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Abstract

The debinding step is vitally important to obtain defect-free ceramics in the fabrication of ceramics by means of
DLP-3D printing. However, the residual carbon from the decomposition of the organic matter during the debinding
process severely affects the quality and mechanical properties of the sintered ceramics. In this work, it has been proven
that the carbon residue can participate in a carbothermal reduction reaction at 1300 °C and lead to the formation
of macroscopic defects such as delamination and cracks that occurred in the surface of the sintered silicon nitride
ceramics. Based on this, we propose an approach to eliminate the carbon retained in silicon nitride compacts fabricated
with the stereolithography technique. The amount of carbon residue that remained in the debinded silicon nitride
bodies is 0.58 % based on thermogravimetric analysis in air atmosphere. When the oxidation temperature and holding
time in the air were 450 °C and 5 h, respectively, the residual carbon in the samples could be sufficiently removed.
The flexural strength of sintered ceramics without the removal of carbon residue is only 184.88 + 8.16 MPa; sintered
silicon nitride ceramics after removal of residual carbon can reach 469.78 + 11.86 MPa. The research results in this study

provide great reference value for the preparation of defect-free ceramics.
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I. Introduction

Structural ceramics based on silicon nitride (Si3Ny) of-
fer excellent mechanical properties, outstanding thermal
shock resistance, good chemical resistance and dielec-
tric properties 12, They have been widely applied in me-
chanical, electronic, biomedical, and aerospace applica-
tions 3-6. To meet certain relatively strict and specific
requirements in some areas, multifarious ceramic shap-
ing methods are utilized to produce Si3Ny ceramics that
remain stable for decades (injection molding, slip cast-
ing, and tape casting) 7~ 10. However, these conventional
ceramic shaping techniques are limited when it comes to
high-efficiency production of ceramic components with
complex shapes. They are costly on account of the use of
expensive molds, long production times, and challenging
post-machining after sintering, which limits the applica-
tions of Si;N ceramics 11.

3D printing, also known as additive manufacturing (AM)
technology, can solve the problems associated with com-
plex shape. AM has tremendous potential to quickly fabri-
cate high-precision ceramic parts with arbitrarily designed
structures without any molds. This greatly enhances pro-
duction efficiency for the manufacturing industry 12,13,
To date, several AM techniques, such as selective laser sin-
tering (SLS), direct ink writing (DIW), fused deposition
modeling (FDM), and digital light processing (DLP), have
been developed and used to prepare ceramic materials.
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DLP is a relatively mainstream AM technology and has
been widely used to fabricate structural ceramics owing to
its high molding accuracy, high efficiency, and low cost 14.
DLP utlizes ultraviolet light illuminated by a projector to
selectively project an integral image on a photocurable liq-
uid slurry surface, on which the photosensitive resin is so-
lidified and tightly binds the ceramic powder under the in-
fluence of UV light with a specific wavelength 15. This pro-
cessis repeated until the desired ceramic green body object
is obtained. The photopolymerizable ceramic suspensions
also contain a dispersant, a photoinitiator, and a photosen-
sitive resin. After the printing step, the resulting ceramic
green body can be subjected to a suitable thermal debind-
ing process to burn out the organic binders at high tem-
peratures and is then densified in the subsequent sintering
process 16. DLP offers a new route to control the perfor-
mance of Si3Ny ceramics based on a diversified structure
design.

During the polymerization of ceramic slurries, the intro-
duction of ceramic particles significantly reduces the cur-
ing properties of the photosensitive resin because of the
particles’ light scattering; this is especially relevant for ce-
ramic materials with a large refractive index (RI) 17,18, A
larger RI lowers the cure depth (Cy) of the ceramic sus-
pension and reduces the dimensional resolution during
printing. This is detrimental to the fabrication of ceram-
ic components with high surface quality 1920, Therefore,
the main obstacle in forming Si3N ceramics by means of
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DLP-3D printing is the large RI (n = 2.1) of Si3Ny ce-
ramic particles 21. The larger absorption of Si;Ny parti-
cles also severely impairs their curing performance, mak-
ing it difficult to shape SisNy green parts by means of
polymerization-based AM technology 22. Thus, previous
studies have primarily focused on enhancing the curing
properties of Si;N, ceramic suspensions via the treatment
of the powder surface based on optimization of the slurry
formulation. Dense Si3Ny ceramics with complex-shapes
have been successfully prepared 23-25. While problems in-
volving molding Si;N, by stereolithography have been
effectively addressed, very few researchers have studied
the importance of carbonaceous residue left behind dur-
ing debinding 26. In contrast to oxide ceramics, the carbon
residue in Si3N4 brown bodies cannot be decomposed be-
cause the silicon nitride must be sintered under a nitrogen
atmosphere (the protective gas prevents oxidation) 27.

This research aims to eliminate the residual carbon gener-
ated during the debinding step for DLP-printed SizNy ce-
ramics. Silicon nitride ceramic bodies were fabricated by
means of stereolithography-based 3D printing. The print-
ed samples were then subjected to the same thermal de-
binding conditions and sintered at different temperatures
under a nitrogen atmosphere. The effect of the debind-
ing temperature on the mechanical properties and the mi-
crostructure of silicon nitride ceramics was thus investi-
gated. The residual carbon in the ceramic samples was de-
tected and then completely removed. The effect of the car-
bon residue on the macromorphology and the mechanical
properties of sintered ceramics was also investigated based
on controls without residual carbon. The findings can lead
to non-oxide ceramics without cracks prepared via stere-
olithography.

II. Experimental

(1) Fabrication of silicon nitride samples

This work used a silicon nitride ceramic slurry with a
solid load of 45 vol% and a commercial 3D printer from
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Fig. 1: Debinding (a) and (b) sintering profile of green bodies.
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Jiaxing CeramPlus Tech. Co. LTD. (Zhejiang Province,
China). The wavelength of the UV light in the DLP stere-
olithography printer was 385 nm from a light-emitting
diode (LED). To promote liquid-phase sintering and
achieve densification, 10wt% yttria-alumina (Y,0;-
Al,O3) with a mass ratio of 2:1 was added into the sili-
con nitride photosensitive slurry. After the sintering aids
were added, the resulting slurry was ball-milled for 24 h at
360 rpm to ensure uniform distribution of ceramic powder
inaphotocurable resin. The ball-milled ceramic slurry was
then transferred to a printer tank to prepare silicon nitride
ceramic samples. During printing, the layer thickness was
25 um, the exposure time was 8 s, and the exposure energy
was 40 mW/cm2. The silicon nitride green bodies mea-
sured 35 x 4 x 3 mm after printing and were then washed
with ethanol to remove residual slurry on the surface of
the samples.

(2) Debinding and sintering

The as-prepared green bodies were debinded in an atmo-
sphere furnace (GF17Q, Nanjing Boyuntong Instrument
Technology Co., China) under a nitrogen atmosphere. Ni-
trogen debinding can effectively prevent severe thermal
pyrolysis and gasification of the cured resin in the printed
sample 28. The debinding temperature profile is illustrat-
ed in Fig. 1(a). Heating rates of 1 K/min and 0.25 K/min
were chosen for the temperature ranges of RT — 150°C
and 150-600 °C, respectively. They were then ramped to
1000 °C, 1100 °C, 1200 °C, and 1300 °C at 2 K/min and
held for 2 h. These samples were denoted S-1000, S-1100,
S-1200, and S-1300. The samples were then transferred to
a sintering furnace (GSP120, Shanghai Chenrong Instru-
ment Technology Co., China) for sintering with nitrogen
as a protective atmosphere at 4 MPa applied gas pressure.
The sintering profile is illustrated in Fig. 1(b).
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Fig. 3: SEM images of the fracture surface of silicon nitride ceramics debinded at different temperatures: (a) 1 000 °C, (b) 1100°C, (c) 1200 °C,

and (d) 1300°C.

Fig. 4: Side view of the Si3N, ceramics debinded at different tem-
peratures: (a) 1200°C ; (b) 1300°C.

Hu et al. 35 have reported that the introduction of a small
amount of carbon can react with the grain boundary glass

phase and nitrogen during post-sintering heat treatment,
thus leading to a significant improvement in the thermal
conductivity of Si3Ny ceramics. Thus, we concluded that
the formation of cracks on the surface of the sample S-1300
can probably be attributed to rapidly expanding CO gas
owing to the carbothermal reduction that occurred at the
higher sintering temperature. Here, residual carbon can
react via SiO, under a reducing N, atmosphere. The pres-
ence of residual carbon elements resulting from carboniza-
tion of the cured resin in nitrogen during the low-temper-
ature debinding stage does not enhance the sintering prop-
erties of Si;N ceramics because the generation of cracks is
fatal in ceramics. Therefore, any residual carbon should be
eliminated as soon as possible to ensure densification and
maintain the mechanical properties of the sintered ceram-
ics.

Thermogravimetric analysis (TGA) in air was used to de-
termine the content of the residual carbon in S-1200 and
the result is shown in Fig. 5. The weight loss of the sam-
ple decreased sharply from room temperature to 99.8 °C
with a mass loss of 0.41 %. The weight loss was main-
ly because of the evaporation of water absorbed in air 15.
As the oxidation temperature increased, a maximum mass
loss 0£0.99 % was obtained at 461.6 °C. We concluded that
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the practical weight loss was nearly 0.58 %. This suggests
that this value should be a good indicator of the carbon
residue that remained in S-1200. The mass of the sample
began to increase when the oxidation temperature exceed-
ed 461.6 °C, thus illustrating that the entire carbon residue
in S-1200 decomposed at this temperature, and SiO, grad-
ually formed via oxidation to improve sample quality.
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Fig.5: Thermogravimetric analysis curves of the Si3N, debinded
body.
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This analysis led to a method for removing residual car-
bon. Low-temperature oxidation in the air is an effective
way to reduce the content of carbon remaining in sin-
tered ceramics 3637, The highest oxidation temperature
for eliminating carbon was set to 450 °C to avoid signifi-
cant formation of SiO; on the surface of the Si;N, parti-
cles. Sample S-1200 was used as an example and then ox-
idized at different temperatures (300 °C - 450 °C) with
the same heating rate of 5 K/min and dwelling time of 2 h,
to evaluate the effect of the oxidation temperature on the
efficiency of carbon removal. The fracture morphology
of S-1200 oxidized at different temperatures is shown in
Fig. 6. The residual carbon was present in the form of de-
bris at 300 °C and 350 °C. Little carbon is left at 400 °C
and 450 °C; thus, the oxidation temperature should be over
400 °C.

Fig. 7 shows the bulk density of S-1200 as a function of
the oxidation temperature for 2 h. The density decreased
to 2.18 g/cm3 when the oxidation temperature increased
from 300 °C to 450 °C. This can be explained by the car-
bon’s removement in the sample heated at a higher oxida-
tion temperature, at which the carbon was more easily de-
composed in the air; a portion of CO, was thus produced
from inside to outside. Furthermore, there are no cracks
generated on the surface of all sintered samples after oxida-
tion, suggesting that the oxidation reaction corresponding

Fig. 6: SEM images of the fracture surface of sample S-1200 oxidized at: (a) 300 °C , (b) 350 °C, (c) 400 °C, and (d) 450°C.
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to these temperatures was relatively mild and the resulting
CO, wasdegassed smoothly from the ceramic green part.
This leads to favorable sintering. Thus, 450 °C was selected
to remove carbon for further use of the materials.
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Fig.7: Bulk density of Si;Ny4 debinded bodies as a function of
oxidation temperature.

The holding time at 450 °C in air was also evaluated with
regard to the removal of carbon residue. The weight loss
of the sample as a function of the holding time is shown in
Fig. 8. With increasing holding time, the weight loss of the
sample decreased markedly and then remained constant at
times over 5 h, suggesting that the residual carbon remain-
ing in the sample had been adequately oxidized. Thus, the
optimal holding time selected here for eliminating carbon
residue at 450 °Cin airis 5 h.
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Fig. 8: Weight loss of the debinded samples oxidized at 450 °C in
air as a function of holding time.

To verify this strategy, the following experiments were
performed. Samples that had been debinded at 1200°C
were divided into two groups: One group was left untreat-
ed, and the other group was heated to 450 °C and held for
5hin air (SN-1 and SN-2, respectively). All samples were
then sintered at 1750 °C based on the sintering profile il-
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lustrated in Fig. 1(b). Optical microscopy data of the sin-
tered ceramics, without and with the removal of residual
carbon, are shown in Fig. 9(a) and (b), respectively. Severe
deformation and obvious cracks are seen on the ceram-
ic sample without oxidation treatment before sintering.
There are no visible defects on the sintered sample with
oxidation treatment. This proves that the small amount of
residual carbon due to insufficient pyrolytic activity can
participate in carbothermal reactions and lead to fatal de-
fects.

Fig. 9: Side view of sintered Si;Ny ceramic without (a) removal of
carbon, with (b) removal of carbon.

The mechanical properties of the sintered Si; N4 ceramics
with and without carbon residue are shown in Table 1. The
relative density of all sintered samples is slightly lower,
which is probably explained by the low sintering temper-
ature (1750 °C). The sintered ceramic samples from which
the carbon residue has been removed show excellent flex-
ural strength up t0 469.78 £ 11.86 MPa, which is more than
double the strength of the samples without removal of car-
bon residue. These data indicate that the flexural strength
of ceramics can be remarkably improved thanks to the re-
moval of carbon residue.

Table 1: Mechanical properties of the sintered Si;Ny ce-
ramics without (SN-1) and with (SN-2) removal of carbon
residue.

. N Flexural
Relative density (%) strength (MPa)
SN-1 87.40 184.88 = 8.16
SN-2 90.49 469.78 £ 11.86

The variation in flexural strength of sintered silicon ni-
tride ceramics is usually determined based on the mi-
crostructural evolution. Fig. 10(a) shows the microstruc-
ture of the sintered Si3;Ny ceramics without removal of
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Fig. 10: SEM micrographs of the fracture surface of (a) SN-1, and (b) SN-2.

carbon residue. The number of rod-shaped B-Si3N gran-
ules witha high aspect-ratiowas relatively limited, perhaps
because residual carbon reduced the content of Si0, ow-
ing to carbothermal reduction at high sintering tempera-
tures, thus leading to the formation of less liquid, which
in turn restricts anisotropic grain growth of B-SisNy nu-
clei 34. Many pores were present in the sample, leading to
low flexural strength and densification. Fig. 10(b) shows
the morphology of sintered Si3N ceramics after the re-
moval of residual carbon. Although pores are present be-
tween the granules, many columnar grains with high as-
pect ratios are also visible, suggesting that the transforma-
tion of a-Si3Ny to B-SizNy is complete. These B-Si3Ny
overlapped tightly with each other and were distributed
on some of the Si3Ny grains, thus greatly enhancing the
flexural strength of the sintered Si3N ceramics.

IV. Conclusions

Silicon nitride green bodies were fabricated usinga DLP
3D printing technology. The influence of the debinding
temperature on the mechanical properties and microstruc-
ture of the debinded ceramic samples was investigated.
The flexural strength of the debinded silicon nitride bod-
iespeaked at 18.5+0.75 MPa when the debinding tempera-
ture was 1300 °C. The residual carbon that remained in the
ceramics was identified and eliminated by means of low-
temperature oxidation treatment. At an oxidation temper-
ature and holding time in the air of 450 °C and 5 h, respec-
tively, the carbonaceous products left after the debinding
step were removed sufficiently. The sintered silicon nitride
ceramics without removal of the carbon residue exhibit-
ed aflexural strength of 184.88 £8.16 MPa. The silicon ni-
tride ceramics without residual carbon can reach 469.78 £
11.86 MPa. This indicates that although the content of car-
bon residue is relatively small, it has a considerable impact
on the mechanical properties and densification of the sin-
tered silicon nitride ceramic parts. Residual carbon must

be eliminated to fabricate fully dense silicon nitride ceram-
ic parts with high strength.
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