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To prevent the agglomeration of silicon carbide whiskers (SiCy) in photosensitive ceramic paste, a
butanone-ethanol azeotropic solvent is employed to facilitate the dispersion of alumina particles, SiC
whiskers and UV resins. Moreover, SiC,y/Al,03 ceramic pastes, with 5—15 vol % SiC,,, are prepared by
using ball milling, stirring and distillation processes. The mixture of butanone-ethanol solvent and resins
can be effectively separated at 70 °C without weakening the polymerization of UV resin. Moreover, an
empirical equation is established to evaluate the relationship between SiC,, content, aspect ratio and
viscosity of resulting ceramic paste. The 15 vol % SiCy/Al,03 composite ceramic, with SiC,y aspect ratio of
50, renders higher resistance to liquid flow and results in a high viscosity of 30,000 mPa s at the shear
rate of 30 s~ L. Furthermore, a modified equation is established to predicate the curing depth of ceramic
pastes with different amounts of SiCy,, where 15 vol % SiCy/Al,03 composite results in higher light
scattering properties, leading to lowest Cq of ~0.061 mm. Finally, the complex-shaped SiC,,/Al,03 ceramic
component, prepared by SL 3D printing technology, debinding and sintering processes, exhibited a su-

perior fracture toughness of 7.1 + 1.20 MPa m'/? and a higher hardness of 17.6 + 0.78 GPa.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

a-Al,03 belongs to the trigonal system and is widely employed
in aerospace, mechanical processing, electronic communications
and medical devices due to its unique advantages, such as low
chemical activity, high-temperature stability, excellent electrical
and mechanical properties [1]. However, pure alumina ceramics
cannot meet the requirements of functional and structural com-
plexities in some special working conditions due to single-phase
composition and brittleness, as evidenced by the low fracture
toughness of 3 MPa m'/2 [2]. Therefore, a reinforcement phase is
added into the Al,03 matrix to fabricate complex-shaped ceramic
parts, which expands the application’s horizon of alumina-based
composites. One should note that the addition of a secondary
phase can improve the toughness, thermal shock resistance and
fatigue strength of Al,03 ceramics. For instance, Xue et al. [3] have
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prepared Al,O3 cores for high-temperature hollow blades by add-
ing graphite and oleic acid. The as-prepared alumina cores
exhibited a porosity of 47.8% and corroded in boiling alkaline so-
lution after 1.5 h, which significantly improved the stripping effi-
ciency. Liao et al. [4] have fabricated Al,03 transparent glass by
doping Fe and Cr particles. At the doping content of 0.5 wt %, the
transparent ceramic surface rendered obvious magnetism with the
specific magnetization of 0.12 emu/g. Liu et al. [5] have synthesized
Al,03 composite ceramic tools by adding SiC particles and whis-
kers, resulting in flexural strength, fracture toughness and hardness
reached of 715 MPa, 8.2 MPa m'/? and 22.57 GPa, respectively. By
adding Ni and Mo metallic particles, Wang et al. [6] have prepared
cermet tools for the development and application of micro-milling
cutters. In terms of morphology, the additives are often granular,
short whiskers and long fibrous. However, the dispersion of whis-
kers and fibers in a ceramic matrix is a challenging task [7].

The three-dimensional (3D) printing of ceramics can be carried
out by using selective laser sintering (SLS), fusing deposit ceramics
(FDQ), direct 3D printing (3DP), inkjet printing (IJP) and stereo light
curing (SL) [8—12]. The raw materials for 3D printing can be divided
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into four categories, including thin sheets, wires, powder and slurry
[13]. For instance, Griffin et al. [14] have fabricated ZrO,/Al;03
composites by using thin sheets of ceramic particles and laminated
object manufacturing (LOM) technology. Bandyopadhyay et al. [15]
have utilized ceramic particles and polypropylene thermoplastic
binder to fabricate filamentous raw materials and, then, prepared
Al;03—Si0,—Al ceramic/metal composites by using FDC technol-
ogy. However, they have obtained low surface resolution due to the
lower printing accuracy and obvious step effects. Shahzad and Yoo
[16,17] have prepared complex-shaped Al,03 parts by using SLS and
3DP technologies, resulting in a sintered density of 88% and 99.2%,
respectively. However, the bending strength of SLS and 3DP-fabri-
cated parts did not exceed 330 MPa, which needs to be further
improved. In addition, Larson et al. [ 18] have prepared SiC ceramic
parts by using 5—15 vol % ceramic ink via IJP, which resulted in a
low bending strength of only 70.4 MPa and a relative density of
48.9%. Griffith et al. [19—22] have prepared Al,03 composites from
the photosensitive slurry, with a solid content of >40 vol %, via SL
technology and attained a relative density of ~100% after debinding
and sintering. One should note that the SL 3D printing technology
renders unique advantages, such as high accuracy, excellent me-
chanical properties and superior density Furthermore, the utiliza-
tion of ceramic pastes, with a higher amount of solid content, can
avoid the addition of support during 3D printing and reduce the
shrinkage of green body during sintering, ensuring the surface
quality and dimensional accuracy of ceramics [23]. However, the
high viscosity of ceramic pastes sharply increases with the increase
of solid content, which hinders the uniform dispersion of secondary
additives, such as whiskers and fibers. Moreover, the whiskers with
a certain aspect ratio consume more energy and render more
resistance to fluids than spherical particles, further hindering the
dispersion of whiskers in the ceramic matrix [24]. Furthermore, the
agglomeration of whiskers hinders the densification during sin-
tering [25].

Therefore, a novel technology is proposed to prepare a
photosensitive paste, i.e., SiC-toughened Al,03 (SiCy/Al;03)
composite, which can prevent the agglomeration of whiskers.
First, the whiskers are dispersed in the azeotropic solvent by using
an FEG-400 surface modifier and subsequent drying at 70 °C.
Then, the low boiling point impregnant system is utilized to
facilitate mixing and dispersing of particles, whiskers and
photosensitive organic compounds. Then, SiCy/Al>03 ceramic
pastes, consisting of total solid content of 50 vol % and whiskers
content of 5—15 vol %, are prepared by using ball milling, stirring
and distillation process. Simultaneously, the influence of different
solvents on the photopolymerization of photosensitive organic
compounds and dispersion of whiskers in the ceramic paste is
systematically analyzed. Moreover, the effect of SiC,, content on
rheological and curing properties of ceramic pastes is studied in
detail. Finally, complex-shaped SiCy,/Al,03 ceramic parts are
fabricated by using SL 3D printing. The surface quality, mechanical
properties and microstructure of SiC,/Al,03 ceramic parts are
studied.

2. Experimental procedure
2.1. Preparation of UV-curable SiC,,/Al;03 ceramic paste

Briefly, 70 wt% ditrimethylolpropane tetraacrylate (Di-TMPTA,
DSM-AGI Holland) and 30 wt% hexamethylene diacrylate (HDDA,
Sigma Aldrich, USA) were used as UV resins. The polymerization
was carried out by using a 1-Hydroxycyclohexyl phenyl ketone
photoinitiator (Irgacure 184, BASF, Germany). The a-Al;03 particles
(refractive index: 1.52), with the mean particle size (dsp) of 1 pm,
and SiC,y whiskers (refractive index: 2.65), with a diameter of

0.5 um and length/diameter ratio of 10—70, were used as the matrix
and secondary materials, as shown in Fig. 1(a, b). Moreover, poly-
ethylene glycol (PEG-400, Energy Chemicals, China) and stearic
acid (SA, Energy Chemicals, China) were used to improve the
dispersion uniformity of SiC,, whiskers and Al,0s particles. In
addition, ethanol, acetone, butanone, butanone-ethanol azeotrope
were used as low-boiling point impregnant systems to dissolve UV
resins and mixed powders.

The preparation of SiC,/Al,03 ceramic paste is illustrated in
Fig. (2a-c). First, 2.5 wt % dilute solution was prepared by mixing
PEG-400 surfactant (1.5 wt% of the whiskers) in ethanol. The SiC,,
whiskers were dispersed in PEG-400 dilute solution by using ul-
trasonic vibrations for 2 h and subsequent drying, as shown in
Fig. 1c. Then, the dispersed whiskers and Al,03 powders were ball-
milled for 12 h with SA dispersant (1.2 wt % of Al,O3 particles) to
obtain SiC,y/Al,03 mixture. The volume content of SiC,, was 5%, 10%
and 15%, respectively. Second, the UV-resin was prepared by using
Di-TMPTA, HDDA monomer and 4 wt% (with respect to the mass of
resin) photoinitiator 184 at 40 °C under ultrasonic vibrations for
0.5 h. However, the whiskers have been partially agglomerated
after the direct mixing of SiC,,/Al,03 powder with resin, as shown
in Fig. 1 (d). The dispersion of whiskers is hindered by the larger
flow resistance of whiskers than spherical particles. Hence, each
low-boiling point solvents was mixed with pre-mixed resin in a
volume ratio of 1/2. Then, the as-prepared SiC,,/Al,03 powder was
added to the pre-mixture with resin and organic solvent, followed
by high-speed stirring for 12 h. Finally, 50 vol % SiC,,/Al,O3 paste
was obtained by evaporating the dispersed solvents during subse-
quent low-speed stirring, as shown in Fig. 2 (b).

2.2. Preparation of complex-shaped SiC,/Al,03 ceramic
components

To demonstrate the potential of SL technology, the CAD model
was imported into the Ceramaker300 system (3D CERAM, France),
as illustrated in Fig. 3a-c. Then, an ultraviolet laser, with a wave-
length of 355 nm, was scanned over the ceramics paste to create
SiCy/Al;03 ceramic green body in a layer-by-layer fashion (Fig. 3d).
Then, SiC,y/Al,03 ceramic was prepared via debinding and sintering
processes. Briefly, the green body was heated to 700 °C at 0.2 °C/
min and held for 2 h under argon atmosphere to remove the binder
(RS 80/300/11, Nabertherm, Germany). Then, the samples were
heated to 1750 °C at the heating rate of 5 °C/min and held for 0.5 h
with argon atmosphere (FPW12-5SP, FCT, Germany), resulting in
SiCw/Al;03 ceramics with honeycomb structure (Fig. 3e). The di-
mensions of 3D printed green body and sintered parts were
measured by microscopy and compared CAD model. The results
revealed that the diameter of the green body was 99.95 mm and the
thickness of honeycomb wall was 0.777 mm, which are 0.05 mm
and 0.023 mm lower than the corresponding designed dimensions.
Therefore, the size accuracy of SL 3D printing of as-prepared SiCy,/
Al,O3 paste was found to be ~0.025 mm. After sintering, the
diameter and wall thickness were found to be 84.359 mm and
0.663 mm, corresponding to a shrinkage rate of 15.6% and 14.7%,
respectively.

2.3. Characterization

Fourier transform infrared (FTIR) spectra of UV-cured resins
were obtained by using an FTIR spectrometer (VERTEX-70, Bruker,
Germany). Rheological properties of UV-curable pastes were
assessed by using a rotational rheometer (MCR302, Anton paar,
Austria) under different shear rates, ranging from 1 to 100 s~'. The
microstructure of whiskers dispersion and sintered SiC,/Al,03
parts were investigated by using SEM (SUPRA55, ZEISS, German),
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Fig. 1. SEM images of paste mixtures: (a) as-received Al,0s, (b) as-received SiC whiskers, (c) dispersed SiC whiskers, (d) agglomerates SiCyy after direct mixing of powder in the resin
matrix.

.

y sy
(c) Equipment for paste preparation: Planetary ball mill and Vacuum mixer

Fig. 2. Schematic illustration of SiC,/Al,03 paste preparation for SL-3D printing.

equipped with an energy-dispersive spectrometer (EDS, PV9900, 3. Results and discussion

Philips, Netherlands) for compositional analysis. Meanwhile, the

SiCy/Al;03 bars were manufactured by using the SL 3D printing and 3.1. Effect of organic solvents on SiC,,/Al,03 photosensitive paste

sintering process to evaluate the mechanical properties of manu-

factured SiC,/Al,03 components. An LSM microscope (VK-X200K, 3.1.1. Separation and polymerization ability of solvent-resin

KEYENCE, Japan) was utilized to assess the surface roughness and mixtures

morphology. Different dispersion solvents were selected to reduce the vis-
cosity of the mixture of SiC,,, Al,03 particles and photosensitive
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(a) Ceramaker300 SL machine

(e) Sintered SiCw/Al203 ceramic part

UV curable
Past:

(c) The CAD of ceramic part
- ot mamin B 3

(d) 3D-printed SiCw/Al203 ceramic part

Fig. 3. Schematic illustration of complex-shaped SiC,,/Al,03 component fabrication via SL 3D technology.

resin. The given experiment was carried out to analyze the sepa-
rability of solvents and UV resins. 10 g of each solvent was mixed
with 20 g of Di-TMPTA-based photosensitive resin. Then, the
solvent-resin mixtures were evaporated at 70 °C in vacuum and
weighed every 0.5 h. Fig. 4 shows that the acetone-resin mixture
exhibited rapid weight loss during the initial 1 h, whereas the
ethanol-resin mixture rendered minimum weight loss, which is
highly undesirable for separation efficiency. During 60—120 min,
the weight loss rate of acetone-resin mixture slowed down but
remained faster than other three solvent-resin mixtures. After
120 min, the weight of each mixture attained a stable state (~20 g),
indicating that the solvents (acetone, butanone and butanone-
ethanol azeotrope) are separated from the resins.

The following experiment was carried out to analyze the influ-
ence of solvent addition and evaporation on the photo-
polymerization of resins. First, the mixtures were evaporated for

30 4 Cure depth of solvent-resin mixtures on 350mW
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go \\ Solvent  no  Ethanol Acetone Butanone l;:l::':::rll"

N
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Fig. 4. The separation rate of solvent-resin mixtures and corresponding digital pho-
tographs of UV-cured samples after 2 h.

2 h and UV-cured under ultraviolet light of 350 mW. Then, the
thickness and infrared spectra of UV-cured samples were measured
and compared with pure Di-TMPTA-based resin. As shown in
Fig. 4A, the curing depth (Cyq) of ethanol-resin, acetone-resin,
butanone-resin and butanone-ethanol azeotrope-resin was
0.4 mm, 0.37 mm, 0.39 mm and 0.4 mm, respectively. Hence, the
acetone-resin group rendered the smallest curing depth. Moreover,
the warpage deformation of acetone-treated resin was significantly
higher than other three groups. It can be inferred that the excessive
volatilization rate of acetone rendered a negative influence on
curing thickness and accuracy of as-prepared resins. Furthermore,
the cured were analyzed by using FTIR spectra, as shown in Fig. 5
(a). The absorption peaks at 1724 cm~! and 1188 cm™! corre-
spond to stretching vibrations of ester carboxyl (-COOR) and ether
group (C—0—C) of the photosensitive resin, respectively. Also, the
stretching vibration peak of unsaturated double bond (C=C),
originating from acrylic resin, was found at 1637 cm™!, where the

450 (a) Raw group
400 |

350 | (b) Ethanol group 1724 /Wgw
R P e
M
300 | \m W m
(c) Acetone group U\“ ‘/\m
ma— P

|
250 = "
200 - (d) Methyl ethyl group
150 -

(e) Azeotropic Solution Group

Transmittivity (%)

100 o =
SO 1724 cm"\ 1637 cm’ W
ol Le, <. 938-810
a Di-TMPTA 0  HDDA
50 | ~ N
=
100 | ! ? o 61724 cm” 1637 e

1188 cm™
1

1 1 1 1 1

0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 5. FTIR spectra of different solvent-resin mixtures after separation at 70 °C for 2 h.



H. Xing et al. / Journal of Alloys and Compounds 828 (2020) 154347 5

peaks of out-of-plane C—H bending vibrations were found at 938,
847 and 810 cm ™. As illustrated in Fig. 5, the peak, located at 1637,
938, 847 and 810 cm™ !, disappeared after ultraviolet irradiation,
indicating the opening of C=C bonds in Di-TMPTA and HDDA and
occurring of continuous polymerization. On the other hand, the
FTIR spectra of the resins after separation (Fig. 5a—e) were found to
be similar to the raw material. Hence, no chemical reaction
occurred between the resin and solvent at 70 °C. Finally, based on
compatibility and separation rate, the butanone/ethanol azeotropic
solution was chosen as the solvent in subsequent experiments,
which rendered a negligible effect on the polymerization of resins.

3.1.2. Dispersion of SiC whiskers in the ceramic paste

3D-printed SiCy/Al,03 green bodies, with different whisker
contents, were degreased at 700 °C for 2 h, followed by SEM and
EDS analysis. As shown in Fig. 6a-c, the gradual increase in SiCy
content did not lead to whisker agglomeration. Hence, the pro-
posed method resulted in a uniform dispersion of SiC, in the
ceramic paste. The polar ethanol and butanone solvents eliminated
the static charges from the surface of SiCy, and weakened the in-
teractions between SiC whiskers [26]. The PEG-400 surfactant, with
hydrophilic polyoxyethylene (—CH,CH,0—), significantly reduced
the surface tension of the solvent and facilitated the wetting of solid
surface [27]. Moreover, the hydrophilic oxygen atoms in the mo-
lecular chain of PEG-400 can also produce strong Van der Waals
affinity to the hydroxyl groups (-OH) adsorbed on the SiC,, surface,
forming a layer with a certain thickness on whiskers surface and
preventing the agglomeration of SiCy,. Finally, in terms of the
dispersion process, wet ball milling and stirring can provide enough
kinetic energy for dispersion. Hence, SiC,, were uniformly
dispersed in Al;03 powder and corresponding paste. In addition, as
illustrated in Fig. 6, the drawing ratio of whiskers was ~50 and the
surface morphology remained intact, which show that ball milling
and stirring did not damage SiC whiskers. The EDS analysis
confirmed the presence of Al, O, Si and C, which indicates that
oxidation and chemical reactions did not occur during degreasing
process due to the presence of argon protection (Fig. 6¢).

3.2. Effect of SiC,, content on performance of ceramic paste

3.2.1. Rheological properties

Fig. 7 (a) shows the relationship between shear rate and vis-
cosity of SiCy/Al;03 paste with different amounts of SiC whiskers.
The viscosity of SiCy/Al;03 paste decreased with increasing shear
rate, which conforms to the non-Newtonian pseudoplastic fluid
model [28]. When the shear rate was varied from 10 to 30 s, the
paste viscosity of 10 vol % SiC, group rapidly decreased from
43,500 mPa s to 20,100 mPa s, featuring a shear-thinning effect.
When the shear rate was increased from 60 to 100 s, the viscosity
continuously decreased to a lower level from 14,500 mPa s to
10,000 mPa s and attained a stable value, which is suitable for the
paste coating process during SL 3D printing [29]. And when the
layering thickness is 0.05 mm here, the shear rate value (10 s, 30
57160571100 s 1) determine the corresponding speed of the blade
(0.5 mm/s, 1.5 mm/s, 3 mm/s, 5 mmy/s) in the coaing process. The
viscosity of SiCy/Al,03 paste was determined by the energy
consumed due to the interaction of whiskers and particles, as well
as the resistance of whiskers to liquid flow. The average grain size of
Al,O3 particles was 1 um, whereas the average diameter of SiC,, was
~0.5 pm, which can approximately result in strong interactions
among the paste during flow. Therefore, the content and di-
mensions (diameter and aspect ratio) of SiC,, render obvious in-
fluence on the rheological behavior of the resulting paste. At low
shear rates (0-30 s~ 1), the viscosity of paste significantly increased
with increasing SiC,y content. The viscosity of pure Al,O3 paste was
8500 mPa s at the shear rate of 30 s~!, whereas the viscosity
increased to 29,500 mPa s at SiC,, content of 15 vol %. During the
paste coating, SiC,, whiskers and Al,O3 particles formed an unsta-
ble overlapping structure, which is sensitive to the shear rate [30].
When ceramic paste encounters shear stress, the cross structure is
destroyed and directionally aligned. Also, the viscosity of each paste
tends to converge to the same value after 100 s~ . Therefore, Ein-
stein formula [31] can be used to describe the relationship between
relative viscosity (7,) and the content of spherical particles (@ ):

Element wt.%

Al K 38.9
0O K 31.2
Si K 20.3
CUK 9.2
Mg K 0.6

Total 100

Fig. 6. SEM images of SiC,,/Al,03 UV-cured paste with (a) 5 vol % SiCy, (b) 10 vol % SiC,, and (c) 15 vol % SiCy; and (d) EDS analysis of composite Al,03 paste with 15 vol % SiCy,.
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Fig. 7. The relationship between shear rate and viscosity of SiC,,/Al,03 paste with different amounts of SiC whiskers. n = a 1g

The relationship between 7, of SiC whiskers (aspect ratio: J) and
whiskers content (@) can be given as [32]:

12
=1+ (2.5+E>®W (2)

Therefore, the viscosity of SiCy/Al,03 composite dispersion
system can be given as:

n=amng 3)

fa(1+2.5@p) +f, (1 + (2.5 +{2> ®w>

where 7 refers to the apparent viscosity of SiCw/Al,03 paste; 7g
represents the viscosity of UV resin (248 mPas); @p corresponds to
the content of Al,03 particles in the dispersion system; @, denotes
the content of SiC whiskers; f, and f, correspond to volume per-
centage of particles and whiskers, respectively; and « denotes the
correction factor (13.54), which can be achieved by using the
number of experiments and numerical regression analysis. Herein,
SiC whiskers, with an aspect ratio of ~50, were used to prepare the
composite paste and its viscosity was measured at 30 s~ (Fig. 7b).
One should note that the change in paste viscosity with different
amounts of SiC whiskers remained consistent with the predicted
values of Eq. (3), as shown in Fig. 7 (b). At the whiskers content of
10 vol %, the viscosity of SiCy/Al,03 paste is influenced by the
aspect ratio of SiC whiskers. When the aspect ratio was increased
from 40 to 70, the corresponding paste viscosity sharply increased
from ~12,000 mPa s to ~27,000 mPa s, which can be ascribed to the
overlapping and winding of longer SiC whiskers.

3.2.2. Curing properties

As shown in Fig. 8a-b, the curable ceramic pastes were solidified
into single lines by ultraviolet laser irradiation (spot diameter:
40 um) during SL 3D printing. Also, several lines overlapped to form
a cured layer. Finally, a certain complex structure was super-
imposed layer-by-layer. During this process, a single line can be
considered as a basic component unit, and its shape and size
(curing depth Cq, line widt L,,) determine the accuracy of the 3D-
printed parts. Owing to the light scattering effect of ceramic

Fraction of SiCw whiskers (vol%)

fa(1+2.50p) +fy (1 + (25 + {76) Q)w>

particles, the curing depth of photosensitive paste is smaller than
the pure resin. On the other hand, the width of photosensitive paste
is larger than the pure resin. Hence, the curing characteristics of
single lines of SiCy,/Al,03 paste should be investigated to determine
3D printing parameters, such as layer depth (Lgq) and laser scanning
distance (Hs). The Beer-Lambert formula [33] can be used to express
the relationship between Cy and penetration depths (Dp):

Cy=Dyln L. )
Ec

where E. refers to the critical exposure of paste and E represents the
laser exposure on paste surface [34,35]:

V2P
E= N (5)

where P corresponds to ultraviolet laser power; w, denotes the
laser spot radius; and v refers to the laser scanning speed.

The honeycomb structure was reduced in size until the internal
grid structure was only composed of single scanning lines. The
single lines were fabricated by using different laser powers (P).
Then, the LSM microscope was used to measure L, and Cq, as
shown in Fig. 8c, d. Finally, L, and Cy4 of single lines of ceramic
pastes, containing different amounts of SiC,, whiskers, were
counted under different UV laser exposures (Fig. 9).

When laser power was increased from 102 mW to 425 mW, the
E value increased from 25.43 mJ/cm? to 105.97 mJ/cm?, whereas Cy
of SiC,y/Al;03 pastes, with 5,10 and 15 vol % SiC whiskers, increased
from 0.074 to 0.098 mm, 0.068—0.085 mm, and 0.061—0.074 mm,
respectively. However, compared with pure Al,O3 paste, the growth
rate of C4 has been reduced. Moreover, under the same laser power,
Cq significantly decreased with increasing SiC,, content. Based on
Fig. 9, paste penetration depth (Dp) and critical exposure (E¢) are
calculated and summarized in Table 1.

The increase in SiC,y content resulted in a sharp increase in E. of
the paste, leading to the intensification of light scattering and
hindering the curing of ceramic paste. Under the same concentra-
tion of SiCy and Al;03 solutions (0.0026 wt%), the transmissivity of
SiCy (18.88%) is far lower than Al;O3, as shown in Fig. 10. The
refractive index of SiCy, is higher than Al,03. Hence, at the same
solution concentration, the percentage absorptivity (e, 101.67) of
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(c) one 3D-printed layer of SiCw/Al203

cured layer cross-section

laser beam diameter

I/n lateral scattering effect

Ixt cured line cross-section

(b) Cross-sections of cured single line

T I
(d) Sections of SiCw/Al203 cured lines

Fig. 8. The fabrication process of basic building units via SL 3D printing technology.
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Fig. 9. The curing depth of UV-curable ceramic pastes with different amounts of SiC,y
whiskers.

Table 1
Photosensitive parameters of SiC,/Al,03 pastes with different amounts of SiC
whiskers.

Parameter Pure Al,03 5 vol% SiCyy 10 vol% SiC,y 15 vol% SiCy,
Dp/um 31.1 17.24 11.31 73
Ec/m]J/cm? 2.18 4.63 12.42 20.05

SiCy under the incident ultraviolet light (355 nm) is much higher
than Al,Os particles (75.61).

Owing to the strong scattering effect of SiC,y under the influence
of ultraviolet light (355 nm), it is necessary to further investigate
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Fig. 10. UV—Vis spectra of Al,03 and SiC,y dispersions in ethanol solvent.

the effect of SiC,, content on curing depth of photosensitive paste.
The photosensitive parameters of ceramic pastes, with different
amounts of SiC, whiskers, are shown in Fig. 11. The empirical
relationship between SiC,, content (¢) and D, and E. can be given
as:

D, =31 .05-(40720)—®5icW ®)

Ec = 2.48-(3.05)%scw (7)

Thus, the relationship between curing depth (Cy), SiCy, content,
laser power and scanning speed (v) can be given as:



8 H. Xing et al. / Journal of Alloys and Compounds 828 (2020) 154347

350
325 (a) o Measured value of Dp
? 300 | é\ —— Predictive value curve of Dp
E2715F \
R i Equatio y=31.05"A%-x)
D= i AGRS 097673
g 225 ! Value  Standard Erro
% 20.0 [ P ; Mean A 407206 3037690577
154 B 7\‘\
g 175} B\
S 150} T
= r
a 125 B
3 i ~g
o 100r -
= 75} i
5.0 T T T T T T T
0 5 10 15

Fraction of SiCw whiskers @ (vol%)

25.0 -
< ...t © .
= 2251+ w Measured value of Ec 7
;; 20.0 i ——— Predictive value curve of Ec / i
oy 17.5[ [Equatio y=248"A%x) /
o I |AdiR- 095551
,8 150 - Value Standard Err §
[ |Mean A 305 180474E6

&>,3 125} .
5] I S
5 100 o
5 sof g™
o [ il
P o
E 25 §—

0'0 1 1 1 1

0 5 10 15

Fraction of SiCw whiskers @ (vol%)

Fig. 11. Influence of SiC whiskers content on photosensitive parameters, i.e., D, and E, of SiC,/Al,03 paste.

Cy4(Dsicw) = 31.05 + 40720 Fsiw . 103 [5.11 +In (I—: . 3.05*®5icw)

x } Ca(@sizng) =0.0639+5.5-Pson [6.519 +1In (g
d
(8)

There is a linear relationship between the depth and width of
curing line. Also, the line width (L) can be indirectly obtained by
analyzing Cq value from Fig. 12:

. ‘1‘1.2*®SBN4)

Lyyovorz) = 2.485C; — 0.065 (9)
Lyy(svolsicw) = 3-283Cy — 0.101 (10)
Ly(1ovoissicw) =3-552C4 — 0.096 (11)

0.30
028 = 100vol% Al203
o 5vol% SiCw
0.26 + 10vol% SiCw
,g 0.24 4 © 15v0l% SiCw
E
s 0.224
il 4
g 0.20 A
3 E
o 0.184
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Fig. 12. The cured line width (Lw) as a function of curing depth (Cd).

Lwsvolxsicw) =4.149Cq — 0.137 (12)

It has been reported that layer thikness Lg should be lower than
single line curing depth Cq during the SL 3D printing process. And
the scanning distance (H) should be optimized between zero and
the single line width value (L), to obtain effective connection be-
tween adjacent single curing lines. Therefore, Eqs. 6—12 can be
used to design and optimize the 3D printing parameters (L4, Hs) of
Al,03 paste with different amounts of SiCy, (5—15 vol %).

3.3. Characterization and microstructure of SL 3D-printed SiC,,/
AlO3 ceramics components

3.3.1. Mechanical properties

As given in Table 2, the maximum flexural strength, fracture
toughness, hardness and relative density of as-fabricated SiC/
AlbO3 ceramic were 405 + 98 MPa, 71 + 1.20 MPa ml/z,
17.6 + 0.78 GPa and ~99%, respectively. Compared with pure Al;03
ceramic, SiCy-toughened Al,O3 ceramics (5—15 vol %) exhibited
superior fracture toughness, corresponding to an increase of 31%
after the incorporation of SiC whiskers. Moreover, the flexural
strength increased with increasing whiskers’ content, rendering
the maximum value of 405 MPa at SiC,, content of 10 vol %. How-
ever, the excessive amount of whiskers (15 vol %) resulted in lower
flexural strength of SiCy,/Al,03 ceramics. Also, the relative density
of composite ceramics decreased from 99.4% to 93.2% when the
SiCy content was increased from 10 to 15 vol %. It can be concluded
that a lower relative density leads to a lower flexural strength of
SiCy/Al;03 ceramics. And an optimal amount of SiC,, toughing
phase (5—10 vol %) is required to obtain desired mechanical prop-
erties. However, the excessive whiskers’ content hinders the
densification during sintering and leads to inferior relative density,
flexural strength and hardness.

3.3.2. Microstructure

Fig. 13 (a, b) present the influence of x/y-raster scanning paths
and layer-by-layer manufacturing characteristics of SL 3D printing
on surface roughness of as-prepared SiC,,/Al;03 ceramic compo-
nents. Owing to the typical laser scanning paths, the horizontal and
vertical surfaces (XOY and XOZ) of the SiCy,/Al,03 ceramic exhibited
different surface roughness values. One should note that the traces
of scanning paths were not observed in the XOY surface. Also, the
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Table 2

Mechanical properties of SL 3D-printed and sintered SiC,y/Al,O3 ceramics.
Parameter 0 vol %SiCyy, 5 vol%SiCyy 10 vol %SiC,y 15 vol %SiCy,
Flexural strength/MPa 389 + 71 394 + 75 405 + 98 355 + 108
Fracture toughness/MPa-m'/? 5.5 + 0.95 6.60 + 1.03 7.1 +1.20 6.8 + 1.37
Vickers hardness/GPa 18.0 = 0.80 17.6 + 0.78 17.6 + 0.84 173 £ 0.94
Relative density/% 994 + 0.2 99 + 0.3 97.1 +0.2 932 +0.5

(a) 3D-printed and sintered complex structural SiCw/Al1203 parts and their detail morphologies

90° Y Scanning direction in
L : X horizontal surface (XOY)
SN

T Building direction in
vertical surface (XOZ)

(b) Schematic representing the x/y-raster scanning path of SL process

(c) LSM morphology of XOY surface
after 3D-printing and sintering

(d) LSM morphology of XOZ surface
after 3D-printing and sintering

Fig. 13. LSM morphology represents the surface roughness in different directions on horizontal and vertical surfaces of as-prepared SiC,,/Al,03 ceramics.

surface roughness in both directions (OX/0Y) exhibited a negligible
variation (0.84—0.89 pum), as shown in Fig. 13c. Hence, the XOY
printed surface of as-prepared ceramic demonstrated nearly
isotropic characteristics. However, layer-by-layer morphology has
been observed in Fig. 13d, which increased the R, of XOZ surface.
The highest R, (3.47 pm) was achieved in the OZ direction, which
corresponds to the building direction of 3D printing. Moreover, the
R, value of 2.19 um was observed in the OX direction on XOZ sur-
face. Hence, XOZ rendered anisotropic surface roughness, which is
different from the XQOY surface.

As shown in Fig. 14a and b, some of the SiC,, whiskers are uni-
formly embedded in the grain boundaries of Al,O3 grains, indi-
cating the uniform distribution of SiC whiskers in alumina matrix

after SL 3D printing and sintering. Furthermore, the average
diameter of Al,O3 grains was approximately 2 um and some
apparent grain growth (5 um) has been observed after sintering.
Moreover, some mini pores, with a special oval feature, remained
due to rapid sintering and the addition of SiC,y whiskers. Further-
more, the fracture morphology of SiCy,/Al,03 ceramics is presented
in Fig. 14c and d, showing that 10 vol % SiC,y/Al,03 composite ex-
hibits a mixed-mode of intergranular and transgranular fracture.
One should note that the transgranular fracture easily occurs
around the position of larger grains (>3 pum) because large grains
cannot withstand large shear stress. Also, the interaction force
between grains is higher than the internal strength of grains,
resulting in a transgranular fracture. In addition, a number of
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Fig. 14. SEM images of (a, b) polished and (c, d) fracture surfaces of sintered 10 vol % SiC,,/Al,03 composite ceramic.

equiaxed dimples and pitting dimples were observed in the frac-
tured surfaces. Moreover, regular-shaped deep holes, with a
diameter of ~500 nm, were found at the fracture surface, indicating
the improvement in fracture toughness of SiCy-containing com-
posites due to the whisker pull-out mechanism [36]. During crack
propagation, the whisker is pulled-out from the matrix when a
crack encounters a high strength SiC,, whisker. At the same time,
the friction between SiC whisker and matrix consumes the energy
of external loading, resulting in superior toughness of SiCyy/Al,03
composite ceramic. Therefore, river-like patterns (cleavage steps)
and tearing edges have been observed on the fracture surface
around the whisker pull-out hole. The nano-step pattern size of
Al>03 during fracture is ~5—50 nm, whereas the lattice parameter
(a) of tripartite lattice structure is 5.14 A. Hence, the fracture pro-
cess of «-Al,03 around the whisker is composed of about
10—100 cells. It can be concluded that the cleavage fracture mode
and dimple fracture mode occurred around SiC whisker. When the
whisker is pulled-out from the matrix, the microcracks around the
matrix absorb more energy, leading to the improved fracture
toughness of composite ceramics.

Furthermore, the fracture morphology of SiC,/Al,03 ceramics
with 5 vol % and 15 vol % whiskers was also presented in Fig. 15a
and b. Compared with the 10 vol % SiC,,/Al,03 composite ceramic,

the 5 vol % SiCy/Al,03 sample exhibited a similar mixed-mode of
intergranular and transgranular fracture. A number of equiaxed
dimples and pitting dimples were also observed in the fractured
surfaces. And a deep pore was observed on the fracture surface due
to the pulling-out of whisker, indicating a notable toughening
mechanism of whisker pulling out. In contrast, more unflat fracture
surface emerged for the 15 vol % SiCy/Al,03 material in Fig. 15b,
which proved that the intergranular fracture mode was dominant.
But some abnormal deep cavities (2 pm in diameter) were left on
the fracture surface. There cavities were distinguishable from
whiskers pulling-out pores because the whisker with a smaller size
was also observed at the edge of the hole, as shown in Fig. 15b.
Those large cavities distributing randomly in the composite
ceramic would be negative to the mechanical properties of 15 vol %
SiCy/Al;03 material.

4. Conclusions

(1) A butanone-ethanol azeotropic solvent was selected to
facilitate the mixing and dispersion of particles, whiskers and
photosensitive organic compounds. Then, 50 vol % solid content
SiCw/Al;03 pastes, with SiC whiskers content of 5—15 vol %, were
prepared by using ball milling, stirring and distillation. The solvent

Fig. 15. SEM images of fracture surfaces of sintered SiC,,/Al,03composite ceramic: (a) 5 vol% SiCy, (b) 15 vol%.
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was separated in vacuum at 70 °C for about 2 h without weakening
the polymerization of photosensitive resins. Simultaneously, SiCy,/
Al;03 ceramic pastes facilitated the dispersion and avoided the
agglomeration of SiC whiskers.

(2) The rheological and curing properties of SiCy,/Al,03 ceramic
pastes were influenced by SiCy, content and dimensional parame-
ters of SiC whiskers. Herein, an empirical equation was established
to evaluate the relationship between SiCy, content, aspect ratio and
viscosity of the ceramic paste. The 15 vol % SiC,,/Al,03 composite,
which SiC aspect ratio of ~50, consumed higher energy and
rendered higher resistance to the liquid flow, resulting in the
highest viscosity of 29,500 mPa s at the shear rate of 30 s~
Moreover, a modified equation was established to predicate the
curing depth of ceramic pastes, with different amounts of SiCy, in
different 3D printing parameters, i.e., laser power and laser scan-
ning speed. The 15 vol % SiC,,/Al,03 composite ceramic exhibited
superior light scattering properties, resulting in the lowest Cy of
~0.061 mm at the laser power of 102 mW and laser scanning speed
of 8000 mm/s.

(3) Finally, complex-shaped SiC,/Al,03 ceramic components
were prepared by using SL 3D printing technology, followed by
debinding and sintering processes. The as-fabricated SiC,/Al,03
composite ceramic exhibited highest flexural strength, fracture
toughness, hardness and relative density of 405 + 98 MPa,
71 + 120 MPa m'?, 17.6 + 0.78 GPa and =~99%, respectively.
Furthermore, traces of scanning paths were not observed on the
horizontal surface and R, values exhibited negligible change
(0.84—0.89 um). However, the layer-by-layer morphology was
observed in the vertical surface, which increased the R, of building
direction to 3.47 um. Finally, SiCy/Al,03 composite ceramics
exhibited mixed intergranular and transgranular modes of fracture,
where the fracture toughness was improved by whisker pull-out
and crack deflection mechanisms.
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