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Abstract

Silicon carbide (SiC) green bodies fabricated using robocasting were strengthened by incorporating cellulose nanofiber (CNF)
into a SiC slurry and just drying at room temperature. The measured flexural strength of a SiC green body modified via the
CNF with a liquid phase weight ratio (water-to-CNF slurry) of 80:20 was 813 +37 kPa, 1.5 times larger than the strength
of an unmodified green body. The strength was improved due to the increased number of hydrogen-bonding sites between
the raw particles and CNF. After annealing at 250 °C, the lowering of the flexural strength indicated the occurrence of the
bonding sites via water that was trapped on the CNF. The addition of CNF increased the viscosity and yield stress of the SiC
slurry, which remained in the Bingham pseudoplastic behavior regardless of the CNF used. Moreover, this addition showed
no effect on the relative densities, microstructures, and crystalline phases of the sintered SiC body. Therefore, the addition of
CNF to the SiC slurry aided in handling the green body during processing and showed no detrimental effects on robocasting.
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1 Introduction

Silicon carbide (SiC) is a conventional structural ceramic
material due to its low density, high mechanical properties,
and thermal stability, and it has been applied as a structural
material in aerospace and nuclear fields. SiC components
have been mainly fabricated by chemical vapor infiltration,
polymer impregnation and pyrolysis, liquid silicon infiltra-
tion, solid-state sintering, and advanced hot pressing (e.g.,
spark plasma sintering and nano-infiltration and transient
eutectic-phase (NITE) process) [1-6]. Significantly, the
NITE process has attracted much attention as a suitable fab-
rication process to obtain fully dense SiC products. How-
ever, it is difficult to fabricate SiC with complex shapes due
to the mechanical pressure applied to the product during
the process, and subtractive manufacturing of SiC is also
difficult due to its hardness.

In recent years, additive manufacturing (AM) has been
the new fabrication process to obtain complex-shaped
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materials [7—12]. In this process, the ceramic slurry is auto-
matically accumulated layer-by-layer, and a fabricated green
body is debinded and densified by heat treatment. AM has
been considered to fabricate SiC components with complex
geometries, and combinations with three-dimensional mod-
eling and sintering process without pressure have been stud-
ied. A fully crystalline SiC with a relative density of 92% has
been fabricated by binder jet printing and chemical vapor
infiltration [13]. SiC has been fabricated by a ultraviolet (UV)
irradiation of a photocurable resin containing a ceramic pre-
cursor polymer, followed by pyrolysis and sintering [14].

Robocasting (also known as extrusion free-forming or
direct ink writing), one of ceramic AM technologies, fabri-
cates a green body by discharging slurry with specific rheo-
logical properties from a three-dimensionally controlled
syringe. This method is inexpensive because no special
equipment (e.g., UV or laser light) is required. SiC fabrica-
tion using robocasting has been combined with solid-state
sintering using alumina (Al,0;) and yttria (Y,0;) as sinter-
ing additives or spark plasma sintering [15, 16].

In the robocasting method, the rheological properties of
the slurry, such as suitable viscosity for discharge and Bing-
ham pseudoplastic characteristics, which show shear-thinning
viscosity and initial yield stress, are essential. Shear-thinning
facilitates the discharge of the slurry from a nozzle because the
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viscosity decreases at high shear rates during extrusion. The
initial yield stress, a critical point where the slurry with elastic
behavior starts to flow, prevents deformation after discharge
and lamination. Their acceptable values are determined by
the performance of robocasting system used (e.g., if the yield
stress of a slurry is too high, the slurry requires high load to
start to flow). In addition, high viscosity in static conditions
prevents the slurry from dripping and maintains a printed
shape after discharge [17]. However, the strength of the dried
green body fabricated using robocasting is an issue for its
handleability and complex shape fabrication since it is more
fragile and has lower strength than its sintered body.

The enhancement of green body strength has been
attempted in some studies. Previous studies found that the
strength of green bodies can be improved by presintering or
adding cellulose nanocrystals (CNs) to a ceramic precursor gel
and solidifying in powder compacting [18] or gel casting [19].
However, the compact body has a simple geometry, and a mold
protects the casted gel in these studies; thus, these green bodies
seem to have higher damage tolerance against any shocks dur-
ing the fabrication processes than the green body with complex
shapes fabricated using robocasting. Therefore, improving the
strength of the robocasted green bodies directly and readily is
desirable.

Research has focused on cellulose nanofiber (CNF) as a
reinforcement of green bodies due to its high strength and
chain structure [20, 21]. The low CNF addition can strengthen
a matrix [22, 23]. In Ref. [22, 23], epoxy resin was strength-
ened by the CNF addition of less than 0.5 vol.%. It was con-
cluded that the strengthening mechanism could occur by a
chemical interaction between epoxy resin and CNF. An aque-
ous slurry containing CNF has thixotropic and shear-thinning
behavior, and a rigid cellulose sheet remained after drying
[24]. Therefore, CNF slurry is expected to strengthen green
bodies by simple drying without changing the slurry rheology.

This study clarified the effects of CNF slurry on robo-
casting for SiC. SiC slurry rheology containing the CNF
slurry was measured. The CNF effect on the green body
strength was discussed by comparing the flexural strength of
the green bodies made from slurries with the different con-
centrations of CNF and the quality of the sintered bodies. In
addition, a strengthening mechanism of the green body was
verified experimentally by comparing the flexural strength of
the green bodies after annealing at temperatures that caused
a change in the morphology of the CNF.

2 Experimental procedure
2.1 Materials

a-SiC powder (D5, =0.61 pm; GMF 15H2, Pacific Rundum
Co., Ltd., Japan) was prepared as a starting material. Boron
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carbide (B,C) powder (particle size 1-7 pm, F-1200, ESK
Ceramics GmbH & Co. KG, Germany) and carbon powder
(particle size 29 nm; Niteron #200, Nippon Steel Carbon
Co., Ltd., Japan) were prepared as sintering additives. The
weight fractions of B,C and C were controlled at 0.5 and 2.5
wt.%. A commercial polycarboxylic acid aqueous solution
(Celuna D-735, Chu-kyo Yushi Co., Ltd., Japan) was used as
a dispersant, and its concentration was controlled at 0.5 mg/
m? for the SiC powder that has a specific area of 16.4 m?%/g.
As reinforcement, mechanically homogenized CNF aqueous
slurry of 2 wt.% (BiNFi-s IMa-10002, Sugino Machine Ltd.,
Japan) was used.

2.2 Slurry preparation

Although there are many parameters that affect the fabri-
cated green body strength, we focus on the amount of CNF
addition. Aqueous dispersion media were prepared by
mixing the ion-exchanged water, CNF slurry, and disper-
sant for 30 s using a planetary mixer (a revolution speed
of 2000 rpm, revolution-to-rotation ratio=5:2, AR-50,
THINKY Co., Japan). In this process, its liquid phase weight
ratio (water-to-CNF slurry) was controlled at 100:0, 90:10,
and 80:20, and each slurry was denoted by its weight ratio.
B,C and C were added to the media and stirred for 30 s.
Then, the slurry was further stirred with SiC for 1 min and
defoamed for 30 s at a revolution speed of 2200 rpm without
rotation. Finally, SiC slurry with SiC solid loading of 40
vol.% was obtained.

2.3 Robocasting and sintering

The robocasting system was composed of an air pulse dis-
penser (ML-808GX, Musashi Engineering, Inc., Japan)
and a three-axis automatic robot with a 30 mL syringe and
a 1.6 mm diameter conical nozzle (SHOTmini 200QX,
Musashi Engineering, Inc., Japan) as shown in Fig. 1. Mod-
eling shapes were designed to a length of 40 mm X 3 rows
in the y-direction with a width span of 1.5 mm X 3 layers in
the z-direction with a layer span of 2.0 mm (see Fig. 2) for
a flexural test and to a length of 10 mm X width of 10 mm,
a width span of 2.0 mm X 2 layers in the z-direction, and
a layer span of 2.0 mm for a sintering test. The prepared
slurry was discharged to a wax-coated aluminum stage with
a printing speed of 30 mm/s, and a discharge flow rate was
fixed at 0.17 cm?/s by adjusting the pressure to a range of
70-170 kPa.

The green body can fracture by any shocks during trans-
portation to the furnace. If the product is strengthened on
the stage after 3D fabrication and drying, the fracture can be
avoided. So the discharged slurries were dried on the stage at
room temperature (RT) for a day. The role of drying was to
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Fig. 1 Modeling system for robocasting

remove water and it was removed almost completely (above
90 wt.%).

For fabrication of sintered bodies, the green bodies were
debinded at 400 °C for 2 h using a heating rate of 50 °C/min
under vacuum, followed by sintering at 2000 °C for 1 h using
a heating rate of 50 °C/min in argon gas. These processes
were conducted without mechanical pressure, and no cracks
were observed after the heat treatments.

2.4 Characterization

To investigate whether the slurry exhibited Bingham pseu-
doplastic behavior, rheological measurement was carried
out using a rotational rheometer (HAAKE RheoStress 6000,
Thermo Fisher Scientific, USA) with a 35-mm diameter par-
allel plate and 0.5-mm gap at room temperature. The CNF
slurry, SiC slurry without CNF (100:0 slurry), and SiC
slurry with CNF (80:20 slurry) were prepared as test speci-
mens. The slurries were preshared at a shear rate of 1 s~! for
1 min, followed by a resting state for 20 min. Subsequently,
the shear rate was controlled at 0.01-100 s™!.

Thermogravimetric analysis (TGA) was conducted using
a thermal analyzer (SDT Q600, TA Instruments, USA) at
50-600 °C using a heating rate of 10 °C/min under Ar flow
for the determination of the debinding condition and CNF
morphology. The 100:0 and 80:20 slurries were served as
powder crushed in a mortar after drying for a day. Mean-
while, a dried CNF sample was obtained by drying the raw
CNF slurry at room temperature.

This study adopted flexural strength obtained from a three-
point flexural test to characterize green body strength after
drying at room temperature for 2 days. This test was performed
using a universal testing machine (AG-Xplus, Shimadzu Co.,
Japan) under a 30-mm span and a 0.5-mm/min crosshead
speed. Tested green bodies were fabricated with the 100:0,

90:10, and 80:20 slurries. They were formed and polished
with abrasive paper to the size of about 40 mm X6 mm x5 mm
before the test. Their microstructures and CNF were observed
using a field emission scanning electron microscope (FE-SEM,
SU-70, Hitachi High-Tech Corporation, Japan) to determine
CNF strengthening mechanism.

For further discussion, the three-point flexural test of
green bodies annealed at 250 and 500 °C was also performed
at room temperature. Bound water trapped on CNF desorbed
from 250 °C. CNF started to pyrolyze from 300 °C. To iden-
tify the factors that influenced the green body strength, we
annealed the green bodies at 250 °C, where the bound water
desorbed but only the CNF remained, and at 500 °C, where
the CNF themselves had been almost completely pyrolyzed.
These temperatures for annealing were determined based on a
result of TGA described in Sect. 3.2. The crashed green bodies
annealed at the temperatures were examined by Fourier trans-
form infrared spectroscopy (FT-IR, FT/IR-6300 and IRT-7000,
JASCO Corporation, Japan).

The effect of CNF on the sintered bodies was evaluated
using the 100:0 and 80:20 sintered bodies for the following
three perspectives: microstructure, crystal composition, and
relative density. Microstructures were observed using FE-
SEM. The crystal composition was analyzed by X-ray dif-
fraction (XRD, Ultima IV, Rigaku Corporation, Japan). The
bulk density of rod- and square-shaped samples was measured
using the Archimedes method. Subsequently, the relative den-
sity was calculated using the bulk density and a theoretical
density of 3.18 g/cm? defined from the theoretical densities
of SiC, C, and B,C.

3 Results and discussion
3.1 Rheological properties

Figure 3 shows the rheological properties, namely, shear rate
7 shear stress 7, and shear rate viscosity # relationship, of the
CNF, 100:0 slurry, and 80:20 slurry. All slurries had Bingham
pseudoplastic behavior, i.e., yield stress and shear thinning.
The yield stress can be estimated using the Herschel-Bulkley
model (Eq. 1) [25]

T =17, +kj" 1)

where 7 is the yield stress, and k and n are constants.
The estimated yield stresses of the CNF, 100:0 slurry,
and 80:20 slurry were 36.5, 7.59, and 49.5 Pa, respec-
tively, by fitting the equation in the 7—y curve except for
unstable low shear rate (y < 1) in 100:0 and 80:20 slurries
(Fig. 3a). Coefficient of determination R*> was calculated
based on the experimental value and the theoretical value
using the fitting parameters. R? of the CNF, 100:0, and
80:20 slurries were 0.987, 0.995, and 0.903, respectively.
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Fig.2 a Schematic of the ( a)
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The unstable region might appear due to slippage on
the plate, flow heterogeneity, or a transient response dur-
ing the transition from an elastic rest state to a fluid state
during start-up [17, 26]. The yield stress of the SiC slurry
increased with CNF slurry addition, which indicated that
the CNF addition improved the shape retention ability of
the slurry after robocasting. However, the capacity of CNF
was dependent on the modeling conditions, particularly dis-
charge pressure. The more CNF was added, the more dis-
charge pressure was required. Therefore, this study limited
the water-to-CNF slurry ratio in the medium to 80:20.

@ Springer

3.2 Thermogravimetric analysis

Figure 4a shows a TGA profile of the dried CNF slurry. The
CNF showed a typical TG curve of cellulose: bound water
on CNF dissipated around 250 °C, and the CNF pyrolyzed
above 300 °C [27, 28]. Figure 4b shows the TGA profiles of
the 100:0 and 80:20 slurries. The weight-loss curve of the
80:20 slurry was different from that of the 100:0 slurry and
can be divided into three temperature regions (Fig. 4b). In
region 1 (50-250 °C), most of the water from the medium
evaporated as free water. However, some water remained



The International Journal of Advanced Manufacturing Technology (2023) 125:2055-2064 2059
Fig. 3 Rheological properties of 200 — — 10000 ———r———rrr———rry
the fabricated slurries compared ® CNF slurry o .| ® CNF slurry
; ® 1000 slurry . 0s
to raw CNF slurry. a 7 and b o 8020 shmy .‘:-.: . . Z{Err”yv
n—y curves 1000, ¢, -
150} —— Herschel-Bulkley fitting %o ®ege
? _ ) ... .:.0
[=% i () .0'
E F‘i 100+ .o. ... -
2100 B te, ",
2 8 o, %
§ 2 101 .'. .'Oc 7
ﬁ 5 'c. ':::o...
o,
50 1L ..°-.. '°°:.‘
q ....
C (]
|W o
0 I 1 L 1 n n 1 n 01 Ll 1l Lol IR
0 20 40 60 80 100 0.01 0.1 1 10 100
Shear rate [1/s] Shear rate [1/s]
Fig.4 Weight-reduction curve (a) (b)
of a the dried CNF sheet and b 100_ ] 100; \ Tt
the fabricated slurries obtained 90+ CNF 99.8f- ——100:0 slurry
using thermogravimetric < 8oL ] 5 F — 80:20 slurry
analysis E 70:_ h E‘ 99.65— ]
2 6ok 1 2 994f ]
I I 2 ¥
2 O 1 Z2992f . ;
= 4of S :
30F ] F ;
20’ L 1 L 1 " | L Il n 1 n ] 98.8: L | L Il L Il " 1 L 1 L N
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Temperature [°C] Temperature [°C]
as the bound water on CNF with numerous hydroxyl groups. 1000— | ;
Consequently, the weight loss of the 80:20 slurry was lower
than that of the 100:0 slurry. In region 2 (around 250 °C), - .
only the 80:20 slurry showed significant weight loss, indicat- ‘< {
ing that the bound water was released from CNF. In region 3 g 800} 7
(300 °C-), the pyrolysis of CNF progressed, and the percent =
mass residue fell below a value corresponding to the weight ED
fraction of CNF (approximately 0.175 wt.%). Meanwhile, © 600- { _
the weight of the 100:0 slurry decreased over the entire 7 }
region because the dispersant vaporized and pyrolyzed. g L -
>
3.3 Green body strength E 4001 .
Figure 5 shows the flexural strength of the green bodies with I i
different CNF concentrations. The flexural strength of the 200l

green body fabricated with the 80:20 slurry (813 +37 kPa)
was 1.5 times larger than that of the green body fabricated
with the 100:0 slurry (539 + 68 kPa). The flexural strength of
the green body fabricated via the 90:10 slurry (634 + 50 kPa)
was between those of the 100:0 and 80:20 green bodies.
After the flexural testing, flat surface was shown in the green
bodies. The microstructures of the 100:0 and 80:20 green
bodies are shown in Fig. 6. Slender CNFs (Fig. 6¢) were
observed in multiple locations in the 80:20 green body. The

| |
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Ratio of CNF slurry in dispersion medium

Fig. 5 Flexural strength of the dried green bodies with different CNF
concentrations obtained by the three-point flexural test
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microstructure of the 80:20 green body shows the adsorption
between CNF and the raw particles and among the particles.
This indicates that CNF causes an increase in the number of
bound sites, which may improve flexural strength because
the abundance of the bonding sites forms a dense network
to support the structure and consumes the fracture energy
when the crack propagates [29].

To determine the CNF strengthening mechanism, the flex-
ural strength of the “brown” bodies, which were annealed at
250 °C to dissipate the bound water and at 500 °C to pyro-
lyze CNF, was investigated as shown in Fig. 7a. The strength
of the 80:20 brown body annealed at 250 °C decreased to
the same level as that of the 100:0 green body, whereas the
strength of the 100:0 green body remained unchanged after
annealing at 250 °C. Therefore, the bound water on CNF
contributed to enhancing the green body.

It is noted that the bound water and hydroxyl groups of
CNF form a three-dimensional network derived from their
hydrogen bonds in CNFs. They have enhanced the polymer-
matrix composites containing CNF and CNF compressed
dry bulk [30, 31]. On the other hand, SiC and carbon black
are partially oxidized in water, and their surfaces have
hydrogen-bonding sites, such as the silanol group [32-34].
The results suggest that the green body was strengthened by
increased bonding sites in the green body where the hydro-
gen bonding through the bound water was dominant (see
Fig. 7b).

Using cellulose, previous studies enhanced strength by
adding CNs and solidifying at 60—70 °C or by adding car-
boxymethyl cellulose (CMC) and solidifying at 50-70 °C to
facilitate the crosslink condensation reaction between CMC
and dispersant [19, 35]. While these studies conducted heat
treatments, the present study achieved the enhancement by
room temperature drying. Table 1 presents the comparison
of the green body strength of SiC from this study with the
ceramic materials from the literature [19, 35]. It is interest-
ing to note that the use of CNF as a reinforcement has the
same effect as other ceramic materials in improving strength
even at room temperature.

The CNF strengthening mechanism through hydrogen
bonding explains the increase in the green body strength
without annealing. However, it does not apply to strength
enhancement after annealing at 500 °C (see Fig. 7) because
the bound water and CNF seem to dissipate based on the
TGA result. The strength enhancement after annealing at
500 °C may be due to an increase in nonpolar groups on the
SiC surface. The bound water is a hydrogen-bonding site
released at 250 °C. Meanwhile, the polar groups remained
on the surface of the raw particles. Therefore, the polar sites
compete with the nonpolar sites, such as siloxane and native
Si—C combination on the surface, thus limiting the effec-
tive bonding sites by decreasing the hydrogen-bonding sites.
However, since desorption of the polar groups at 500 °C
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Fig.6 SEM cross-sectional images of a the dried CNF slurry and the
green bodies fabricated with the b 100:0 and ¢ 80:20 slurries

causes occupation of the nonpolar sites on the surface, van
der Waals interaction becomes dominant, which increases
the effective bonding sites to improve the strength again.
This strength trend is consistent with the tensile test results
for a powder bed with silica glass particles, as reported in
a previous study [36]. The deviation trend in Figs. 5 and 7
was also consistent with that in its reference because the
green body was a powder aggregate, similar to the powder
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Fig.7 a Flexural strength of the
brown bodies after heat treat-
ment at bound water desorption
or CNF pyrolysis tempera-
tures. b Schematic diagram of
the bonding between the SiC
particle and the SiC particle or
the CNF in the green bodies at
room temperature and 250 °C
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bed. The difference in 500 °C between the 100:0 and 80:20
brown bodies should be investigated further.

We conducted IR measurement with attenuated total
reflection for hydrogen-bonding characterization. How-
ever, the powder samples fabricated with crushed green
bodies showed a similar profile regardless of CNF pres-
ence and heat treatment temperature (RT, 250 °C, 500 °C).

That was because Si—C absorbance was too strong, and
the CNF amount was too small. Hence, we performed the
test using dried pure CNF slurry. The CNF showed a typi-
cal spectrum profile of cellulose. On the other hand, the
intensity of the CNF heated at 250 °C was entirely lower
than that without heat treatment. In addition, dehydration
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Table 1 Green body strength of ceramics compared with other reported conditions

Drying temp. (°C) Materials Reinforcement Strength (Pa) Deformation Fabrication method Ref

25 SiC - 539x10° Bending Robocasting This study
CNF 813x10°

Dry: 60-70 Al,0;+PDMAA - 15.3x 108 Bending Gel casting [19]

Cure: 90 CNs 25.7x10°

50 SiC CMC +PEI 1.21x10° Compressive Gel casting [35]

60 1.40x 10°

70 1.90% 10°

PDMAA poly(N,N-dimethylacrylamide), PEI polyethyleneimine

Fig.8 SEM cross-sectional
images of the sintered bodies
fabricated with the a 100:0 and
b 80:20 slurries

was observed by the lower intensity of the O-H band and
the appearance of the C=C band.

3.4 Sintered body

The cross-sectional images of the sintered bodies fabri-
cated with the 100:0 and 80:20 slurries are shown in Fig. 8.
Regardless of the presence of CNF, both specimens exhib-
ited brittle structures, and no clear difference was observed.
The XRD patterns showed no difference in the crystalline
phase between the 100:0 and 80:20 sintered bodies. The
relative densities of the sintered bodies showed broad dis-
tribution, as shown in Fig. 9. This might be due to the sepa-
ration of the raw materials in the slurry during defoaming,
but there was almost no difference between the densities of
the sintered bodies with CNF and those without CNF.

4 Conclusion

The SiC green body fabricated via robocasting was suc-
cessfully strengthened by the commercial CNF slurry and
simple drying without changing the qualitative rheologi-
cal properties of the slurry and the microstructure of the
sintered bodies. Moreover, the strength of the green bod-
ies increased with CNF addition, which was caused by the
increase in the number of hydrogen-bonding sites. This
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Fig.9 Relative density distribution of the sintered bodies with differ-
ent CNF concentrations (n: number of samples)

indicated that the handleability of the SiC green bodies
could be improved by additives such as CNF, which pro-
vide hydrogen bonding sites at room temperature. This
study presented the novelty in that the green bodies fab-
ricated by robocasting were strengthened by drying at
room temperature, which would be expected to expand
the application of robocasting in terms of formability.
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