materials to prepare phenol-formaldehyde coated silicon carbide composite (PCSC) using a thermal coating
method. Then, single-factor experiment and orthogonal experiment were used to optimize the process parame-
ters of selective laser sintering (SLS). Finally, SiC precursors were formed using optimized process parameters
with excellent density and dimensional accuracies. The results show that the best combination of process pa-
rameters is: laser power of 25 W, scanning speed of 1.7 m/s, scanning spacing of 0.12 mm and layer thickness
of 0.16 mm.
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I. Introduction

With the rapid development of modern industrial
technology, the fabrication techniques for ceramic-
based composite materials have become a key focus
of research for scholars worldwide [1]. Silicon car-
bide (SiC) finds applications in various fields, including
high-power microwave equipment, high-temperature
electronic/optical devices, sensors and optoelectronic
detectors, owing to its exceptional properties [2,3].
These properties encompass high mechanical stiffness,
low density, wide bandgap, low coefficient of thermal
expansion, high thermal stability and corrosion resis-
tance [4–6]. Over the years, conventional manufactur-
ing processes have been successfully developed to fab-
ricate intricate SiC parts since the 1990s [7]. Nonethe-
less, these processes possess certain limitations such as
complex processing, high costs, and long manufacturing
cycles. In specific applications, additive manufacturing
(AM) holds significant advantages for producing intri-
cate ceramic structures and it has garnered extensive
research attention [8]. Compared to traditional man-
ufacturing technologies, additive manufacturing elimi-
nates geometric constraints during the shaping process,
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thereby having the potential to further expand the de-
sign possibilities of complex structures [9]. Similar to
the industrial revolution triggered by steam engines and
Ford assembly lines, additive manufacturing is also re-
garded as a transformative technology with the capac-
ity to reshape the world, thus becoming a prominent
research focus in the manufacturing industry. Numer-
ous researchers have investigated the fabrication pro-
cesses and component properties of SiC-based compos-
ite parts produced using various additive manufacturing
techniques [10].

Selective laser sintering (SLS) is an AM technology
that employs laser scanning to selectively sinter pow-
der beds, enabling layer-by-layer fabrication [11,12].
It has been extensively utilized for manufacturing ce-
ramic components based on SiC [13]. Compared with
other 3D printing technologies, SLS technology has
the advantages of having no support during process-
ing, unsintered material can be reused and recycled,
and a wide range of materials can be used [14]. Parts
with complex structure can be printed directly through
SLS by a simplified manufacturing process; meanwhile,
the production time and costs are reduced [15,16]. In
1986, Carl R. Deckard defined selective laser sintering
and proposed its applicability to various raw materi-
als, including ceramics in powder form [17,18]. Gen-
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erally, the materials used in SLS are polycarbonate (PC)
powder [19], polystyrene (PS) powder [20], phenol-
formaldehyde (PF) powder [21], epoxy resin powder
[22] and their derivative materials. SiC does not exist
in liquid form under normal atmospheric conditions. In-
stead, it decomposes into liquid silicon and solid carbon
at temperatures exceeding 2545 °C, making direct selec-
tive laser sintering of SiC unfeasible [23]. In 1995, the
University of Texas at Austin conducted the first study
on indirect SLS of SiC, which demonstrated that SiC
ceramics could be formed by introducing low-melting-
point binders and utilizing SLS technology [24]. Subse-
quent research focused on exploring different combina-
tions of powders and binders to enhance the density and
performance of SiC parts manufactured through indirect
SLS. Zhu et al. [25] employed phenol-formaldehyde
(PF) resin-coated carbon fibre (Cf) composite powder as
raw materials and obtained Cf/SiC composites through
SLS, vacuum resin infiltration, pyrolysis and liquid sil-
icon infiltration. The overall linear shrinkage rate was
below 3%, and the maximum density reached 2.80–
2.86 g/cm3 with a 10 vol.% content of PF. Liu et al.

[26] used PF as a coating material for SiC particles and
carbon black, resulting in SiC-PF-C composite pow-
der. SLS, cold isostatic pressing and reactive sintering
were employed to prepare SiC ceramics with an 18 wt.%
content of PF, achieving a maximum density of 2.94–
2.98 g/cm3 for the reactive sintered body. Zhang et al.

[8] utilized SiC and epoxy resin (E12) as raw materi-
als to produce green bodies via SLS, followed by a pre-
cursor impregnation and pyrolysis (PIP) process, yield-
ing SiC particle/SiC (SiCp/SiC) composite lattice core
sandwich panels. The density of the SiCp/SiC compos-
ite material increased from 1.30 to 2.67 g/cm3 after the
PIP process. Song et al. [27] employed SiC, spherical
graphite, silicon powder (Si) and E12 as raw materials,
using a combination of SLS and a two-step sintering
process to prepare SiC/Si composite materials, which
effectively reduced the residual silicon content in the
sintered body.

In summary, phenol-formaldehyde (PF) and epoxy
resin (E12) have been extensively utilized as binders in
the indirect SLS of SiC. Both binders require pyroly-
sis to convert into a carbon source for reaction sinter-
ing after SLS. However, E12’s lower residual carbon
content will lead to higher residual silicon content af-
ter reaction sintering. Although PF has higher residual
carbon content, its higher shrinkage rate can cause sig-
nificant size deviations during SLS, curing process and
the carbonization pyrolysis reaction. To address these
issues, this study employed a thermal coating method
to prepare phenol-formaldehyde coated silicon carbide
composite (PCSC) powder, reducing the PF content and
minimizing size deviations and porosity in green parts.
The effects of SLS process parameters on the density
and dimensional accuracies in the X, Y and Z directions
of the PCSC parts were investigated, and an orthogo-
nal experimental design with four factors and four levels

was employed to optimize the SLS process parameters.
Finally, a kind of silicon carbide precursor with excel-
lent density and dimensional accuracies was formed us-
ing optimized parameters.

II. Experimental

2.1. Raw materials and sample preparation

PCSC is mainly composed of SiC powder and PF
powder, and two components accounted for more than
99 wt.%. There are also other additives in PCSC such as
curing agent and lubricant.

The main raw material for SLS moulding was SiC
powder (SiC >99 wt.%, Sanmenxia Xinfeng Abrasive
Co. Ltd, Sanmenxia, China) with a particle size of
D97 < 60 µm. During the SLS formation process, a
phenol-formaldehyde (PF) resin (thermoplasticity 2123
type, Jinan Dahui Chemical Technology Co. Ltd, Jinan,
China) was used as the low-melting-point binder. Hex-
amethylenetetramine (C6H12N4 >99 wt.%, Sinopharm
Chemical Reagent Co. Ltd, Shanghai, China) was em-
ployed as the curing agent, with the amount of 10 wt.%
of PF. Calcium stearate (C36H70CaO4 >99 wt.%, Hebei
Baiyilian Chemical Technology Co. Ltd, Hebei, China)
served as the lubricant, with the amount of 6 wt.% of PF.

When heated, hexamethylenetetramine breaks down
and undergoes a solidification reaction with PF. This re-
action can maintain the shape of the PCSC part during
the post-processing reactions like carbonization.

This experiment employs a thermal coating method
to apply a coating to SiC powder. The SiC powder
is first heated at 190 °C for 1 h in a constant temper-
ature furnace. It is then transferred to a SHY blade-
type sand mixer for mixing and grinding, followed by
cooling to 160 °C before adding PF powder for further
mixing. Once the temperature drops to 120 °C, the pre-
configured hexamethylenetetramine solution and cal-
cium stearate are introduced and mixed. After cooling to
80 °C, the mixture is removed from the sand mixer and
rapidly cooled to room temperature. Subsequently, the
cooled mixture is crushed and agglomerated particles
are eliminated using a 120 µm sieve, resulting in the pro-
duction of PCSC with an actual phenol-formaldehyde
resin content of 7 wt.%. Figure 1 illustrates the prepara-
tion processes of the PCSC.

The SLS experiment employed the CX-B200 rapid
prototyping device (Harbin Free Intelligent Manufactur-
ing Technology Development Co. Ltd, Harbin, China),
which was equipped with a CO2 laser generator. The
laser generator had a wavelength of 10.6µm and a
power output of 40 W. The forming box had dimen-
sions of 220 mm × 220 mm × 220 mm, and the form-
ing speed could reach up to 3.5 m/s. The layer thickness
varied from 0.08 mm to 0.4 mm and no protective at-
mosphere was utilized. 3D solid objects were produced
by selective laser sintering of consecutive powder layers
derived from computer-aided design models. The laser
beam continuously fused the powder with the previous
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layer. For a visual representation of the rapid prototyp-
ing device and the process, refer to Fig. 2. “Sintering” in
this paper refers to joining SiC particles by molten and
then solidified PF (a binder).

Figure 1. A flow chart of the preparation process of the
PCSC powder

Figure 2. A flow chart of the selective laser sintering process

2.2. Orthogonal experiment design

The laser power, scanning speed, scanning spacing
and layer thickness exert a substantial influence on the
forming performance of parts during SLS processing.
To conduct an orthogonal experiment effectively, it is
crucial to ascertain the impact of each factor on the test
results, thereby ensuring the feasibility of the orthogo-
nal experiment. Table 1 presents the SLS process pa-
rameters.

The evaluation of formability in the SLS process re-
quires careful consideration of the density and dimen-
sional accuracy of PCSC parts. Given the intricate na-
ture of SLS, these factors are dependent on the pro-
cess parameters governing the sintered part. To inves-
tigate the impact of process parameters on the density
and Z-direction dimensional accuracy of PCSC parts,
a four-factor four-level orthogonal experimental design
was employed during the SLS process test. This ap-
proach aimed to establish the formability principles of
SLS. The experimental design for PCSC in SLS is pre-
sented in Table 2.

2.3. Testing and characterization

Morphologies of the SiC and PCSC powders were
observed using the FEI Quanta 200 SEM (Hewlett-
Packard Company, Amsterdam, The Netherlands). Fig-
ure 3 displays the morphology of the pristine SiC and
PCSC powders. The SiC particles exhibit a well-defined
and flat surface with distinct edges. However, after be-
ing coated with PF, they become rough and rounded,
with some residual PF particles remaining on the sur-
face.

The glass-transition temperature of PF powder was
determined using a TA Instruments’ TAQ200 model dif-
ferential scanning calorimeter (DSC, Waters Technolo-
gies Ltd, Shanghai, China). The testing was conducted
in a temperature range of 30 to 180 °C, with a heating
rate of 10 °C/min, under a nitrogen gas atmosphere. The
DSC curve of the PF powder is presented in Fig. 4.

The mass and dimensions of the PCSC samples were
measured using an electronic balance and a calliper. The
density was calculated using Eq. 1:

Table 1. SLS process parameters

factors Laser power [W] Scanning speed [m/s] Scanning spacing [mm] Layer thickness [mm]
A1/A2/A3/A4 24/25/26/27 1.5 0.10 0.15
B1/B2/B3/B4 27 1.4/1.5/1.6/1.7 0.10 0.15
C1/C2/C3/C4 27 1.5 0.10/0.11/0.12/0.13 0.15
D1/D2/D3/D4 27 1.5 0.10 0.13/0.14/0.15/0.16

Table 2. The factors and levels of SLS orthogonal experiment

Level
Laser power [W] Scanning speed [m/s] Scanning spacing [mm] Layer thickness [mm]

A B C D
1 23 1.4 0.1 0.13
2 24 1.5 0.11 0.14
3 25 1.6 0.12 0.15
4 26 1.7 0.13 0.16
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Figure 3. SEM images of: a) SiC and b) PCSC powders

Figure 4. The DSC curve of the PF powder

ρ =
W

l · b · h
(1)

where W represents the mass of parts, l denotes the
length of parts, b represents the width of parts and h

indicates the thickness of parts.
For the dimensional accuracy analysis, a cube sam-

ple with dimensions of 20 mm × 20 mm × 20 mm was
utilized, as shown in Fig. 5. PCSC parts were manufac-
tured using SLS with various process parameters (Table
1). The actual dimensions of the PCSC parts were mea-
sured using a vernier calliper. The dimensional accuracy
δ, was calculated using Eq. 2:

δ = 1 −
|L0 − L|

L0
(2)

where δ represents the dimensional accuracy of parts,
L0 signifies the standard dimension of parts and L rep-
resents the actual dimension of parts. Additionally, the
dimensions of the PCSC parts were measured in the X

(the direction of the movement of the powder roller),
Y and Z (the direction of the layer thickness) directions.
The dimensional accuracies in the X, Y and Z directions,
represented by δX , δY and δZ, respectively, were also cal-
culated.

III. Results and discussion

3.1. The preheating temperature

Figure 4 presents the DSC curve of the PF powder
in the temperature range of 30 to 200 °C. The curve ex-
hibits the endothermic peak occurring at 68.34 °C. From
the DSC curve, the glass transition temperature of PF is
determined to be 46.51 °C and this temperature is the
estimated preheating temperature of the PCSC powder.
After some previous sintering experiments, a suitable
laser sintering preheating temperature of 70 °C is estab-
lished for PCSC.

3.2. Single-factor analysis

A single-factor experiment was conducted to deter-
mine the impact of process parameters on the density
and the dimensional accuracy of PCSC parts in the X, Y

and Z directions. It should be pointed out that although
PF shrinks when irradiated by laser, the actual dimen-
sions of PCSC parts are larger than the nominal dimen-
sions because the amount of added PF is small and the
energy of laser transports to the surrounding powder,
melting and sintering the PF in the surrounding pow-
der together. Thus, higher dimensional accuracy corre-
sponds to smaller dimensions, and vice versa.

Figure 5. Cube sample
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Figure 6. The effects of process parameters on density of PCSC parts: a) laser power, b) scanning speed, c) scanning spacing
and d) layer thickness

Effects of process parameters on density

The effects of process parameters on the density of
the PCSC parts are illustrated in Fig. 6. From Fig. 6a,
it can be observed that as the laser power increases,
the absorbed laser energy by PCSC powder increases,
resulting in complete PF melting and a reduction in
the number of internal voids within the PCSC parts.
Consequently, the density of the PCSC parts increases.
However, with the higher laser power, the laser energy
transports further in the PCSC powder bed. More sur-
rounding powder is sintered together, but the laser en-
ergy which transports to the surrounding powder is not
high enough. Thus, the density of the surrounding part is
lower than that of the main part, leading to the decrease
in the density of the whole part.

From Fig. 6b, it can be observed that as the scan-
ning speed increases, the laser beam spends less time
on the powder bed, resulting in a decrease in the laser
energy absorbed by the PCSC powder. Consequently,
the PF is not completely melted, leading to an increase
in the number of internal voids within the PCSC parts.
Therefore, the density of PCSC parts decreases. How-
ever, with the lowering of the scanning speed, the laser
remains on the powder bed for more time. Like the ef-
fect of the laser power, the laser energy transports fur-
ther in the powder bed and more surrounding powder is
sintered together, leading to a decrease in the density of
the whole part.

From Fig. 6c, it can be observed that as the scan
spacing increases, the remelting zone of the PCSC pow-
der decreases. Consequently, the absorbed power by the
powder gradually decreases, resulting in incomplete PF
melting and a gradual increase in the number of in-
ternal voids. Consequently, the density of the PCSC
parts decreases. From Fig. 6d, it can be observed that
with an increase in layer thickness, the energy absorbed
in the interlayer bonding region decreases, leading to
an increase in the number of internal voids within the
PCSC parts. Therefore, the density of the PCSC parts
decreases.

SEM micrographs of the densified samples by vary-
ing laser power are shown in Fig. 7. It can be seen that
when the laser power was 24 W, the internal voids are
large and their amount was also large. With the laser
power increasing, more PF melts and connects the SiC
particles. The voids become smaller and their amount
decreases.

Effects of process parameters on dimensional

accuracies

The effects of process parameters on the dimensional
accuracies of the PCSC parts in the X, Y and Z directions
are illustrated in Fig. 8. From Fig. 8a, it can be observed
that as the laser power increases, the power absorbed by
the powder bed increases. As a result, the power trans-
ports throughout the powder bed. With the SLS pro-
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Figure 7. SEM micrographs of the densified samples under different laser power of: a) 24 W, b) 25 W, c) 26 W and d) 27 W

cess continuing, the heat accumulates in the powder bed
and the heat inside is higher than that on the surface.
Thus, the energy transports further along the direction
of layer thickness. Consequently, the Z-dimensional ac-
curacy decreases. When the laser power is high, it be-
comes difficult for the power to continue diffusing along

the X-Y plane along the laser sintering path. However, in
the Z direction, due to the accumulated heat in the pow-
der bed, energy transport is more facilitated. Therefore,
the dimensional accuracies in the X and Y directions are
less affected, while the Z-dimensional accuracy contin-
ues to decrease with increasing laser power.

Figure 8. The effects of process parameters on X, Y and Z-dimensional accuracy of PCSC parts: a) laser power,
b) scanning speed, c) scanning spacing and d) layer thickness
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From Fig. 8b, it can be observed that as the scanning
speed increases, the power absorbed by the powder bed
decreases. This reduction in absorbed power limits the
energy transport along the laser sintering path, resulting
in a decrease in the dimensions in the X, Y and Z di-
rections, thus improving the dimensional accuracies in
all three directions. However, when the scanning speed
reaches 1.6 m/s, further improvement in dimensional ac-
curacies becomes difficult to achieve.

From Fig. 8c, it can be observed that as the scan spac-
ing increases, the remelting zone decreases, resulting in
reduced energy transport along the sintering path. This
decrease in sintering depth improves the dimensional
accuracies in the X, Y and Z directions. From Fig. 8d,
it can be seen that, under a constant laser power, an
increase in layer thickness leads to a reduction in the
remelting zone between layers and a decrease in sinter-
ing depth. Consequently, the dimension in the Z direc-
tion of the sintered part decreases, thereby improving
the Z-dimensional accuracy. However, the dimensional
accuracies in the X and Y directions are less affected by
changes in layer thickness.

3.3. Multi-index synthetic analysis

Synthetic weighted evaluation

The density and the dimensional accuracies in the
X, Y and Z directions are four evaluation indicators
considered in this analysis. The multi-index test results
are evaluated using a comprehensive weighted scoring
method. The comprehensive weighted scoring method
determines the weights of multiple indicators based on
the importance of each test indicator in the entire test.
The multi-index test results are then converted into sin-
gle index test results and the test plan is optimized based
on the single index analysis method.

Dimensionless test index

The density and the dimensional accuracies in the X,
Y and Z directions were transformed to dimensionless
forms. The transformations were performed in accor-
dance with Eqs. 3–6 [28]:

Z1 =
z1 − zmin

zmax − zmin

(3)

Z2 =
z2 − zmin

zmax − zmin

(4)

Z3 =
z3 − zmin

zmax − zmin

(5)

Z4 =
z4 − zmin

zmax − zmin

(6)

where z1, z2, z3 and z4 are respectively density, X-
dimensional accuracy, Y-dimensional accuracy and Z-
dimensional accuracy, and Z1, Z2, Z3 and Z4 are respec-
tively dimensionless forms of density, X-dimensional
accuracy, Y-dimensional accuracy and Z-dimensional
accuracy.

Synthetic weights of test index

The greater the density of PCSC sintered parts, the
denser the internal structure of the parts. The higher the
dimensional accuracies, the higher the forming accuracy
is. Based on the importance of the test index, the weight
of the test indicators is given. Generally, the weight of
the index with higher subjective importance is larger
and the weight of the index with lower subjective im-
portance is smaller.

The density and the Z-dimensional accuracy are key
factors. The weights of density and the dimensional ac-
curacies in the X, Y and Z directions are λ1 = 0.3,
λ2 = 0.2, λ3 = 0.2, and λ4 = 0.3, respectively. There-
fore, the synthetic weighted score is shown in Eq. 7 [28]:

Z = λ1Z1 + λ2Z2 + λ3Z3 + λ4Z4 (7)

where Z is the synthetic weight.

Results and analysis of the test

Test data were processed by the synthetic weighted
scoring method. The range analysis results of density
and the dimensional accuracies in the X, Y and Z direc-
tions were obtained, as shown in Table 3.

In the Table 3, Ki represents the mean value of the
synthetic weights of the corresponding test results when
the level number on any column is i, and R is the range
of the corresponding Ki. The level numbers refer to Ta-
ble 2.

According to Table 3, parameter D exhibits the
largest range which is 0.37, indicating the highest im-
pact on the test index. Level 4 is deemed suitable for
parameter D, because K4 of parameter D is the largest
[29]. In comparison, parameter C has a smaller range
which is 0.20 than parameter D, and level 3 is con-
sidered appropriate for parameter C, because K3 of pa-
rameter C is the largest. Similarly, parameter A has a
smaller range which is 0.14 than parameter B, and level
3 is suitable for parameter A. Finally, parameter B has
the smallest range which is 0.11, and level 4 is suit-
able for parameter B. Consequently, the optimal com-
bination of factors is D4-C3-A3-B4, indicating a laser
power of 25 W, a scanning speed of 1.7 m/s, a scanning
spacing of 0.12 mm and a layer thickness of 0.16 mm.
This optimization aims to enhance the density and di-
mensional accuracies in the X, Y and Z directions of the
PCSC parts, as well as to improve the dimensional ac-
curacies of the final SiC parts. It provides a foundation
for selecting SLS process parameters and establishes a
new direction for subsequent SLS tests of SiC compos-
ite powders.

The density of the PCSC parts sintered using opti-
mized SLS process parameters reached 1.50 g/cm3, with
dimensional accuracies of 96.23% in the X direction,
96.80% in the Y direction, and 96.77% in the Z direc-
tion. After curing process and the carbonization pyrol-
ysis reaction, the density increased to 1.51 g/cm3, with
dimensional accuracies of 97.23% in the X direction,
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Table 3. SLS orthogonal experiment design and test results
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1 23 1.4 0.10 0.13 1.46 96.92 96.74 93.31 0.33
2 23 1.5 0.11 0.14 1.45 96.94 97.14 94.75 0.38
3 23 1.6 0.12 0.15 1.47 97.50 97.32 97.36 0.78
4 23 1.7 0.13 0.16 1.47 97.60 98.15 98.55 0.95
5 24 1.4 0.11 0.15 1.48 97.22 97.06 96.76 0.70
6 24 1.5 0.10 0.16 1.43 97.17 97.50 94.50 0.38
7 24 1.6 0.13 0.13 1.43 96.48 97.76 92.83 0.20
8 24 1.7 0.12 0.14 1.47 97.24 97.24 95.86 0.64
9 25 1.4 0.12 0.16 1.46 97.38 97.52 97.68 0.71

10 25 1.5 0.13 0.15 1.47 97.56 97.94 96.46 0.82
11 25 1.6 0.10 0.14 1.46 97.18 97.30 95.22 0.56
12 25 1.7 0.11 0.13 1.47 96.78 97.26 92.39 0.40
13 26 1.4 0.13 0.14 1.45 97.06 97.82 95.38 0.54
14 26 1.5 0.12 0.13 1.47 97.10 97.30 91.49 0.41
15 26 1.6 0.11 0.16 1.46 97.54 97.58 97.10 0.76
16 26 1.7 0.10 0.15 1.46 96.80 97.40 95.18 0.47
K1 0.60 0.57 0.43 0.33
K2 0.48 0.50 0.56 0.53
K3 0.62 0.58 0.63 0.69 Optimal combination: D4-C3-A3-B4
K4 0.54 0.61 0.62 0.70
R 0.14 0.11 0.20 0.37

97.87% in the Y direction and 98.38% in the Z direc-
tion. The shrinkage rates in the X, Y and Z directions
were measured to be 0.96%, 1.02% and 1.55%, respec-
tively.

Figure 9 illustrates that the SiC particles are encap-
sulated by the PF binder, and the curing PCSC parts ex-
hibit a dark brown colour due to the deepening of the

Figure 9. PCSC part after curing process

colour after the curing process of PF. The PCSC parts
exhibit clear contours, excellent surface quality and high
dimensional accuracy. They can serve as precursors for
complex SiC ceramic parts, facilitating structural modi-
fications and shortening the product development cycle.

IV. Conclusions

In this study, phenol-formaldehyde-coated silicon
carbide composite (PCSC) was prepared using hot coat-
ing method and a SiC precursor was formed using SLS
technique. The test results of the experimental sintered
parts showed that the processing parameters had a sig-
nificant effect on the density and the dimensional accu-
racies in the X, Y and Z directions of the PCSC parts.

Through an orthogonal experiment of four factors
and four levels, the effects and influence of the pro-
cess parameters on PCSC parts are as follows (from
larger to smaller): layer thickness> scan spacing> laser
power > scanning speed. The optimal combination of
various factors was D4-C3-A3-B4, namely, laser power
was 25 W, scanning speed was 1.7 mm/s, scan spacing
was 0.12 mm and layer thickness was 0.16 mm.

The density of the PCSC parts reached 1.50 g/cm3,
using the optimized process parameters in SLS, and the
dimensional accuracies in the X, Y and Z directions
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reached 96.23%, 96.80% and 96.77%, respectively. Af-
ter curing process and the carbonization pyrolysis reac-
tion, the density increased to 1.51 g/cm3, with dimen-
sional accuracies of 97.23% in the X direction, 97.87%
in the Y direction and 98.38% in the Z direction. The
shrinkage rates in the X, Y and Z directions were mea-
sured to be 0.96%, 1.02% and 1.55%, respectively.
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