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Abstract: Aiming to achieve silicon nitride (SizN4) ceramics with high hardness and high toughness,
the relationships among phase composition, microstructure, and mechanical properties of SizNy4
ceramics prepared by spark plasma sintering (SPS) at temperatures ranging from 1500 to 1800 C
were investigated in this study. Two stages with different phase and microstructure features were
observed and summarized. The o—f phase transformation occurs first, and the development and
growth of grains lag behind. During the first stage, the average grain size remains basically unchanged,
and the hardness maintains at a value of ~20.18+0.26 GPa, despite the B-Si;N4 phase fraction
increases from 7.67 to 57.34 wt%. Subsequently, the equiaxed grains transform into rod-like grains
with a high aspect ratio via the reprecipitation process, resulting in a significant increase in the
fracture toughness from 3.36+0.62 to 7.11+0.15 MPa-m"2. In the second stage of sintering process,
the fraction of B-Si3Ny phase increases to 100.00 wt%, and the grain growth also rapidly occurs. Thus,
the fracture toughness increases slightly to 7.61+0.42 MPa'm"?, but the hardness reduces to 16.80+
0.20 GPa. The current results demonstrate that the phase contents of B-Si;N4 and the microstructure
shall be carefully tailored to achieve high-performance SizN4 ceramics. SizN4 ceramics with a fine-
grained bimodal microstructure, consisting of the main o- and B-phases, can exhibit the optimized
combination of hardness and toughness.

Keywords: silicon nitride (Si3N,4); phase composition; microstructure; hardness; toughness

1 Introduction chemical corrosion, excellent fatigue and creep resistance

due to its low bulk density, unique microstructure
Silicon nitride (Si3N4) ceramics have been considered  characteristics, and excellent mechanical properties at
and designed for a variety of structural applications, ambient and high temperatures [1-5]. The polytypes of
such as automotive engine parts, heat exchangers, Si3Ng-based ceramics mainly include a- and B-SizN,
pump seal parts, ball bearings, cutting tools, high phases, and the microstructure often consists of equiaxed
resistance to thermal shock, tribological wear and and bimodal grained microstructures. Generally, SisNy

ceramics with high hardness (> 18 GPa) but low
12

* Corresponding authors. toughness (< 5 MPa-m *) exhibit a major a-phase and
E-mail: W.-M. Guo, guo1238@126.com; a fine equiaxed microstructure [6,7]. On the other hand,
H.-T. Lin, huataylin@comcast.net the tough Si3Ny ceramics (> 5 MPa-ml/z) are composed
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of the major elongated B-phase grains and the coarsened
bimodal microstructure, but it is usually with the low
hardness (< 18 GPa) [8,9].

The mechanical properties of SisNg ceramics, in
general, are mainly governed by the ratio of o/p phase
content and morphology, including grain size, aspect
ratio, and grain boundary phase composition and
microstructure [ 10—12]. In order to improve the mechanical
properties of SisN4 ceramics, many researches have
been carried out to control the o/f phase ratio and
microstructure. For example, Si3Ny4 ceramics with both
high fracture toughness and strength could be obtained
by tailoring the B/(o+p) phase ratio of ~60-80 wt%
[9,10]. Furthermore, self-reinforced SizN; ceramics
with high fracture toughness and high bending flexural
strength could be obtained by adding B-seed crystals,
whose process involved tailoring the size and amount
of well-dispersed elongated grains in a fine-grained
matrix [13—15]. However, it would often inversely result
in the relatively low Vickers hardness [16]. So far, it
is not yet fully understood that what kind of
combination of o/f} phase proportion and microstructure
can lead to both high hardness and high toughness of
Si3Ny4 ceramics.

Herein, SisN,4 ceramics with different phase compositions
and microstructures were prepared by spark plasma
sintering (SPS) at different temperatures ranging from
1500 to 1800 C. The proportions of o/p phase and
microstructure were systematically quantified as well.
This study aimed to clarify what the phase composition
and microstructure in terms of quantified values could
produce SizN, ceramics with excellent mechanical
properties of high hardness and high toughness.

2 Experimental

Commercial a-SizN4 powders (purity > 95 wt%, particle
size: 0.3 um; UBE Industries, Ltd., Japan) were used
as the raw material to mix with MgO (purity: 99.9%,
particle size: 100 nm; Hangzhou Wanjing New Material
Co., Ltd., China) and Yb,Oj; sintering additives (purity:
99.995%, particle size: 3—6 um; Beijing Founde Star
Science and Technology Co., Ltd., China). The sample
powders were prepared according to the volume fraction
of Si3Ny : MgO : Yb,03 =95 : 3 : 2. The raw materials
were mixed with SizNg milling balls in anhydrous
ethanol for 24 h by using a planetary mill (QXQM-4L,
Changsha Tianchuang Powder Technology Co., Ltd.,

China), and the slurry was subsequently dried in rotary
evaporation and sieved through a 150-um mesh to
minimize agglomeration. The dried mixtures were
consolidated by an SPS instrument (H-HPD-10-FL,
FCT Systeme GmbH, Germany), using a graphite die
with an inner diameter of 20 mm. The samples were
sintered at different temperatures of 1500, 1600, 1650,
1700, and 1800 °C for 10 min in an Ar atmosphere.
The heating rate was 100 ‘C-min', and the uniaxial
pressure of 30 MPa was applied at temperatures above
1200 °C. The samples prepared in this study were then
labeled as SN1500, SN1600, SN1650, SN1700, and
SN1800, as listed in Table 1.

The bulk densities of the sintered samples were
measured by using the Archimedes method in distilled
water. Based on the rule of mixtures, the relative density
was determined by the ratio of bulk density to theoretical
density. The qualitative and quantitative phase analyses
of the SPSed specimens were carried out by the X-ray
diffractometer (D8 ADVANCE, Bruker Corp., Germany).
The mass fraction of B-SizNy (w(P)) was calculated by
a direct comparison method [17]. The intensities (/) of
the two highest peaks for both a-SizNs and B-SizN4
phases were measured from the X-ray diffraction
(XRD) patterns. For the B-Siz;N, phase, peaks at 27.1°
and 36.1° were selected, which corresponded to the
(200) plane and (120) plane, respectively; for a-SizNy
phase, peaks at 31.0° and 35.4° were selected, which
corresponded to the (201) plane and (210) plane,
respectively. w(B) was calculated as w(B) = (lpo0)
1p(120)/(Lo210) + Lo201) T Ip200y + Lpi20)) % 100%, while
that of a-Si;N4 phase (w(o)) was then calculated as
(o) =100% — w(P) [18].

The microstructures of the SPSed samples were
examined by using the scanning electron microscope
(SEM; LYRA-3-XMU, TESCAN, Czech Republic).
Before the SEM analysis of the sintered materials, the

Table 1  Starting powder compositions, sintering
temperatures, relative densities, and contents of B-Si;N,
phase of the sintered Si;N, ceramics

Labet  Suringpouder tefiﬁ?rﬁ?ﬁe P )
(C) (%)
SN1500 95Si;Ns~3MgO-2Yb,0; 1500 98.96 7.67
SN1600  95Si3N,~3MgO-2Yb,05 1600 99.01 41.42
SN1650  95Si3N,~3MgO-2Yb,05 1650 98.88 57.34
SN1700 95SizN,—3MgO-2Yb,05 1700 98.83 87.70
SN1800 95Si;Ns—3MgO-2Yb,0; 1800 98.93 100.00
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polished surfaces of all the samples (perpendicular to
the pressing direction during SPS) were plasma etched
for 120 s at a power of 300 W using CF, : O, mixed
gas at a ratio of 90 : 10. The grain size, rod-like grain
diameter, aspect ratio, rod crystal fraction, and the
quantity of rods per unit area of Si;N4 grains in the
materials were then determined by using Imagel
software. A statistically significant number of Si;Ny4
grains (~400-500 grains) were measured for each
sample. It was worth noting that the quantity of rods
per unit area was determined by the ratio of the
quantity of rods to the total area in the SEM image.

The Vickers hardness of the materials was measured
on the polished surfaces by the indentation method
(HXD-2000TM, Shanghai Taiming Optical Instrument
Co., Ltd., China) with an applied load of 4.9 N for 10 s.
The Vickers indentation method (HVS-30Z, Shanghai
Taiming Optical Instrument Co., Ltd., China) was
applied to determine the fracture toughness with a
loading force of 98 N and a holding pressure of 10 s. A
higher load used in toughness measurement was
essential to yielding crack propagation and a toughness
value within the long crack region. The fracture
toughness (Kjc) of the specific direction is measured
by evaluating the crack length of the direction
according to the equation proposed by Evans and
Charles [19], and then calculated by Eq. (1):

3
- -1
KIC=P{7I(CIZC2 ﬂ 2[tan%j (D

where P is the indentation load (N), C; and C, are the
measured diagonal crack lengths (m), and o (= 136°) is
an angle of the diamond indenter.

3 Results

Figure 1 presents the XRD patterns of Si3Ny4 ceramics
sintered at different temperatures. The results show
that the phases in SN1500, SN1600, SN1650, and
SN1700 are consisted of a-SizN4 and B-Si3Ny4 phases.
w(P) for all samples are calculated and presented in
Table 1. When the sintering temperature is 1500 °C,
a-Si3Ny is the main phase, and -Si3;Ny is the secondary
phase. As the temperature increases to 1650 C, the [
of the B-SizN, increases, and the B-Si;N4 phase becomes
as the major phase, whose content increases from 7.67
to 57.34 wt%. Only B-Si;N, phase is detected, and the
a-Si3N,4 phase completely disappears when the temperature
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Fig. 1 XRD patterns of SizN4 ceramics: (a) SN1500,
(b) SN1600, (c) SN1650, (d) SN1700, and (e) SN1800.
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further increases to 1800 °C, indicative of a complete
phase transformation. During the sintering process, as
the temperature increases, the sintering additives and
the surface oxide of a-SizN, particles (i.e., SiO;) form
an oxynitride liquid phase [20], which promotes a- to
B-SizN4 phase transformation through the dissolution
and reprecipitation mechanism.

Figure 2 shows the SEM images of plasma-etched
surface of SizN4 samples. The relative density values
of all samples are calculated and presented in Table 1.
The results of density measurements show that all of
the relative density values are above 98%, which
suggests that the nearly full densification has been
achieved in all sintered samples. No apparent porosity
is observed in all samples, suggesting that nearly full
densification has been achieved, consistent with the
relative density results. The SEM observations show
that Si3N4 grains in SN1500 are mainly equiaxed
shapes (Fig. 2(a)). A few needle-like grains are
observed in SN1600 (Fig. 2(b)). A large fraction of the
rod-like grains start to form in SN1650 (Fig. 2(c)),
indicative of the formation of bimodal microstructures
composed of both elongated and equiaxed grains. The
SizN4 grains become coarsened in SN1700 and SN1800
due to the higher sintering temperatures (Figs. 2(d) and
2(e)). Not only the fine equiaxed grains grow larger,
but the diameter of elongated rod-like grains also
becomes thicker due to Ostwald ripening. Therefore,
the SPS technique can be applied to densify SizN,4
ceramics at relatively low temperatures, promoting the
phase transformation and rod-like grain development
[21-23], which well explains the fine-grained bimodal
microstructure of SN1650 (Fig. 2(c)).
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Fig. 2 SEM images of plasma-etched surfaces of the SPSed SizN,4 ceramics: (a) SN1500, (b) SN1600, (c) SN1650, (d) SN1700,
and (e) SN1800.

Figure 3 shows the mechanical properties of all of
the SPSed SizN; ceramics. The Vickers hardness of
SN1500, SN1600, SN1650, SN1700, and SN1800 is
measured to be 21.49+0.48, 21.03+0.73, 20.18+0.26,
17.68+0.34, and 16.80+0.20 GPa, respectively. The results
of hardness show a decreasing trend with the increase
in sintering temperature, in particular for SN1700 and
SN1800. In addition, the fracture toughness values of
SN1500, SN1600, SN1650, SN1700, and SN1800 are
measured to be 3.36+0.62, 4.60+0.16, 7.11+£0.15, 7.57+
0.76, and 7.61+0.42 MPa-m'?, respectively. As the
sintering temperature increases from 1500 to 1650 C,
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Fig. 3 Vickers hardness and fracture toughness of the
SPSed SisN, ceramis.

the fracture toughness significantly increases from
3.36+0.62 to 7.110.15 MPa-m"”. Whereas, the toughness
increases slightly from 7.11+0.15 to 7.61+0.42 MPa-m'?
when the temperature increases from 1650 to 1800 C.

4 Discussion

4.1 Phase and microstructural development in two
stages

It has been well recognized that the mechanical
properties of SizN, ceramics are closely related to the
quality of raw powder materials, oxide sintering
additive, densification condition, phase content, and
microstructure. In the present study, the raw powder
materials and sintering additives employed are all
identical. In addition, all samples are nearly fully
densified under the sintering conditions employed in
this study. Therefore, this study mainly focuses on the
effects of phase composition and microstructure on the
mechanical properties of Si;N, ceramics.

Figure 4 shows the changes of phase composition
and grain size developed under the sintering
temperatures from 1500 to 1800 ‘C. When the
temperature arises from 1500 to 1650 C, the B-SisN,
phase content increases from 7.67 to 57.34 wt%, while
the grain size increases slightly. As the temperature
increases from 1650 to 1800 °C, the B-SizN4 phase
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Fig. 4 Average grain sizes of monolithic Si;N4 ceramics
with different B-Si3;N, phase contents.

content increases from 57.34 to 100.00 wt%, accompanied
by a significant increase in grain size. According to the
results of the XRD patterns, the phase transformation
begins at below 1600 C, and the o—f transformation
in SizNy requires a lattice reconstruction. The a-Si3Ny
dissolves in the liquid phase and reprecipitates as
B-SizN4, which in turn grows in the longitudinal
direction as prismatic hexagonal rod-like crystals [24].
The grain growth along c-axis is dominant, but the
growth along a-axis and b-axis can be negligible in the
early stage of the a—f phase transformation [25].
Although the development of B-SizN, grains with high
aspect ratios still takes place, the overall growth of
grain size is not apparent at lower temperatures due to
the low driving force.

Based on the variation trends of phase composition
and grain size, two stages are featured in terms of
phase composition and microstructure. First, the a—p
phase transformation occurs with a fine-grained bimodal
microstructure in Stage I, and the subsequent development
including the coarsening of the rod-like grains with the

B phase as the major phase becomes evident in Stage I1.

It can be concluded that the grain size growth in Stage
I lags behind the phase transformation.

4.2 Effect of phase composition and microstructural
changes on mechanical properties in Stage |

The Vickers hardness of Siz;N4 ceramics is mainly
influenced by the a-Si;N4 phase content, the average
grain size, porosity, and secondary grain boundary
phase [26,27]. Since all samples are close to complete
densification and prepared from the same raw powder
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materials, the effect of phase content and grain size on
hardness will be primarily discussed in Sections 4.2
and 4.3. In general, a-SizN, exhibits higher hardness
than B-Si3Ny, and the ceramics with small matrix grain
sizes exhibit high hardness. The results show that the
grain size of Si3N4 grows slightly from 132446 nm in
SN1500 to 163+83 nm in SN1650, while the content of
a-Si3N4 phase decreases from 92.33 to 42.66 wt%,
resulting in a slight decrease in hardness from 21.49+
0.48 GPa in SN1500 to 20.18+0.26 GPa in SN1650. At
this stage, the effect of grain growth on the hardness
can be assumed to be negligible, so the reduction of the
hardness in Stage I can be mainly attributed to the
decrease of the fraction of a-Siz;Ny4 phase.

The fracture toughness of SizN4 ceramics depends
mainly on the shape and size of grains and the
composition of the grain boundary phases [27]. The
dominant toughening mechanisms are governed by the
grain diameter, aspect ratio, amount, and volume
fraction of elongated grains [28-31]. The quantities,
volume fractions, and aspect ratios of the elongated
B-Si3Ny grains from the SEM observation are counted
to statistically evaluate the effects of the elongated-
grain microstructure on the toughness, as shown in
Figs. 5 and 6. At the same time, in order to reveal the
crack toughening mechanism, the SEM images of
crack propagation paths are also provided in Fig. 7.

There are very few elongated grains formed in
SN1500, and thus the operative mechanisms of
toughening in SizNy, such as crack deflection, crack
bridging, and rod-like grain pull-out, are not
observed (Fig. 7(a)), resulting in the lowest fracture
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Fig. 6 Aspect ratios of the elongated grains in monolithic
Si3N, ceramics sintered at different temperatures.

toughness (3.36+0.62 MPa'm'?). The quantitative
analyses show that the volume fractions of elongated
grains increase from 6.81%+0.86% in SN1600 to
18.13%+1.35% in SN1650, and the quantities of
elongated grains per square micron elevate from
0.614+0.03 to 0.97+0.01 pes-pum %, which promote the
contributions of those operative toughening mechanisms.
Meanwhile, elongated B-SizN4 grains grow much faster
along the [001] direction than along the [210] direction
during the phase transformation [32,33], resulting in a

pronounced increase in the aspect ratio from 4.38+2.44
in SN1600 to 5.874#2.77 in SNI1650. The Si3;N4
ceramics with a higher fraction of the elongated
rod-like crystals is then expected to exhibit a better
resistance to crack propagation [20]. As a consequence,
the obvious features of crack deflection and crack
bridging are observed in SN1650 (Fig. 7(c)) so that
SN1650 exhibits the relatively high toughness (7.11+
0.15 MPa'm'?).

4.3 Effect of phase composition and microstructural
changes on mechanical properties in Stage Il

The grain size of Si3N4 ceramics increases significantly
from 163483 nm in SN1650 to 561+218 nm in SN1800,
and a-Si3Ny phase completely transforms to B-SizNy4
phase in SN1800, resulting in an apparent decrease in
hardness from 20.18+0.26 to 16.80+0.20 GPa. It can
be assumed that the small reduction in hardness in
Stage I (from 21.49+0.48 to 20.18+0.26 GPa) is mainly
due to the a—f phase transformation. The hardness of
Si3Ny4 ceramics with a high a-Siz;N4 content (19—
22 GPa) is higher than that of pure B-SizNg (14—
18 GPa) [34]. Whereas, the combined effect of phase
transformation and grain growth results in a significant
reduction in hardness but a slight increase in toughness
in Stage II.

2 pm
O

Fig. 7 SEM images of crack propagation paths in Si;N4 ceramics: (a) SN1500, (b) SN1600, (c) SN1650, (d) SN1700, and

(e) SN1800.
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When the sintering temperature increases to 1800 C,
as compared with that of SN1650, the phase transformation
process has been completed, and the content of B-SizN,4
phase increases by about 43 wt%. The volume fractions
of elongated grains of SN1800 increase markedly from
18.13%+1.35% in SN1650 to 60.69%+3.49%. However,
the aspect ratios of elongated grains decrease from
5.87£2.77 in SN1650 to 4.06+1.90 in SN1800, and the
quantities of elongated grains per square micron
decrease from 0.97+0.01 to 0.48+0.03 pcs-um > On
the other hand, the XRD results show that the phase
transformation is completed between 1700 and 1800 C.
Previous studies [25,35] showed that the reduction of
the aspect ratio after the o—} phase transformation was
a consequence of anisotropic Ostwald ripening. The
increase in volume fractions of elongated grains of
SN1800 is mainly due to the coarsening of elongated
grains. The decrease of aspect ratio and quantity of
elongated grains per square micron can lead to a slight
increase in toughness from 7.11+0.15 MPa'm'? in
SN1650 to 7.61+0.42 MPa-m'” in SN1800.

4.4 Phase composition—microstructure—-mechanical
properties

Based on the above discussion, the parameters for the
phase fraction and microstructure features are summarized

in Table 2 for assessing simultaneously high hardness
and toughness. A schematic diagram of the mechanical
properties of SisN4 ceramics controlled by phase
composition and microstructure is presented in Fig. 8.
As evidenced in SN1500 in Table 2, Si3N, ceramics
with the o phase as the dominant phase and a fine-
grained equiaxed microstructure will exhibit high
hardness but low fracture toughness (Fig. 8(a)). When
the grain growth lags behind the phase transformation,
a fine-grained bimodal microscopic morphology will
be formed, which is confirmed by the aspect ratio and
quantity of elongated grains in SN1650. At the expense
of a slight decrease in hardness, the fracture toughness
can be greatly improved, and therefore, Si;N4 ceramics
with both high hardness and high toughness can be
obtained (Fig. 8(b)). As the grain growth and phase
transformation continue, the delay between phase
formation and microstructural development disappears,
leading to a microscopic morphology of coarse B-Si3Ny4
grains. In this case, the improvement of toughness is
limited, and the hardness will also be substantially
reduced, resulting in SizN4 ceramics with high
toughness and low hardness (Fig. 8(c)). Therefore, to
obtain SizN, ceramics with high hardness and high
toughness, the microstructural design is thus mainly
governed by the phase content, average grain size,

Table 2 Comparison of the phase fraction and microstructure features among the three samples in this work

Sample SN1500 SN1650 SN1800
a-Si3Ny : B-SizNy ratio 92.33 : 7.67 42.66 : 57.34 0 : 100.00
Average grain size (nm) 132+46 163+83 561+218
Aspect ratio — 5.87£2.77 4.06+1.90
Quantity of elongated grains (pcs-pum ) — 0.97+0.01 0.48+0.03
Vickers hardness (GPa) 21.49+0.48 20.18+0.26 16.80+0.20
Fracture toughness (MPa-m'?) 3.36+0.62 7.11+0.15 7.61+0.42

(a)  «aphase as the main phase f

(b)  «/P phase as the main phase f

() P phase as the main phase f

Fig. 8

(8) 4% % wse | Sci@pen
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Schematic diagram of mechanical properties of Si;N, ceramics controlled by phase composition and microstructure.
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aspect ratio, and quantity of elongated grains per
square micron. In this work, SizN4 ceramics with a
fine-grained bimodal microstructure consisting of the
main o- and P-phases demonstrate the optimized
combination of hardness and toughness.

In this study, the lag phenomenon is employed to
obtain SizN4 ceramics with high hardness and toughness.
Due to the contribution of rod-like grains to fracture
toughness, the phase proportion and microstructure shall
be quantitatively assessed and analyzed; in the latter of
which, the aspect ratio and quantity of elongated grains
can be used to evaluate the development process of
rod-like grains. It is critical to forming a fine-grained
bimodal microstructure to maintain both hardness and
toughness. Otherwise, the diverge can lead to the
combination of either high hardness/low toughness or
high toughness/low hardness. Combined with the design
of phase composition and microstructure, SizN4 ceramics
with both high hardness and high toughness can be
successfully achieved, which is of importance for
future engineering design strategies, especially for
cutting tool applications. When using Si3;Ny4 ceramics
as cutting tools to machine cast iron, the longer tool
life is attributed to the high hardness and better
abrasive wear resistance. Simultaneously, high toughness
is also required to prevent tool chipping during high-
speed cutting [36]. Ultimately, SizN; ceramics with
high hardness and high toughness can have significant
potential for applications in cutting tool industry.

5 Conclusions

The present study investigated the relationship between
the phase composition, microstructure, and mechanical
properties of Si;N, ceramics prepared by SPS at
temperatures ranging from 1500 to 1800 ‘C. According
to the phenomenon that grain growth lags behind the
phase transformation process to a large extent, two
stages with different phase and microstructure features
are thus proposed. In Stage I, although the B-Si;Ny4
phase fraction increases from 7.67 to 57.34 wt%, the
average grain size grows slightly from 132446 to
163+83 nm. As a consequence, the hardness remains at
the level of ~20.18+0.26 GPa, accompanied by the
transformation of equiaxed grains to rod-like grains
with high aspect ratios, leading to a significant
increase in fracture toughness from 3.36+0.62 to 7.11+
0.15 MPa-m'?. In Stage II, the content of B-SizNy

phase increases to 100.00 wt%, accompanied by grain
coarsening, resulting in a slight increase in fracture
toughness to 7.61+0.42 MPa-m"? but a decrease in
hardness to 16.80+0.20 GPa. By careful engineering
design of the phase composition and microstructure of
Si3Ny4 ceramics, high-hardness and high-toughness SizNy4
ceramics (hardness =~ 20.18+0.26 GPa, toughness =
7.1140.15 MPa'm'?) can be successfully obtained,
whose phase composition and microstructure can
probably be defined as a-Si;Ny : B-SizNy4 ratio = 42.66 :
57.34, average grain size = 163+83 nm, aspect ratio =
5.87+£2.77, and quantity of elongated grains per square
micron = 0.97+0.01 pes-um 2. The present study suggests
that the full understanding of the relationship between
phase transformation and grain growth mechanism will
enable the fabrication of desired high-performance
Si3N4 ceramics achieved by precisely designing the
phase composition and microstructure.
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