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Abstract

Si;N, ceramic balls were prepared by gas pressure sintering with Y,0; and Al,O; as sintering additives. The
effects of particle size of Y,0;-Al,0; additives on densification, microstructure and mechanical properties of
Si;N, ceramic balls were investigated. The reliability of Si;N, ceramic balls was evaluated through the Weibull
modulus. The results showed that Si;N, ceramic balls containing nanosized Y,0;-Al,0; additives have a
higher relative density and better comprehensive mechanical properties compared with the samples containing
microsized additives, with relative density of 98.9 + 0.2% TD, Vickers hardness of 14.7 + 0.1 GPa, indentation
fracture toughness of 6.5 + 0.1 MPa-m'? and crushing strength of 254 + 8.5 MPa. The more homogeneous
and extensive dispersion of the nanosized sintering additives in the Si;N, matrix is the main reason for the
enhancement in density and mechanical properties of the Si;N, ceramic balls.
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I. Introduction

Silicon nitride (Si;N,) ceramics have excellent prop-
erties such as high strength, high hardness, wear re-
sistance, heat resistance, electrical insulation and self-
lubrication, which is an ideal material for rolling el-
ements used in bearings [1,2]. The bearings with
Si;N, ceramic balls or rollers are particularly suit-
able for working under high-speed, cryogenic or high-
temperature, low-torque, and oil-lean lubrication con-
ditions, such as spindle bearings in precision machine
tools, windmill generator bearings and aerospace bear-
ings [3,4]. Si;N, is a compound with strong cova-
lent bond and low self-diffusion coefficient. Therefore,
it is necessary to add sintering additives during sin-
tering to complete the densification by means of lig-
uid phase sintering [S]. Sintering additives react with
the native SiO, on the surface of Si;N, particles to
form a liquid phase, in which densification and grain
growth are achieved through particle rearrangement and
dissolution-reprecipitation mechanisms [6]. The sinter-
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ing additives for Si;N, ceramics include Y,0;, Al,O;,
MgO, AlN, La,O;, etc. In order to decrease the forma-
tion temperature of liquid phase and tailor the chemical
composition of grain boundary phase, binary or multiple
sintering additive systems are commonly used [7-10].
The sintering methods of Si;N, ceramics include
pressureless sintering, gas pressure sintering (GPS),
hot pressing (HP), hot isostatic pressing (HIP), spark
plasma sintering (SPS), etc. [10-16,25]. Si;N, would
decompose above 1700 °C under atmospheric pressure,
hence the powder bed technology is conventionally used
during pressureless sintering to inhibit the decompo-
sition of Si;N,. In order to decrease the firing tem-
perature of pressureless sintering and promote densifi-
cation, a large amount of sintering additives (usually
>10wt.%) is added, which significantly degrades the
high-temperature performance of products [10,11]. Hot
pressing is a technology by which the densification of
sintered body is realized under the dual action of liquid
phase and mechanical pressure. The properties of hot-
pressed Si;N, ceramics are excellent. However, due to
the limitation of graphite die, hot pressing could only
produce the components with simple shapes [12]. Al-
though hot isostatic pressing could fabricate complex-
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structure products, the cost is relatively high [13]. Gas
pressure sintering relies on high-pressure nitrogen (1-
10 MPa) to retard the decomposition of Si;N,, by which
the sintering temperature of Si;N, ceramics is able to
rise above 1900 °C. Gas pressure sintering resolves the
contradiction between densification and high tempera-
ture decomposition during sintering of Si;N, ceramics,
and it is adapted for batch production [14-16].

Some defects are inevitably introduced in ceramic
materials, such as pores or cracks during the preparation
process. The uncertainty of the size, number and distri-
bution of defects leads to the discreteness of mechani-
cal properties data of ceramics, especially strength data.
Generally, the statistical method based on the Weibull
distribution is applied to evaluate the discreteness of
strength data of ceramic materials [17-20]. The greater
the Weibull modulus of strength data, the higher the
reliability. Jayatilaka and Trustrum [17,18] studied the
relationship between defect size distribution and the
Weibull modulus. They argued that there is a power
function relationship between fracture probability and
crack size of brittle materials, and proposed that the re-
lationship between the Weibull modulus m and power
function exponent n of crack size is m = 2n — 2. Naka-
mura et al. [19] investigated the relationship between
the distribution of large-size defects in alumina ceram-
ics and the Weibull modulus of flexural strength through
numerical simulation and experiment, and the results
were consistent with the conclusions of Jayatilaka and
Trustrum [17].

In this work, silicon nitride (Si;N,) ceramic balls
for bearing applications were prepared by gas pressure
sintering with both microsized and nanosized Y,0O;-
Al,O; powders as sintering additives. The effects of
particle size of Y,05-Al,0, additives on the densifica-
tion, phase compositions, microstructure and mechan-
ical properties of Si;N, ceramic balls were studied.
Moreover, the reliability of gas-pressure-sintered Si3N4
ceramic balls was evaluated based on the Weibull mod-
ulus.

II. Experimental

2.1. Materials preparation

The raw materials include Si;N, powder (homemade,
a-Si;N, content >93 wt.%, oxygen content <2 wt.%,
average particle size is 0.7 um) and different additives:
microsized Y,0, (average particle size is 1.2 um), mi-
crosized Al,O; (average particle size is 0.8 um), nano-
sized Y,0; (average particle size is 50 nm) and nano-
sized Al,O, (average particle size is 30nm), all pur-
chased from Sinopharm Chemical, China and with pu-
rity of >99.9 wt.%.

The Si;N, powder and sintering additives were put
into a nylon jar according to the weight ratio of Si;N,
: Y,0, : AL,O; =90 : 5 : 5, with ethanol and Si;N,
balls as media for mixing and dispersion. The uniformly
mixed slurry was granulated by spray drying, and the
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granules were mould-pressed into spherical green com-
pacts with a diameter of 9.525 mm under 10 MPa fol-
lowed by cold isostatic pressing (CIP) under 200 MPa.
The cold-isostatically-pressed ceramic ball green com-
pacts were placed in a GPS furnace for sintering. The
highest firing temperatures were 1720, 1750, 1780 and
1800 °C, with a holding time of 2 h and nitrogen pres-
sure of 3 MPa. The samples containing the microsized
and nanosized sintering additives were marked as sam-
ples MSA and NSA, respectively.

2.2. Materials characterization

The bulk density of Si;N, ceramic balls was mea-
sured by the Archimedes’ method, and the relative den-
sity was calculated from the theoretical densities of each
raw powder using a linear rule of mixture, as shown in
Eq. I:

Pm

o V. x 100

ora = 2 % 100 =
Pth

)

where p,4 is the relative density, p,, is the bulk density,
P 1s the theoretical density, p; is the theoretical density
of each composition and V; is the volume fraction of
each composition.

The phase compositions of the Si;N, ceramic balls
were identified by X-ray diffraction (XRD, D8, Bruker,
Germany). The microstructure of the Si;N, ceramic
balls was observed with a field-emission scanning elec-
tron microscope (FESEM, SU8010, Hitachi, Japan).
The Vickers hardness was measured on the polished sur-
face of the samples with a load of 98 N. The indenta-
tion fracture toughness (196 N load) was determined re-
ferring to the calculation Eq. 2 proposed by Niihara et
al. [21]:

08

KI,IFR =104- E0'4 . L0'6 G
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where Kj;rg is the indentation fracture toughness, E is
the elastic modulus (here, £ = 310 GPa), L is the load,
a is the mean half-length of indentation diagonal and ¢
is the mean half-length of tip-to-tip crack.

The crushing load of ceramic balls was tested by
triple ball crush method. The schematic of the test setup
is shown in Fig. 1 [22]. Calculation of the crushing
strength is given in Eq. 3 [23]:

c

3)

=F
where o is the crushing strength of ceramc balls, F is
the crushing load of ceramic balls and d is the diameter
of ceramic balls.

The Weibull function describing the fracture strength
distribution of ceramic materials is as follows [20]:

gl

go

P=l—exp[—( @)

where P is the fracture probability, o7 is the character-
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Figure 1. Schematic of testing setup for a triple ball crush
test [22]

istic fracture strength and m is the Weibull modulus.

It can be seen from Eq. 4 that InIn[1/(1 — P)] has a
linear relationship with In o~ and the slope of the straight
line is the Weibull modulus. In the present work, the
reliability of Si;N, ceramic balls is evaluated by the
Weibull modulus of crushing strength. 15 groups of
crushing strength data were tested for the ceramic balls
and the test results were arranged in a sequence from
small to large. The fracture probability P; of the ceramic
balls under the external load not higher than o is as fol-

lows: 05
p= 5)
n

where i is the ranking and » is the number of groups of
samples tested (here, n = 15).

According to Eq. 5, 15 groups of (P;, ;) data could
be obtained and the Weibull modulus of crushing
strength distribution of the Si;N, ceramic balls could
be estimated through linear regression analysis on the
15 groups of (P;, 0;) data using least squares method.

III. Results and discussion

3.1. Densification

Figure 2 shows the relative density and weight loss of
the Si;N, ceramic balls with the microsized and nano-
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sized sintering additives sintered at 1720, 1750, 1780
and 1800°C. It can be seen from Fig. 2a that the rel-
ative density of both samples NSA and MSA initially
increases and then decreases with an increase in sin-
tering temperature. The viscosity of liquid phase is de-
creased and mass diffusion is enhanced due to the in-
crease of sintering temperature, which could acceler-
ate the growth of Si;N, grains and elimination of pores
[24]. As a result, the density of the sintered body is in-
creased.

However, when the sintering temperature is too high,
a decrease in the relative density emerges for both sam-
ples NSA and MSA. The metallographic images of
the sample NSA at different sintering temperatures are
shown in Fig. 3. It can be seen from Fig. 3 that the per-
centage of micropores in the sintered body increases
at a firing temperature higher than 1750 °C, attributed
to the raising of the weight loss caused by decomposi-
tion of Si;N, or volatilization of liquid phase [25]. A
similar phenomenon was also observed for the sample
MSA (metallographic images are not shown here). Con-
sequently, the density is decreased.

The sintering temperatures when the highest rela-
tive density is achieved for the samples NSA (98.9 +
0.2% TD) and MSA (98.6 + 0.3% TD) are 1750 and
1780 °C, respectively, indicating that the nanosized sin-
tering additives could promote the densification of the
Si;N, ceramic balls at a slightly lower temperature. The
dispersion of sintering additives with various particle
sizes in Si;N, matrix is different. The finer the parti-
cle size of sintering additives, the more uniform their
dispersion in Si;N, matrix is. On the contrary, when the
particle size of sintering additives is coarser, the distri-
bution of sintering additives tends to be more agglom-
erated [26,27]. The homogeneous distribution of liquid
phase contributes to the wrapping and wetting of Si;N,,
particles, thus the particles rearrangement and solution-
reprecipitation process are enhanced. Meanwhile, the
nanosized additives would produce a liquid phase earlier
than microsized additives during sintering, which is also
beneficial to the densification of Si;N, ceramic balls at
a lower temperature.
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Figure 2. The relative density and weight loss of Si;N, ceramic balls
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3.2. Phase compositions

Figure 4 shows XRD patterns of the Si;N, starting
powder and Si;N, ceramic balls with the microsized
and nanosized sintering additives sintered at 1720 °C.
It can be seen from Fig. 4 that only diffraction peaks
of B-Si;N, exist in the XRD patterns for the samples
NSA and MSA, which indicates that the phase trans-
formation of a-Si;N, to 5-Si;N, has been completed at
1720 °C for both samples. The diffraction peaks of grain

1: a-SiN,
2: B-Si.N,

S13Ny powder
114

l 2 2 NSA
222

—
S Y

Intensity (a.u.)
[ ]

MSA

sll A
1
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20 (degree)

Figure 4. XRD patterns of Si;N, powder, sample NSA and
sample MSA
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Figure 3. Metallographic images of sample NSA at different sintering temperatures: a) 1720, b) 1750, c¢) 1780 and d) 1800 °C

boundary phases formed from sintering additives were
not observed in the XRD patterns, because they may be
below the detection limit of XRD or they remained as
amorphous phase in the samples.

3.3. Microstructure

Figures 5 and 6 are SEM images of the Si;N,, ceramic
balls sintered at different temperatures with the nano-
sized and microsized sintering additives, respectively.
Statistics on the diameter and aspect ratio of 5-Si;N,
grains for the samples NSA and MSA are shown in Ta-
ble 1. It can be seen from Table 1 that both the average
grain diameter and aspect ratio of both samples NSA
and MSA increase with increasing sintering tempera-
ture. The aspect ratio of the sample NSA is larger than
that of the sample MSA under the same sintering pro-
cess parameters, suggesting that the coarsening of sin-
tering additives particles resulted in a decrease in the as-
pect ratio of -Si;N, grains. The liquid phase would be
formed from the nanosized additives at a lower tempera-
ture, which enhanced the a/8 phase transformation and
the growth of -Si;N, grains along the length. Conse-
quently, more elongated 3-Si;N, grains were developed
for the Si;N, ceramic balls with the nanosized Y,0;-
Al, O, additives.

The distributions of 5-Si;N, grain diameter for the
samples NSA and MSA at various temperatures are
shown in Figs. 7 and 8, respectively. It can be seen from
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Figure 5. SEM images of Si;N, ceramic balls with nanosized sintering additives sintered at various temperatures: a) 1720,
b) 1750, ¢) 1780 and d) 1800 °C

Figure 6. SEM images of Si;N, ceramic balls with microsized sintering additives sintered at various temperatures: a) 1720,
b) 1750, ¢) 1780 and d) 1800 °C

Table 1. Statistics on the average diameter and aspect ratio of 8-Si;N, grains for samples NSA and MSA

Temperature [°C] Sample NSA Sample MSA
Average diameter [um]  Aspectratio Average diameter [um]  Aspect ratio
1720 0.44 £0.12 35+1.1 0.43+0.18 3115
1750 0.54+£0.15 48+23 0.55+0.25 39+22
1780 0.65+0.30 54+28 0.67 +0.29 45126
1800 0.77 £ 0.31 59+25 0.76 + 0.35 52+3.0
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Figure 7. Distribution of 5-Si;N, grain diameter in sample NSA at different temperatures: a) 1720, b) 1750, c¢) 1780 and
d) 1800 °C
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Figure 8. Distribution of 8-Si;N, grain diameter in sample MSA at different temperatures: a) 1720, b) 1750, ¢) 1780 and
d) 1800 °C

the comparison of Figs. 7 and 8 that the grain diam-
eter distribution of the sample NSA is more uniform.
During sintering, the a- to 8-Si;N, phase transforma-
tion is completed through the dissolution of equiaxed
@-Si;N, grains in the liquid phase and precipitation of
B-Si;N, nucleus when the supersaturation is reached.
After the phase transformation, the anisotropic growth
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of B-Si;N, grains will be realized via Ostwald ripen-
ing mechanism. The local preferential trend exists in the
process of phase transformation, mass transport and (-
Si;N, grain growth, owing to the inhomogeneous distri-
bution of the liquid phase generated by the microsized
Y,0,-Al,0, additives in the Si;N, matrix during the
initial stage of sintering [26,27]. In contrast, the nano-
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sized sintering additives with high specific surface area
would be more widely and evenly dispersed at the inter-
face of the Si;N, matrix, and it is easier to form a uni-
formly distributed liquid phase under the same condi-
tions [28]. Therefore, a more homogeneous microstruc-
ture was obtained for the Si;N, ceramic balls with the
nanosized additives.

3.4. Mechanical properties

Figure 9 shows the mechanical properties of the
Si;N, ceramic balls with the microsized and nanosized
sintering additives after sintering at different tempera-
tures. It can be seen from Fig. 9 that with the increase of
sintering temperature, the Vickers hardness and crush-
ing strength of both samples NSA and MSA initially
increase and then decrease, but the indentation fracture
toughness increases monotonically. The hardness of the
Si;N, is related to the content of a-Si;N, phase, the rel-
ative density and the characteristics of grain boundary
phase [29]. Higher @-Si;N, content, lower porosity and
less grain boundary phase are beneficial to improve the
hardness of the Si;N, ceramic balls. The a- to 5-Si;N,
phase transformation has been completed at 1720 °C for
both samples, as shown in Fig. 4. Therefore, the main
factors that determine the Vickers hardness of the sam-
ples are the relative density and characteristics of grain
boundary phase.

According to the Griffith theory of fracture, the re-
lationship between fracture strength and defect size
is [30]:

2F -y
T-c

1/2
o= ( ) (6)
where o is the fracture stress, E is the elastic modulus,
v is the fracture energy and c is the defect (e.g. pore,
crack, and inclusion) size.

It can be seen from Eq. 6 that when elastic modulus
and fracture energy are constant, the fracture strength is
inversely proportional to the defect size. Therefore, the
variations of the Vickers hardness and crushing strength
of the samples NSA and MSA are basically consistent
with that of relative density. When the sintering tem-
perature is 1750 °C, a higher relative density is obtained
for the sample NSA, due to the more uniform dispersion
of the nanosized sintering additives in the Si;N, matrix
and lower formation temperature of liquid phase. Con-
sequently, the Vickers hardness and crushing strength of
the sample NSA are higher than that of the sample MSA
at 1750°C.

The indentation fracture toughness of Si;N, is af-
fected by the grain size and aspect ratio of 3-Si;N,
grains and chemical properties of grain boundary phase
[14-16]. The grain diameter and aspect ratio of both
samples (NSA and MSA) increase with firing temper-
ature, thus the indentation fracture toughness of both
samples increases. The sample NSA has a greater grain
aspect ratio compared with the sample MSA at the same
sintering temperature, resulting in higher indentation
fracture toughness.
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Figure 9. Mechanical properties of Si;N, ceramic balls:

a) Vickers hardness, b) indentation fracture toughness and

¢) crushing strength
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Table 2. A comparison of the mechanical properties (Vicker hardness HV, indentation fracture toughness K¢ and crushing
strength o) obtained in the present work and relevant literature

Sintering additives Sintering parameters HV Kic o Ref
(average particle size) [GPa] [MPam'?] [MPa] ’
Swt.% Y,05 (1.2 pm) + R
Swt.% ALO, (0.8 um) GPS/ 1780°C/ 2h/ 3 MPa 14.6 6.7 245  present work
5wt.% Y,0, (50 nm) + o
Swt.% ALO, (30 nm) GPS/ 1750°C/ 2h/ 3 MPa 14.7 6.5 254  present work
3wt.% Y,0; (0.9 um) + GPS/ 1800°C/ 6h/ 0.7 MPa + 145 6.3 130 31]
3 wt.% Al,O, (0.8 um) HIP/ 1700 °C/ 1 h/ 100 MPa
4wt.% Nd,O; + 4 wt.% Al,O; + GPS/ 1750°C/2h +
4wt.% La,O, HIP/ 1750°C/ 2h 144 66 i [32]
2 successfully prepared by adding nanosized Y,0,-Al, 0,4
= Nanosized additives additives. The conclusions are summarized as follows:
1+ e Microsized additives : i) The dispersion of the nanosized sintering additives
in the Si;N, matrix is more homogeneous than
_ ol that of the microsized sintering additives, which
= promoted the densification of the Si;N, ceramic
) balls at lower temperature. Obtained microstruc-
=17 ture consists of B-Si;N, grains with larger as-
= 4
= pect ratio and more uniform grain size distribution
2 when the nanosized additive is used. Such a mi-
crostructure is conducive for the improvement of
3k m=44 m=53 mechanical properties of the Si;N, ceramic balls.
¢ - ii) The Si;N, ceramic balls with the nanosized sin-
- 5 . . : tering additives have the optimal comprehensive
il S 2t cicts 2L A mechanical properties after sintering at 1750 °C,
In(c/MPa) with Vickers hardness of 14.7 + 0.1 GPa, indenta-

Figure 10. The Weibull distribution of crushing strength of
Si;N, ceramic balls: sample NSA at 1750 °C and
sample MSA at 1780 °C

In general, the comprehensive mechanical properties
of the sample NSA sintered at 1750 °C are optimal, with
the Vickers hardness, indentation fracture toughness and
crushing strength of 14.7 + 0.1 GPa, 6.5 + 0.1 MPa-m'/?
and 254 + 8.5 MPa, respectively. The mechanical prop-
erties obtained in the present work have been compared
with the literature data, as shown in Table 2. It can be
seen from Table 2 that the mechanical properties of the
Si;N, ceramic balls prepared in the present work are
comparable to the data given in the literature.

Figure 10 shows the Weibull distribution of crushing
strength of the Si;N, ceramic balls with the microsized
and nanosized sintering additives after sintering at the
optimal temperature (1780 and 1750 °C, respectively).
It can be seen from Fig. 10 that the Weibull modulus
increases from 44 to 53, when the particle size of the
Y,0,-Al,0; additives changes from micron to nanome-
ter scales Wthh indicates that the reliability of the
Si;N, ceramic balls is drastically improved by adding
nanosized sintering additives.

IV. Conclusions

Gas-pressure-sintered Si;N, ceramic balls with high
reliability and excellent mechanical properties were
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12 and

tion fracture toughness of 6.5 + 0.1 MPa-m
crushing strength of 254 + 8.5 MPa.

The Weibull modulus of crushing strength distri-
bution of the Si;N, ceramic balls with the nano-
sized sintering additives increases from 44 to 53,
compared with the Si;N, ceramic balls with the
microsized sintering additives. This indicates that
the nanosized sintering additive is beneficial to en-
hance the reliability of the Si;N, ceramic balls.

iii)
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