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Complex shaped dense SigN4 ceramics were produced by using direct coagulation casting technique via
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the suspension, additional cold isostatic pressing of the cast parts, and sintering behaviour and on the mechanical
reliability of silicon nitride ceramics were investigated. It was observed that all slurries exhibited rheological
properties suitable for casting in the range of 44-50 vol.% solid concentrations. Nevertheless, higher solid

concentration suspensions resulted in smaller floc size and thus better green microstructures. Parts shaped by
direct coagulation casting at all the solid loadings had relatively low strength and reliability after sintering.
However, application of additional cold isostatic pressing to the cast parts increased the strength and, particu-
larly, reliability. Dense SizN4 ceramics with relative density above 99.5%, average bending strength 760 + 39
MPa and Weibull module 23.5 had been obtained with 50 vol.% solids content after DCC + CIP process.

1. Introduction

Silicon nitride (SigN4) ceramics, having numerous advantageous
properties such as exceptional mechanical behaviours, wear resistance,
good thermal shock and corrosion resistance, are commonly being uti-
lised for various structural applications. These applications include
automotive engine parts, ball bearings, ceramic armour, turbine blades,
heat exchangers and cutting tools [1-5]. Traditional shaping methods
such as slip casting, injection molding, extrusion and dry pressing have
been commonly used to produce SisN4 ceramics [6,7]. In addition,
gelcasting and direct coagulation casting (DCC) have also been devel-
oped as alternative shaping methods in recent years, particularly for the
complex shaped SigN4 ceramics in order to reduce or avoid green and
sintered machining costs [6,7].

Gelcasting is a novel colloidal shaping method which is based on the
formation of three dimensional network of some organic gel forming
additives [8,9]. However, the highly neurotoxic organic systems are
often used and the binder removal process takes longer time. This has
prevented it to be commonly used in industrial applications [10,11]. On
the other hand, DCC relies on the coagulation of a stable colloidal sus-
pension at high solid concentration with the use of a small amount of
suitable additives in the suspension which causes its destabilisation
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[12]. The coagulation process in DCC occurs by either increasing ionic
strength which compresses the electrical double layer or shifting the pH
towards the isoelectric point (IEP) of the suspensions [13-16]. In both
cases, attractive forces between particles in the suspension increase and
turn a stable suspension from the liquid condition into a solid particle
network [7,12,16].

In order to assess the effectiveness of the gelcasting and DCC on
mechanical properties, several studies have been made [15,17-21]. Gan
et al. [15] shaped SigN4 ceramics by DCC via dispersant reaction, where
they used tetramethylammonium hydroxide (TMAH) as a dispersant and
glycerol diacetate as a reactant for TMAH, and measured the flexural
strength after presssureless sintering and hot pressing. The authors re-
ported that the flexural strength of the DCC SisN4 after pressureless
sintering to 98.8% relative density was 817 + 75 MPa, which was
comparable to the flexural strength of 911 + 40 MPa of the hot pressed
counterpart. Gan et al. [17] prepared SiC ceramics by DCC via dispersant
reaction and obtained flexural strength of 697 + 30 MPa of dense SiC
ceramics. In another study, Wu et al. [18] used spark plasma sintering to
sinter DCC shaped SigN4 ceramic and obtained fracture toughness and
hardness values of 8.5 MPa m'/2 and 17.5 + 1.0 GPa, respectively. In a
recent study, Liu et al. [19] produced SisN4 ceramics by DCC via
increasing ionic strength and reported that the ceramic parts had
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Fig. 1. SEM image of the silicon nitride powder [25].

homogeneous microstructure with flexural strength of 758.4 MPa and
fracture toughness of 6.3 MPa m'/2. Zhang et al. [20] produced SiC
ceramics by gelcasting and pressureless sintering. They determined
flexural strength and Weibull modulus as 531 + 38 MPa and 8.11,
respectively. In another study, Zhang et al. [21] fabricated the silicon
carbide ceramics by gelcasting and pressureless sintering and reported
flexural strength as 637 + 156 MPa. Being a similar technique to DCC,
similar strength values were also reported for the SigN4 ceramics shaped
by the gelcasting method by various authors who also included reli-
ability data in their works [22-24]. Huang et al. [22] reported that
surface oxidation of Si3N4 powder by thermal treatment is needed in
order to avoid the reaction between SisN4 powder (and free Si powder, if
exists in Si3N4 powder) and water, producing NHjs (g) (and H; (g) in the
case of free Si) which causes the formation of large pores in the green
body. In this way, they were able to get dense SizN4 ceramics with the
flexural strength and Weibull modulus of 785 MPa and 11.8, respec-
tively. Huang et al. [23] prevented the reaction between SisN4 and water
by coating SisN4 powder by Y03 and Al;O3 sintering additives by
precipitating them on the surfaces of SigN4 particles from Y and Al
containing salts. This approach prevented the formation of large bubbles
in the green bodies associated with NHgs (g) evolution during gelcasting
and resulted in dense SisN4 ceramics with the flexural strength and
Weibull modulus of 840 MPa and 15.5, respectively. Zhou et al. [24]
also proposed an oxidation treatment of SisN4 powder at 600 °C to avoid
bubble formation during gel casting and reported 814 MPa flexural
strength and 12.4 Weibull modulus and additional cold isotatic pressing
of the gelcast green parts further improved the strength to 867 MPa and
Weibull modulus to 15.1. The cold isostatic pressing was claimed to
remove some larger pores which may remain in the green body during
the gelcasting.

With respect to direct coagulation casting, although excellent
strength values of DCC cast SisN4 were reported by Gan et al. [15] and
Liu et al. [19] as mentioned above, there has been no study on the
reliability of DCC shaped SigN4 ceramics. It also appears from the gel
casting studies that large pores due to bubble formation during casting is
a concern in colloidal suspension based shaping techniques, particularly
for SigN4 ceramics [22-24]. Therefore, in this study, an attempt has been
made to determine viability of the DCC method to fabricate high
strength SisN4 ceramics with high reliability. For this, SisN4 green parts
produced by the DCC method with and without additional cold isostatic
pressing (CIP) were sintered by gas pressure sintering and mechanical
property comparisons including Weibull modulus (m) were made.
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2. Experimental procedure
2.1. Materials

A commercial a-SigN4 powder (P95H, VestaSi Europe AB, Sweden)
which was produced by direct nitridation of silicon was used in this
study in the as-received state with no further treatment. Fig. 1 shows a
scanning electron microscopy (SEM) image of the powder. The average
particle size (Dsg) of the powder was approximately 0.9 pm and spesific
surface area was about 11 m2/g, as quoted by the manufacturer. It
contained 0.2% free silicon and 0.5% oxygen. Al,O3 (99.9%, Alcoa-
A16SG, USA) and Y203 (99.99%, REEtec AS, Norway) powders were
used as sintering additives. Tetramethylammonium hydroxide (TMAH,
10 wt.% solids content) was used as the dispersant and glycerol diac-
etate (GDA) (Alfa Aesar, USA) was used as the coagulation agent.

2.2. Production of SigN4 ceramics

Silicon nitride suspensions at different solid concentrations (44-52
vol.%) were prepared through ball milling of the SisN4 powder and
sintering additives (2 wt.% Al,O3 and 5 wt.% Y503) in distilled water in
a polyethlene jar for 72 h by using small amount of silicon nitride balls
(The mass ratio between grinding medium and SigN4 powder was 1:5).
TMAH (0.4 wt.% on dry weight basis) was used as deflocculant. This
process is not only facilitated intimate mixing of the SisN4 powder and
additives without substantial grinding due to less ball charge but also
hydrolysed all unreacted free silicon which is present in the as-received
SigN4 powder. It was obderved that extensive bubble formation was
observed in the green parts when the milling time was shorther (e.g. 12
h) as a result of the reaction between free Si and water, generating
hydrogen gas. The pH value of suspension was about 10.5 after ball
milling. The prepared suspensions were degassed under vacuum con-
dition for about 30 min before the coagulation agent (GDA) was added.
Then, GDA (2 vol.%) was added into the slurries and mechanically
mixed for approx. 3 min for homogenization under room conditions. The
suspensions were then poured into a non-porous mould. The mould was
closed to prevent water evaporation and put into an oven at 60 °C for
1.5 h for coagulation followed by demoulding. The wet green bodies
were dried at 60 °C for 24 h after demoulding. Some of the dried green
specimens were subjected to an additional cold isostatic pressing (CIP)
for 5 min under 200 MPa. The dried and CIPed samples were debinded in
an atmosphere furnace with a heating rate of 3 °C/min to 550 °C with 1
h dwell time at this temperature. The debinded silicon nitride green
bodies were then sintered by using gas pressure sintering (GPS) furnace
(FCT Anlagenbau GmbH) at 1950 °C for 2 h under 95 bar No+Ar gas
mixture (20% Ng). The heating rate was 10 °C/min during sintering.

2.3. Characterisation of the materials

The zeta potential of the silicon nitride suspension at a solid loading
of 0.05 wt.% with and wihtout TMAH addition was measured using
Zetasizer (Malvern Inst.). 1 M HCl and 1 M NaOH were used to adjust the
pH value. Rheological behaviours of the silicon nitride slurries were
characterised using rheometer (AntonPaar MCR 102) with parallel plate
measuring tip (PP25) under ambient conditions. The viscosity mea-
surements were carried out in the range of 0-100 s~ * shear rates. The
phase composition of both the green and the sintered bodies was
determined using X-ray difractometer (XRD, Rigaku Miniflex 600, Cu
K). Density of the green bodies were calculated using the dimensions
and weight of rectangular spacimens by a micrometer. Densities of the
sintered bodies were measured by the Archimedes method. Bending
strength of the sintered specimens prepared by using different solid
concentration slurries were determined by using four-point bending test
of 3 x 4 x 50 mm® samples (Instron-M10 25590). Cross-head speed of
0.5 mm/min and a span of 20 mm was used in accordance with ASTM
standards (C1161-18). In order to obtain average value, at least 10
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Fig. 2. Change in zeta potential of SizN,4 suspensions with pH.

measurements were taken for each sample group. Before the measure-
ments, the samples were ground and then subjected to heat treatment at
1000 °C for 1 h in static air in an atmospheric furnace in order to heal
any surface defects that may be present due to the grinding. Vickers
hardness and fracture tougheness of the sintered samples were measured
by indentation technique (Emco-Test) by using 10 kg load for 10 s. In
order to obtain statistical results, at least 5 measurements were made
from each sample. Fracture toughness values were calculated by using
the Niihara equation [26]. Fracture surfaces of green and sintered bodies
were examined by scanning electron microscopy (SEM, Zeiss, SUPRA 50
VP) under secondary electron imaging mode while the polished surfaces
of the sintered specimens were examined by using backscattered elec-
tron imaging mode.

3. Results and discussion
3.1. Rheological behaviour of SisN4 slurries

The surface charge density is very important in determining the
particle distribution and stability in colloidal processes. The zeta po-
tential curves of SigN4 suspensions without and with 0.4 wt.% TMAH
addition, are shown in Fig. 2. The isoelectric point (IEP) of the SigNy4
suspension without dispersant addition is at pH 4.8. Above this IEP
value, the suspension shows a negative zeta potential that increases with
the pH value of the dispersing medium. The highest zeta potential is
about —35 mV at a pH range of 10-12. There are two different groups on
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Fig. 6. SEM images of SizNy4 green bodies prepared by DCC method (After DCC; a-c-e-g: 44, 46, 48, 50 vol.%, After DCC + CIP; b-d-f-h: 44, 46, 48, 50 vol.%). Circles

in (a) indicate pores and arrows indicate aggregates.

the SizNy4 particle surface: silanol groups (Si-OH) and silylamine groups
(Si-NHy). It is possible for these groups to be ionized in aqueous sus-
pensions. The ionization depends on the pH value of the suspensions.
The presence of silanol groups results in a low pHjep and the presence of
amine groups results in a high pHiep. Depending on the density of the
surface groups, the pHjep in the range of 3-9 may observed for silicon
nitride [27,28]. Due to the low IEP point, it can be said that silanol
groups are dominant on the particle surfaces. With the addition of 0.4
wt.% TMAH, IEP is reduced to pH 4.5 while the highest zeta-potential
achieved was —45 mV at a pH range of 10-12. TMAH is a strong base
and provides effective electrostatic stabilization of silicon nitride sus-
pensions [29-32] which causes the dissociation of the silanol groups and

creates more negative charges on the silicon nitride particle surface
[29]. Although the IEP of the SisN4 suspension has displaced towards the
acidic direction after the dispersant addition, the pH value corre-
sponding to the max. zeta potential is still in a pH range of 10-12. High
zeta potential means to high charge density on particle surfaces, and
accordingly a good colloidal stabilization occurs due to increased
repulsion force between equally charged particles. Therefore, the opti-
mum fluidity of the Si3N4 suspension is expected to be achieved at a pH
range of 10-12.

In shaping by DCC method, rheology of suspensions is an important
parameter for obtaining high density ceramics with ideal microstructure
and properties [18,33]. Ideally, low viscosity suspensions with as high
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solid loading as possible are preferred in casting [15]. The viscosities of
SisN4 suspensions with different solid concentration in the range of
44-52 vol.% is given in Fig. 3 as a function of shear rate. With the in-
crease in shear rate, the shear stress increased and the viscosity
decreased (Fig. 3a and b). All the slurries show shear thining behaviour.
Although viscosities of the suspensions are rather high at low shear
rates, they are reduced more or less logorithmically with increasing
shear rate. Typical shear rates experienced in slow mixing and pouring
conditions during suspension preparation are in the range of 10 s tand
the suspension viscosity should be below 1 Pa s at this shear rate for
good mould filling during casting. The viscosity of the SigN4 suspensions
at 10 s~ ! increased approx. from 0.36 Paes to 1.34 Paes with increasing
solid concentration from 44 to 52 vol.%. Therefore, 50 vol.% solid
loading (0.75 Paes at 10 s™!) is about the limit for good fluidity for
casting complex shape process according to Fig. 3.

Fig. 4 shows change in viscosity at a shear rate of 10 s of suspen-
sions with time at different solid loadings (44-50 vol.%) after adding 2
vol.% GDA at room temperature. For all the solid loadings, the slurry
viscosities increase with time and the viscosity increase becomes faster
with the increasing suspension solid loading due to the less distance
between particles in the suspension. After a certain time, the suspension
turn into a rigid green body. The reason behind the increase in viscosity
and subsequent formation of a rigid body is as follows: GDA hydrolyzes
under alkaline conditions and produces acetatic acid [34]. TMAH, used

as the dispesant, is a strong base and the acid-base reaction between
acetic acid and TMAH takes place according to the reaction given below
[15]:

(CH3)4sNOH + CH3COOH — CH3COON(CH3)4 + HO 1

This reaction gradually reduces the amount of the dispersant and
hence of the charges on the silicon nitride particles surfaces and as a
result coagulation occurs.

3.2. Properties of SisN4 green bodies and their sintering behaviour

The green body properties have significant effect on the final product
properties. Fig. 5 shows the effect of the suspension solid content on the
green density of the as-cast specimens and after CIP. Green densities of
the as-cast samples closely resembled the slurry particle volume loading,
being fractionally higher than the slurry particle volume loading, due to
a small amount of linear drying shrinkage (measured as 1.2-1.7%). As
the solid concentration increased from 44 vol.% to 50 vol.%, the relative
green densities increased from approximately 44.4%-50.5% linearly.
This indicates that the slip structure kept almost unchanged during
coagulation process. Cold isostatic pressing of the DCC green parts in-
creases the green densities further by reducing interparticle spacing and
pore size. Relative green density of the samples prepared from 44 vol.%
and 50 vol.% suspensions increased from 44.4% to 50.5%-53.3% and
55.5%, respectively.

Fig. 6 shows the secondary electron images of the fractured surfaces
of the dried DCC green parts and after CIP. It is noticeable that DCC
green parts (Fig. 6a,c,e,g), particularly the one with 44 vol.%, have
easily distinguishable aggregates (arrowed in Fig. 6a) and some larger
size pores than interparticle porosity (marked with light circles in
Fig. 6a) among these aggregates. The aggregates seem to get smaller and
are not easily evident as the particle volume loading of the suspension
increases. The formation of these aggregates must be due to the floc
formation just before solidification of the suspension as the interparticle
forces are reduced with the progress of dispersant reaction. The reason
why they are particularly evident in the lowest particle volume loading
suspension could be the higher degree of freedom of the particles at low
volume loadings so that the primary particles can form larger flocs. CIP
causes the collapse of the aggregates as can be seen in Fig. 6b,d,f,h and
thus increases the green density by further reducing the interparticle
spacing and size of the larger pore. Nevertheless, it appears that the
aggregates somehow reduce the packing density and homogeneity of the
green bodies and they can be the reason behind the lower green densities
of the CIPed green parts at lower solid loadings (Fig. 5).

Fig. 7a shows the densification behaviour of the different volume
loading suspensions after DCC and after DCC + CIP while Fig. 7b gives
corresponding sintering shrinkages. Linear shrinkage values up to 22%
of DCC samples could be reduced to less than 18% with further CIP. Only
97% relative bulk density was achieved when 44 vol.% suspension is
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Fig. 10. The effect of CIP and solid concentrations on the bending strength of
sintered Si3N4 specimens.

used and the densities were over 98.5% for suspensions 46 vol.%. The
highest density of 99.2% was achieved when 50 vol.% suspension was
used. The DCC + CIP samples are all sintered to over 99% relative
density. The lowest density was 99.3% with 44 vol.% suspension while
the highest was 99.7% for the sample with 50 vol.% solid loading.
Although applying 200 MPa CIP reduced the density differences be-
tween different particle volume loading samples, it did not completely
eliminated the differences. Densification behaviours at different particle
volume loadings of DCC and DCC + CIP samples clearly support the
green microstructure observations (Fig. 6).

3.3. Phase composition and microstructure of sintered bodies

The XRD patterns of green and sintered SizsN4 specimens produced by
using the suspension with 50 vol.% solids concentration is shown in
Fig. 8. It was observed that a-SisN4 was completely transformed into

Fig. 11. Defects in the form of circular pores in the sintered specimen at 50 vol.
% solid content (circled).

B-SigNy4 phase after sintering at 1950 °C, which was expected at this high
sintering temperature. The unmarked peaks in Fig. 8b are probably due
to the crystalline phases forming in the microstructure due to sintering
additives.

The SEM images of the polished surfaces of SigN4 sintered samples
produced at 44 and 50 vol.% solid loading are given in Fig. 9. It was
observed that p-SigN4 elongated grains with high length to diameter
ratio were formed in all specimens without any noticeable differences
between the different volume loadings. Higher porosity is evident from
sample with 44 vol.% solid loading (Fig. 9a) and should result from the
larger pores between the aggregates shown in Fig. 6a due to the for-
mation of larger flocs during the coagulation process. CIP helps to
reduce the size and amount of the porosity, also after sintering (Fig. 9b).
On the contrary, comparison of Fig. 9c¢ and d indicates that the differ-
ence in the amount of porosity between DCC and DCC + CIP samples
after sintering was lower at 50 vol.% suspension due to the lower inter-
aggregate porosity of the green bodies at this concentration.
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3.4. Mechanical properties of SisNy4 sintered bodies

With the increase of the solid volume loading from 44 vol.% to 50
vol.%, Vickers hardness and fracture toughness values of the DCC
samples increased from 13.7 to 14.2 GPa and from 6.75 to 7.00 MPaem’
2, respectively, and those of the DCC + CIP samples increased from 14.1
to 14.4 GPa and from 6.81 to 7.10 MPaem'/2. This increase may be
attributed to the increase in sintered density.

Bending strengths of Si3N4 ceramic parts produced by DCC and DCC
+ CIP by using different particle volume loading suspensions are given
in Fig. 10. The average strength values of DCC samples change between
640 + 129 MPa to 670 + 90 MPa as the particle volume loading of
suspensions increased from 44 vol.% to 50 vol.%. Neither the strength
nor the scatter in the strength values changed significantly for DCC
samples. This indicates that particle volume loading of the suspension
does not change the size and the distribution of defects significantly.
Considering that toughness of the SisN, material is 7 MPaem'/? and that
pores are circular, the critical pore size of about 75 pm can be calculated
from Griffith equation [35] at 650 MPa strength. Fig. 11 shows such a
circular pore on the fracture surface of bending sample. These pores
clearly result form trapped air bubbles during suspension preparation
and/or casting and it appears that the vacuum treatment is not enough
to remove them completely.

Application of CIP on DCC samples not only improves the strength
but also reduces the scattering in the strength values and this scatter is
the lowest when 50 vol.% particle loading suspension is used. The
average strength values of DCC + CIP samples change between 700 +
120 MPa to 760 + 39 MPa as the particle volume loading of suspensions
increased from 44 vol.% to 50 vol.%. Fig. 12 shows the Weibull graph of
DCC and DCC + CIP samples prepared from 50 vol.% particle loading
suspension. The average strength value and Weibull modulus (m) of DCC
samples were 670 MPa and 8.6, respectively and those of DCC + CIP
samples were 760 MPa and 23.5. Improvement in reliability with the
application of CIP is evident. There has been no report on m values of
Si3gNy4 ceramics produced by the DCC method. However, Zhou et al. [24]
reported a little higher m value (12.4) of a SisN4 produced by gel casting
and also found that CIP somewhat improves the m value over 15. It is to
be noted that the most common Weibull modulus values for technical
ceramics lie between 5 and 22 depending on the production methods
and processing conditions [36]. With this respect, while DCC itself may
be prone to processing defects like air bubbles, it can be a good method
to obtain reliable and complex shape SisN4 ceramics when combined
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with CIP.
4. Conclusions

In this study, direct coagulation casting of silicon nitride suspensions
at different particle volume loading was reported. Green densities close
to the suspension particle volume loading were obtained. It was
observed that suspension particle loading affects the hierarchy of the
particles in the green body. Sintering to near full density was achieved,
particularly when a suspension with high particle volume loading was
used. However, the sintered parts at 50 vol.% solid content have rela-
tively low average bending strength (670 + 90 MPa) with a rather large
scatter in strength values and corresponding lower Weibull modulus
(m= 8.6). The reason for the lower mechanical properties is attributed to
larger circular pores which are due to trapped air bubbles in the sus-
pension. However, cold isostatic pressing of the DCC shaped parts
reduced the size and amount of pores and gave rise to the increased
relative density above 99.5%, average bending strength (760 + 39 MPa)
and Weibull modulus (m= 23.5). Therefore, direct coagulation casting
combined with cold isostatic pressing could be a viable route to produce
complex shaped SigN4 ceramics.
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