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Abstract

An attempt has been made to study the texture behavior in sintered reaction-bonded silicon nitride by strong magnetic field alignment, using slip
casting of Si-powder without and with (3-Siz N, particle addition. It is shown that the a, b-axis aligned texture, parallel to the magnetic field, develop
in the resultant SRBSN with B-seed addition, whereas no texture develops in those SRBSN without 3-seed addition. The degree of orientation of
B-SizN, is found to decrease with the formation of new B-phase during the nitridation, regardless of the nitriding conditions, suggesting that the
initially oriented (3-seed dose not promote the formation of newly oriented 3-Si3N4. Compared to the nitridation, the degree of texture is enhanced
by the post-sintering, but the nitridation condition has little effect on the texture development during the post-sintering. The present work implies

that the texture development in SRBSN is governed by the initial orientation of 3-Si;N4 seed and the post-sintering.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sintered reaction-bonded silicon nitride (SRBSN) is a well-
known cost-effective SizN4 ceramic material because of the
cheaper Si raw powder, the 60% weight gains from silicon
nitridation, machinability of RBSN body and lower sintering
shrinkage.!> SRBSN is typically produced by a two-step pro-
cess: nitridation and post-sintering. The nitridation allows the
Si compact with a density of ~60% theoretical to produce the
porous RBSN body with a density of 70-80% theoretical as a
result of the 22 vol% expansion. The post-sintering enables the
porous RBSN body with higher density to reach full densifica-
tion at the lower shrinkage and lower distortion. Recent studies
showed that in addition to the low-cost benefit, SRBSN pos-
sess the potential capacity of producing Si3zN4 components with
comparable thermal and mechanical properties to those with the
direct sintering of Si3N4 powder.*” In addition to the cost, the
limited properties also hinder the widespread applications of
SizNy ceramics. It is expected that the texturing of SRBSN is
helpful to expand the applications of Si3N,4 ceramics because of
the improved properties, such as mechanical properties, thermal
conductivity, tribological properties, etc.’
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One popular method of texturing Si3Ny is the so-called “tem-
plated grain growth (TGG)”, which involves the alignment of a
small amount of large (3-Si3Ny seed particles in a fine powder
matrix by tape casting’ or extrusion.'” The subsequent sin-
tering allows the template grains to grow anistropically and
abnormally, resulting in the textured microstructure with the
grain alignment parallel to the casting or extrusion direction.
Another popular method is the hot-working, which involves
the imposition of a uniaxial stress to rotate the elongated
grains during the sintering or superplastic deformation (e.g.
hot-pressing, sintering forging and superplastic deformation),!!
resulting in the textured microstructure with the grain align-
ment parallel or perpendicular to the plane strain, depending
on the tensile or compressive strain. Recently, strong magnetic
field alignment (hereafter SMFA) has been developed to tex-
ture “non-magnetic” ceramics (e.g. Al,O3, TiO>, AIN, SizNy,
etc.), which involves the alignment of the particles in a strong
magnetic field typical of >10 T during slurry consolidation, fol-
lowed by sintering.!>~!> The alignment is achieved with the axis
showing highest magnetic susceptibility parallel to the magnetic
field. For this method, the key requirements are: (i) the mate-
rial should exhibit magnetic anisotropy; (ii) the magnetic field is
strong enough to provide an anisotropic magnetic energy higher
than thermal motion energy and (iii) the suspension should be
well dispersed with low viscosity. One important attraction of
SMEFA is the independence of the grain morphology, and its
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applicability to the very fine grains even at nano-scale size.
Another attraction is the versatility and simplicity of the fabrica-
tion process, because various colloidal forming approaches are
well developed, such as slip casting, electrophoretic deposition,
gel casting, etc.

Previous studies demonstrated that owing to the magnetic
susceptibility of x,p, > x., the a, b-axis aligned (3-SizNy4 can be
produced by slip casting of a-Si3N4 raw powder in a strong mag-
netic field of >10 T, followed by pressureless sintering,'®!7 but
the alignment of minor 3-phase in the a-powder plays an impor-
tant role in the development of textured B-Si3N4,17 because the
crystallographic orientation of 3-Si3Ny is probably disturbed by
the o — 3 phase transformation that occurs through the solution-
reprecipitation process. As the nitridation of Si is a nucleation
and grain growth process, '8 the aligned B-Si3Ny seed particles,
induced by SMFA during slip casting, probably favor the for-
mation of the aligned -Si3Ny4 products during the nitridation
of Si compacts. The post-sintering further enhances the texture
development of SRBSN (3-Si3Ny4) via the o« — 3 phase trans-
formation and grain growth. Therefore, the present work is to
conduct a preliminary study of the texturing behavior in SRBSN
by SMFA, using non-aqueous slip casting, followed by nitrid-
ing at 1400-1450°C and subsequent post-sintering at 1800 °C
in nitrogen atmosphere.

2. Experimental procedure

A type of fine Si powder (MSi No. 600, dso =2 pum, Yamaishi
Metal Co., Ltd., Tokyo, Japan, 0.39 wt% Fe and 0.1 wt% Al)
was used as the starting powder, and (3-Si3N4 powder (NP-
500, 3.4wt% o-SizNy, dsp=0.63 wm, Denki Kagaku Kogyo
Co., Tokyo, Japan) was used for seeding. A mixture of Y,03
(purity >99.9%, Shin-Etsu Chemicals, Tokyo, Japan) and MgO
(1000A, UBE Industries, Ltd., Yamaguchi, Japan) was used as
sintering additives, because it allows SRBSN to show higher
thermal conductivity.' The crystal orientation in green and sin-
tered bodies was evaluated by X-ray diffractometry (XRD). The
morphology of the Si and 3-Si3Ny4 raw powders is presented in
Fig. 1. It is clear that the Si particles have irregular shapes with
sharp corners and exhibit a very wide particle size distribution,
showing the largest particles with size of up to 20 wm. In 3-
SizNy4 powder, most of 3-Si3Ny particles are less agglomerated
with irregular shapes, enabling them to align easily during slip
casting in the magnetic field, because only single crystal particle
is operated for the alignment induced by the magnetic field. The
composition of Si compacts was determined based on the com-
position after full nitridation as SizN4:Y203:MgO=90:5:5 at
molar ratio. Converted to the weigh percentage, the composition
was 90.47% SizN4 +8.09% Y03 +1.44% MgO. The amount
of B-Si3Ny4 powder used was fixed at 5% in weight based on the
total weight after full nitridation. The samples without and with
B-SizNy seed addition were designated as RYM and RYMS,
respectively.

Ethanol was used as a solvent and polyethylenimine (PEI)
(Mw =10 000 gmol~!, Wako Pure Chemical Industries, Ltd.,
Tokyo, Japan) was used as a dispersant. The amount of PEI was
fixed at 1 wt% based on the total weight of powders. The 30 vol%
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Fig. 1. SEM micrographs of (a) Si and (b) B-Si3N4 raw powders used in this
study.

slurry was prepared by planetary milling for 2h in a SizNy jar
with SizNy balls. After degassing, slip casting was performed
using a glass case set on the porous Al,O3 block with a type
of 0.2 wum membrane filter in the magnetic field of 12 T. The
direction of magnetic field was parallel to the direction of slip
casting. After consolidation, the drying was done in a vacuum
oven at 110 °C, followed by cold isostatic pressing at 300 MPa.
The green bodies were calcined at 500 °C for 2 h in air to burn
out the polymer dispersant prior to the nitridation. Based on the
apparent dimension and weight, the samples RYM and RYMS
were estimated to show a green density of ~58% theoretical. The
calcined samples were placed on a powder bed composed of only
BN powder in a graphite crucible. The nitridation was conducted
in a graphite-resistance furnace at 1400-1450 °C with 2 L/min
nitrogen flow. The nitrided samples were embedded in a power
bed composed of only BN powder in a graphite crucible. The
sintering was conducted in the same graphite-resistance furnace
at 1800 °C for 1 h under a nitrogen pressure of 0.2 MPa.

The nitrided and sintered samples were cut in directions par-
allel and perpendicular to the imposed magnetic field. The phase



X. Zhu et al. / Journal of the European Ceramic Society 28 (2008) 929-934 931

and crystallographic orientation analysis was conducted on the
each surface of the samples using XRD (Model RINT 2500,
Rigaku Co., Tokyo, Japan, Cu Ka radiation, 40 kV ~ 300 mA).
The quantitative analysis of a- and 3-SizNy of the nitrided sam-
ples was performed using the diffraction intensities of the (10 1),
(201),(102) and (30 1) planes for a-SizNy, and of the (1 10),
(200), (101) and (2 10) planes for B-SizNy4, according to the
method developed by Gazzara and Messier.?"

3. Results and discussion

Fig. 2 gives the XRD patterns of the top and side surfaces of
green samples RYM and RYMS. In sample RYM, no difference
is observed in the diffraction peak intensities of Si between the
top and side surfaces, as shown in Fig. 2(a). This indicates that
the magnetic field does not lead to the alignment of Si particles,
which is consistent with the cubic structure of Si, suggesting
the magnetic isotropy. The crystallographic orientation of MgO
is not considered here, because its role is to participate in the
formation of the liquid phase and does not affect the crystallo-
graphic orientation of 3-Si3Ny. Although the role of Y, O3 is the
same as MgO, some of its diffraction peaks overlap with those of
B-Si3Ny, thereby affecting the evaluation of the crystallographic
orientation of (3-Si3N4 seed particles. Therefore, the diffraction
data of Y03 is needed to be analyzed in sample RYM without 3-
seed addition. For Y,0O3, on the top and side surfaces, the ratios
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Fig. 2. XRD patterns of the green samples (a) RYM and (b) RYMS (TS =top
surface 1 B, SS =side surface // B).

of the peak intensities of the (400) and (222), and (41 1) and
(222) planes, I400)/I222) and I411)/I222), are determined to
be 0.23 and 0.05, respectively. This is in agreement with the data
of standard JCPDS card No. 41-1105, showing that the values
of 1(400)/1(222) and 1(4 1 1)/1(222) are 0.24 and 0.05, respectively.
This clearly indicates that the magnetic field does not lead to the
crystallographic orientation of Y,O3 during slip casting because
of the cubic structure.

In sample RYMS, it is obviously found that the diffraction
peaks of the (A k0) planes of 3-Si3Ny, typical of (110), (200)
and (2 10) planes parallel to the a, b-axis of the unit cell, show
substantially stronger relative intensities on the top surface than
on the side surface. But, the diffraction peak of the (10 1) plane
intersecting the c-axis show a change from the week relative
intensity on the top surface to the strongest one among the
diffractions of B-Si3Ny on the side surface. This indicates that
the strong magnetic filed leads to the crystallographic orienta-
tion of B-Si3Ny with a, b-axis parallel to the magnetic field, as
was demonstrated previously. Considering that the diffraction
peak of the (002) plane (26 &~ 64°) is too weak to be distin-
guished, we use the ratio of the peak intensities of the (2 1 0) and
(101) planes, I(210y/I(101), to qualitatively evaluate the degree
of texture of B-Si3Ny in the samples. 2! Although the (4 00) and
(411) peaks of Y03 overlap with the (10 1) and (2 10) peaks
of B-Si3Ny, respectively, Y203 does not show crystallographic
orientation. According to the diffraction data of Y,0Os3 in sample
RYM, therefore, the value of I 1 0)/I(1 0 1) for B-SizN4 in sample
RYMS can be calculated by the following way:

Io10) Total 20=36° — Iy,03411)

Iaon

Total,20=33.7° — 1v,05400)

ot 202360 — Iv,05222) X 0.05
liota1,20=33.7° — 1v,05222) % 0.23

ey

As shown in Table 1, the value of I3 10)/I(101) is found to show
a large decrease from 20.97 on the top surface to 0.66 on the
side surface, suggesting a very strong orientation. This further
indicates that the strong magnetic field of 12T is very efficient
to align the B-Si3Ny particles in suspension.!”

XRD analysis reveals that both samples RYM and RYMS
exhibits complete nitridation at the temperatures of 1400 and
1450 °C, and the ratio of a- and B-phases depends on the sam-
ple and nitriding temperature. Table 2 shows the 3/(c + [3) ratios
determined by XRD analysis of the top and side surfaces of
the bulk samples. Clearly, sample RYMS exhibits substantially
higher 3/(o + ) ratio than sample RYM in all cases, indicat-
ing that the addition of B-Si3Ny seed promotes significantly the
formation of (3-phase during the nitridation. The enhanced f3-
phase formation is attributed to the “seeding” effect of B-SizNgy
addition. It is generally accepted that the nitridation of Si is a
“nucleation and growth of Si3Ny4” process,'® in which the addi-
tion of a-Si3Ny4 promotes the formation of a-phase, whereas the
addition of B-SizN4 promotes the formation of B-phase.>?%23
In addition, at 1450 °C/24 h the 3/(c + B) ratios in both samples
RYM and RYMS increases largely to higher than 70 and 90 wt%
in comparison with those at 1400 °C/8 h, respectively. This indi-
cates that the formation of (3-phase is significantly promoted by
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Table 1

Crystallographic orientation identified by XRD for (3-Si3Ny crystals in the green, nitrided (RBSN) and post-sintered (SRBSN) samples

Sample Tested surface® XRD intensity ratio of /(2 10)/I(101) for B-Si3Ng°
Green RBSN SRBSN (1800 °C-1h)
1400°C-8h 1450°C-24h Nitriding at 1400 °C-8 h Nitriding at 1450°C-24h

RYM TS - 0.84 0.85 0.59 0.72

SS - 1.02 1.04 0.80 0.82

TS/SS¢ - 0.82 0.82 0.74 0.88
RYMS TS 20.97 1.73 1.63 342 3.05

SS 0.66 0.74 0.79 0.49 0.50

TS/SS¢ 31.77 2.34 2.06 6.98 6.10

2 TS =top surface L B, SS =side surface // B.
b I210)/1(101)=0.94 from standard JCPDF card (No. 33-1160) of B-SizNy,

¢ The ratio of the [ 10)/[(101) value between the top and side surfaces was defined as the orientation factor to evaluate the degree of orientation of 3-SizNy.

the nitriding temperature higher than the melting point of Si
(1410 °C). This is attributed to the nitridation of molten Si and
the a—f3 phase transformation, because the nitridation of molten
Si tends to form [3-Si3N4, and the a—[3 phase transformation also
produces only B-Si3N4 through the liquid Si and/or intergranular
liquid phase, 2>>*%3 where «-Si3Ny dissolves and precipitates
as -Si3Ny, the co-called “dissolution-precipitation” process.
Moreover, it is interesting to see that in sample RYM, there
is almost no difference in the /(o + ) ratio between the top
and side surfaces, whereas in sample RYMS, the /(o + ) ratio
is higher on the top surface than on the side surface. This phe-
nomenon is related to the orientation of 3-Si3N4 grains in sample
RYMS.

Table 1 shows the values of 12 1 0)/1(1 0 1) of B-Siz N4 identified
by XRD in the nitrided samples RYM and RYMS at different
nitriding conditions. Because of the negligible orientation, sam-
ple RYM shows very small difference in the I(2 1 0)/I(101) value
between the top and side surfaces. However, sample RYMS
shows a large decrease in the I(210)/l(101) value from the top
and side surfaces. To understand the texture development, we
further use the ratio of the I(210)/I(101) value between the top
and side surfaces as orientation factor to evaluate the degree of
orientation of 3-SizNy in sample RYMS. As shown in Table 1,
the nitridation leads to a dramatic decrease in the orientation
factor from 31.77 to 2.34, despite the large increase in the 3-
Si3Ny content from 5 to 55 wt%. The B-Si3N4 content was based
on the total weight of the samples, estimated from the average
value between the top and side surface (Table 2), and the nom-
inal composition (90.47% SizNy +8.09% Y,03 + 1.44% MgO
at weight). This indicates that the newly formed (3-Si3Ny signif-

Table 2
The B/(o + B) ratios in the nitrided samples RYM and RYMS
Sample Tested surface B/(a+B) (Wt%)
1400°C-8h 1450°C-24h

RYM TS 29.90 74.43

SS 30.32 72.83
RYMS TS 66.01 95.83

SS 55.96 92.35

icantly reduce the degree of orientation during the nitridation.
When the B-Si3Ny4 content increases up to 85 wt% after nitrid-
ing at 1450 °C/24 h, the orientation factor further shows a slight
decrease. The results suggest that the oriented 3-Si3 N4 seed does
not result in the crystallographic orientation of the newly formed
B-Si3Ny grain from the nitridation of Si particles, despite the pro-
moted 3-Si3 Ny formation, i.e., the formation of the more amount
of randomly oriented [3-Si3Ny4 phase during the nitridation leads
to a decrease in the degree of orientation of B-SizNy. Sajgalik
et al.?® also observed a decrease in the degree of orientation of
B-Si3Ny in hot-pressed SiC/SizN4 nano/micro-composite with
prolonged high-temperature annealing, and they attributed the
reason to the exaggerated grain growth of randomly oriented
B-SizNy grains.

After post-sintering at 1800 °C for 1 h, the a—f3 phase trans-
formation is completed in all cases, as demonstrated by XRD
analysis. Owing to the untextured development, sample RYM
shows almost no difference in the XRD patterns of [3-SizNy
between the top and side surfaces. However, sample RYMS
shows substantially stronger relative intensities of all (hk0)
diffraction peaks of (-SizN4 on the top surface than on the
side surface. Particularly, the diffraction peaks of the (101)
and (002) planes are relatively weak on the top surface, but
they become relatively stronger on the side surface. This indi-
cates that the texture with the a, b-axis parallel to the magnetic
field develops in the post-sintered sample RYMS. The crystallo-
graphic orientation identified by XRD for the 3-Si3Ny crystals
in the post-sintered samples is also shown in Table 1. The post-
sintering leads to a large decrease in the orientation factor by
three times, compared to the nitrided cases. It is interesting to
see that the nitriding condition has little effect on the degree of
orientation in SRBSN, despite resulting in the largely different
B-phase content. Despite this, the degree of orientation of 3-
SizNy is substantially lower in the SRBSN samples than in the
green samples. Fig. 3 summarizes the orientation factor in the
green, nitrided and post-sintered RYMS. It illustrates that dur-
ing the nitridation, the formation of randomly aligned [-SizNg4
product considerably reduces the degree of orientation because
of the mixing effect, and during the post-sintering at higher
temperature, the degree of orientation is enhanced because of
the promoted 3-SizNy grain growth, typical of the anisotropic
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Fig. 3. Orientation factor of B-Si3N4 in the green, nitrided and post-sintered
sample RYMS. The orientation factor is defined as the ratio of the /2 1 0)/I(101)
value between the top and side surfaces, perpendicular and parallel to the mag-
netic field, respectively.

grain growth. Moreover, Fig. 4 plots the orientation factor as a
function of the volume fraction of 3-SizNy seed in the nitrided
sample RYMS, which suggests that the degree of orientation of
B-Si3Ny decreases with the formation of 3-phase product during
the nitridation of Si compact.

Furthermore, the Lotgering orientation factor, f, was used
to evaluate the degree of texture in the post-sintered samples

RYMS, according to the equation: %’
p=rt=h )
1= Py
I
Pand Py = M 3)
> Ak

where Y I xoyand Y I k) are the sums of the (h k 0) and (h k [)
intensities in the range of 26 from 10 to 70°. The values of P were
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Fig. 4. Orientation factor vs. the weight fraction of B-seed in the nitrided sample
RYMS.

calculated from the measured XRD data of B-Si3N4 on the top
surfaces of the post-sintered samples, and the values of Py were
calculated from the data of the standard JCPDS card No. 33-1160
of B-Si3N4. The f values of the post-sintered samples obtained
from the nitrided bodes at 1400 °C-8h and 1450 °C-24 h are
determined to be 0.52 and 0.46, respectively. This result also
suggests that the nitriding condition has no significant effect on
the texture development in SRBSN during the post-sintering. As
the texture development during the post-sintering is associated
with the growth of the initially aligned (-Si3Ny seed, similar
to the mechanism in TGG, 81917 the texture in SRBSN can
be enhanced by controlling the B-SizNy seed (size, amount and
dispersion) and the post-sintering (temperature and time).

4. Conclusions

Aligned SRBSN has been obtained by strong magnetic field
alignment (SMFA), using slip casting of Si-powder seeded with
B-Si3Ny particles. It was found that the degree of orientation of
B-Si3Ny decreases with the formation of new B-phase during
the nitridation regardless of the nitriding conditions, suggesting
that the initially oriented B-seed dose not promote the forma-
tion of newly oriented (3-SizN4. Compared to the nitridation,
the degree of texture is enhanced by the post-sintering, but the
nitridation condition has little effect on the texture development
during the post-sintering. The present work implies that the tex-
ture development in SRBSN is governed by the initial orientation
of B-Si3Ny seed and the post-sintering.
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