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ABSTRACT

Transparent polycrystalline ceramics exhibit improved mechanical and optical properties. However, synthesizing transparent ceramics
without additives is nontrivial. Herein, we report the synthesis of two transparent ceramics (f3-Si;N, and y-Si3N,) under high pressure and
high temperature from a pure Si;Ny precursor with nano-/micro-dual grain sizes. Synthesized f3-Si;N, exhibited a significantly enhanced
Vickers hardness reaching 24.2 GPa (at 10 N load) when transparency was achieved. Transparent nano-grained y-Si;N, exhibited a Vickers
hardness of 37.3 GPa. These are the highest hardness values reported for these two phases at a 10 N load. Density and microstructure mea-
surements suggest that the hardness and transparency of the specimens correlate with both the grain size and porosity/density. The negligible
amount of pores accounts for the superior optical transparency and high hardness of two Si;N, allotropes. As higher pressures can effectively
suppress grain growth and minimize pores between grains, high-pressure sintering is demonstrated as an effective way to realize highly dense
transparent ceramics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0070380

The advantages of transparent ceramics include not only their
optical merits but also their improved mechanical properties.' * Owing
to its high hardness and thermal stability, Si;N, is used in cutting-tool
inserts.” Although -SizN, has a higher hardness than f3-Si;N,, the latter
is preferable for cutting tool applications because the stability of the for-
mer reduces at high temperatures.” At present, transparent ceramics can
be obtained by a variety of procedures, including high-pressure sinter-
ing, spark plasma sintering (SPS), vacuum sintering, hot isostatic press-
ing sintering (HIP), and microwave sintering.”’ "' Transparent
polycrystalline ceramics have been commercially used as optical lenses,
laser amplifiers, optical windows, and so on.'”'*""> However, additives
are often used to increase transparency, which results in poor mechani-
cal properties and limits their applications under harsh conditions.”

Thus, it is critical to fabricate additive-free ceramics with superior
mechanical and optical properties. High-pressure phase ceramics typi-
cally exhibit an exceptionally high hardness and are potential optical
windows with good durability because of their superior mechanical
properties. To date, transparent ceramic production is based mainly
on ambient pressure phases, with a few exceptions, such as
nano-polycrystalline diamond (NPD), stishovite, and coesite.'*'” High-
pressure phase ceramics generally cannot be sintered at ambient pres-
sure using conventional methods. The development of rational synthesis
procedures for functional high-pressure phase transparent ceramics
appears to be highly promising but quite challenging,'® '

The low transmittance of ceramics produced by traditional tech-
niques is mainly attributed to the presence of residual pores, large
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grain size, and defective regions along grain boundaries.””* On the
basis on Mie scattering theory, Peelen and Metselaar calculated the
effect of porosity on transmittance.”” They speculated that the trans-
mittance can reach its optical theoretical limit when there is a low pore
content and small grain size less than 10 nm. In other words, the trans-
mittance of the sintered ceramics can be improved by controlling the
pore content and grain size. With regard to the Vickers hardness test,
the indentations are generated by both elastic and plastic deformation
under a rectangular pyramid diamond indenter.”* For porous ceramic
materials, an additional contribution to the indentation size is the
porosity filling generated by the high stress beneath the indenter.”
Several expressions for the relationship between hardness and porosity
have been proposed. For example, Luo et al. proposed that the effect of
porosity on hardness can be expressed by a negative exponential rela-
tionship, i.e., porosity is detrimental to hardness.”” On the other hand,
the hardness of ceramics is supposed to be greatly enhanced in the
nano-crystalline regime, such as in the cases of NPD, nano-twinned
diamond (NTD), nano-polycrystalline cubic boron nitride (NPBN),
and nano-polycrystalline garnet.”'***” Pore-free and nano-sized
grains are common indicators of transparency and mechanical
strength. Once pore-free and nano-sized grains are realized, hardness
and optical transparency can be substantially enhanced at the same
time. Extensive experimental and theoretical studies have been con-
ducted on the reduction in pores and grain size in transparent engi-
neering ceramics. Such transparent ceramics with pure nano-crystals
are still difficult to realize because of the difficulty in removing inter-
grain residual pores and suppressing grain growth. High-pressure sin-
tering techniques can help to strengthen the inter-grain adhesion and
suppress grain growth.”*'>***” In addition, grains may deform plasti-
cally under high pressure (HP) to fit in the space available to them
between adjacent grains.”’ Thus, it is expected that high-pressure syn-
thesis promotes the formation of highly dense micrometer-grained
and even nano-grained transparent ceramics. The feasibility of high-
pressure sintering of traditional transparent ceramics has already been
demonstrated for alumina, MgAl,O,, and YAG.#!

In this context, we attempted to tailor the transmittance of Si;N,
by applying a high-pressure synthesis method and by mixing nano-
and micro-sized precursor grains to obtain ceramics with a low con-
centration of pores and high hardness. We conducted a systematic
synthesis of Si;N, under a pressure range of 3.0-15.0 GPa and a tem-
perature range of 1400-2000°C. The optimized conditions yielded
products of f-SizN, and y-Si;N, with transparency and/or hardness
that have never been achieved before.

A sequence of synthesis trials at a fixed pressure of 5.5 GPa and
different temperatures of 1400, 1600, 1800, and 2000 °C were con-
ducted [Fig. 1(a)], along with those at a fixed temperature of 1800 °C
and different pressures of 3.0, 3.5, 4.5, 5.5, and 15.0 GPa [Fig. 1(b)].
The recovered samples were examined by micro-focused x-ray diffrac-
tion (XRD). As shown in Fig. 1(a), the products synthesized at 1400
and 1600 °C remained in the starting phase. At higher temperatures
(1800 and 2000°C), all diffraction peaks from the specimens were
identified as hexagonal -Si;N,. Figure S1 shows the XRD patterns of
the specimens synthesized at 5.5 GPa and 1800 °C with different sin-
tering times, which suggests that the starting materials completely
transformed into f-SisNy when the sintering time was longer than
5 min. Figure 1(b) presents the XRD patterns of the specimens synthe-
sized at 1800°C under different pressures. The starting material
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FIG. 1. (a) The x-ray diffraction patterns of SizNs specimens synthesized at
5.5GPa and different temperatures as indicated. (b) The x-ray diffraction patterns
of SizN, specimens synthesized at 1800 °C and different pressures as indicated.
The expected diffraction peak positions are given at the bottom for «-SisN, (black),
p-SisN4 (red), and y-SisN4 (green) with space group P3ic, P6y/m, and Fd3m,
respectively.

transformed into f-Si;N, at pressures of 3.5, 4.5, and 5.5 GPa. We also
conducted a synthesis at 3.0 GPa, but the experiment ended with a
blowout during heating, likely due to the decomposition of the Si;Ny4
precursor. At 15.0 GPa, the XRD results indicate that the sample trans-
formed into cubic y-SizNy.

The typical optical appearances of the polished samples synthe-
sized under different conditions are shown in Fig. 2. In our experi-
ment, all the samples synthesized at a temperature of 1600 °C (bottom
row) or lower were opaque, whereas those synthesized at 1800°C
(middle row) were transparent. When the synthesis temperature was
increased to 2000 °C, the products (top row) become much less trans-
parent. We performed a real in-line transmittance (RIT) of light mea-
surement for samples recovered from different pressure conditions at
1800 °C, and the results are shown in Fig. S4. The RIT of visible light
increased from 3.5 to 5.5 GPa, which suggests that the transparency of
p-SisNy increases with the increasing synthesis pressure.

Figure 3(a) shows the microstructure of the starting material,
which consists of mixed-size grains, dominated by large micro-grains
of approximately 5-8 um [Fig. 3(i)] and small nano-grains with a size
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FIG. 2. Optical images of the polished samples synthesized at the pressure and
temperature as indicated.

of approximately 100-200 nm. Nano-sized Si;N, grains acted as a
cement to bond the coarse micro-Si;N, particles and occupy the
porosity between micrograins. Therefore, highly dense and pore-free
ceramics can be easily realized. The )-Si;N, sample synthesized at

ARTICLE scitation.org/journal/apl

15.0 GPa exhibited the highest transparency, according to the optical
image results. The microstructures of the products obtained at 1400
and 1600 °C [Figs. 3(b) and 3(c)] are similar to those of the starting
material [Fig. 3(a)]. They exhibited low compactness/high porosity,
which may cause light dispersion and low transparency, although the
sample formed at 1600 °C showed slightly better compactness than
that at 1400 °C. When the synthesis temperature was increased to
1800 °C, the compacts exhibited a completely different, highly dense
feature [Fig. 3(d)] with a grain size of approximately 1 um [Fig. 3(i)].
The boundaries between different grains were less visible, and the
pores were completely closed, which resulted in negligible light scatter-
ing and absorption at the grain boundaries. Although higher tempera-
tures favor the elimination of pores, higher temperature causes
significant grain growth and non-uniform crystallites, which are detri-
mental to optical transparency. This phenomenon was observed in the
sample synthesized at 2000 °C [Figs. 2(a) and 3(e)]. Figures 3(d), 3(f),
and 3(g) show the microstructures of the specimens synthesized at
1800 °C and pressures of 5.5, 4.5, and 3.5 GPa, respectively. Because
HP restrains the grain growth during phase transition, grain size
decreases with an increase in synthesis pressure [Fig. 3(i)]. In addition,
HP is favorable for eliminating pores between neighboring grains.
Consequently, specimens synthesized at higher pressures are com-
posed of finer grains and a lower density of pores. The sample synthe-
sized at 15.0 GPa transformed to y-Si;Ny with a homogeneous grain
size of approximately 120 nm, as shown in Fig. S6(b), with virtually no

(i) Pressure (GPa)
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FIG. 3. The scanning electron microscope (SEM) images of (a) the starting materials; (b)-(e) the specimens synthesized at 5.5 GPa and temperatures of 1400, 1600, 1800,
and 2000 °C, respectively; (f) and (g) the specimens synthesized at pressures of 4.5 and 3.5 GPa, respectively, and 1800 °C; and (h) the specimen synthesized at 15.0 GPa
and 1800 °C. (i) Measured average grain sizes for corresponding specimens, plotted as a function of synthesis temperature at 5.5 GPa (black square symbols on primary
scales) and a function of synthesis pressure at 1800 K (blue circular symbols on secondary scales).
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pores or opening. A smaller grain size than the wavelength of visible
light further promoted the transparency of samples.

The Vickers hardness of the polished products was measured
using the indentation method as a function of the applied load up to
9.8N (Fig. 4). The hardness of f-SisN, specimens increased with the
increase in synthesis pressure [Fig. 4(a)]. At 5.5 GPa, the hardness of
o-Si3Ny increased with sintering temperature (1400-1600 °C), which
is in consistent with its microstructural features. When the sample just
transforms to f-SisN, at 1800°C, the sample hardness reaches its
highest value of 19.3 GPa at 9.8 N loading. However, with a further
increase in the synthesis temperature to 2000 °C, the hardness drops
to 18.5GPa (at 9.8 N loading) owing to notable grain growth [Fig.
3(1)]. A slight decrease in the sample density was also observed at this
synthesis temperature (Table S1). The increase in porosity due to grain
growth may be responsible for the decrease in hardness. To confirm
the influence of grain growth, we varied the heating duration for 2, 5,
10, and 20 min during the syntheses at 5.5 GPa and 1800 °C. As shown
in Fig. 4(c), the hardness declined when the heating time was either
too short or too long, likely because of the imperfect crystallization or
severe grain growth. With a 5min heating duration, the product
reached its highest hardness (24.2 GPa at 9.8 N load) because of the
high relative density (RD, with regard to the ideal density from XRD)
and small grain size. This Vickers hardness is the highest value
achieved for 3-Si3N, at the same load, as shown in Table L.
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Recently, Filgueira et al. (RD, 90%—97%)3(’ and Hou et al. (RD,
97.2%)”” reported a significant improvement in the hardness of -SizN,
transformed from «-Si;N, through an high pressure and high tempera-
ture synthesis similar to that employed in this work. However, they used
nearly uniform sizes of either micrometers (~2um) or nanometers
(~200 nm), respectively, as their starting materials, whereas we started
with a precursor with mixed grain precursor. The nano-grains serve as
bonding agents between coarse micrometer particles during phase tran-
sition and minimize the porosity of the product. Remarkably, we were
able to achieve transparency in polycrystalline f-SisN, and further
improve the hardness by over 20%.

The hardness of transparent y-Si;N, specimen synthesized at
15.0 GPa was also measured (Fig. S7). The Vickers hardness was 39.7
(0.73) GPa at 4.9 N load and 37.3 (0.67) GPa at 9.8 N load. The highest
Vickers hardness for y-Si;Ny at 9.8 N reported so far is 34.9 (0.7) GPa
by Norimasa et al.” Our specimen achieved a hardness of approxi-
mately 7% higher than this value, approaching the threshold for
superhard materials (40 GPa). It even exceeds the well-known fourth-
hardest material, SiO,-stishovite, after diamond, BC,N, and cubic
boron nitride. Thus, y-Si;N, can be classified as the fourth hardest
material.'>'”** Technically, the volume of sample will be drastically
reduced with the increase in synthesis pressure. While high pressure
gives high hardness y-Si;N, sample, low pressure fabrication gives rel-
atively large -Si;N, specimens, which is also critical for application.
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FIG. 4. The Vickers hardness of the SisN, specimens synthesized at (a) 1800 °C and different pressures; and (b) 5.5 GPa and different temperatures, as a function of the
applied load. (c) The Vickers hardness of the f3-SisN4 specimens synthesized at 5.0 GPa and 1800 °C for 2 min (black), 5min (red), 10 min (blue), and 20 min (green), as a
function of the applied load. (d) The hardness (at 9.8 N load) variation of specimens sintered at 5.5 GPa with different synthesis temperatures and durations.
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TABLE I. Summary of Vickers hardness and optical features of selected SizN4
phases.

Hardness Load  Optical
Reference Phase (GPa) (N) feature
This study p-SizNy 24.2 9.8 Transparent
Hou et al.” B-SizNy 199 49  Opaque
Yu et al.” B-SisN, 185 49
Yu et al.™ B-SisN, 161 49
Qadir et al.” B-SizN, 17.0 10
Filgueira et al.”®  a-SisN, + f-SizN,  21.3 9.8 4
Schneider et al.”” B-SizN, 15.7 N 4
Nakamura et al.* P-SizNy 17 N N
Teshima et al.”’ P-SizNy 15.7 98 N
Goto et al.*’ P-SizNy 15.7 N N
This study 7-SizNy 37.3 9.8 Transparent
Nishiyama2 y-SizNy 34.9 9.8 Transparent
Wang et al.”! 7-SizNy 31.0 9.8 Translucent
Tanaka et al.” p-SizNy 15.0 9.8 :
Tanaka et al.”! 7-SizNy 43.0 001 N
Zerr et al. 7-SizNy 30-43 5 4
Jiang et al®? y-SizNy 35.31 Transparent

*Not reported.

From the RD point of view, micron-grained ceramics with lower
RD normally exhibit low transparent or opaque features.”” As listed in
Table S1, the specimens synthesized at 3.5, 4.5, and 5.5 GPa present an
RD of 97.9 (0.3)%, 98.4 (0.5)%, and 98.6 (0.3)%, respectively. These RD
qualities agree closely with our microstructure measurements. The f-
SizN, specimen with the highest RD and small grain size possessed the
highest optical transparency and hardness, indicating that high density
and small grain size favor the hardness as they do transmittance.

Two transparent SisN, products (S-SizN, synthesized at 5.5 GPa
and 1800°C and y-SizN, synthesized at 15.0GPa and 1800°C)
were investigated using transmission electron microscopy (TEM).
Figure 5(a) shows a high-resolution TEM (HRTEM) image of f3-Si;N,.
The grain junctions between two grains are within 1 nm, which explains
its high RD and high optical transparency of f3-SisN,. Figure 5(b) shows
a bright-field TEM image of y-Si;N,. The sample presented a homoge-
nously granular texture with a grain size of approximately 100-200 nm,
in agreement with the SEM results. The HRTEM images of the multi-
grain junctions of y-SizN, [Figs. 5(c) and 5(d)] demonstrate that the
thickness of intergranular films (IGFs) was quite thin. It was difficult to
observe any defective regions in y-Si;N,. Apart from the equilibrium
upon crystallization of the new phase, ultra-HP initiates the deformation
of grains and accelerates the yielding of “Y”-shaped grain junctions. The
emergence of “Y” triple junctions indicates that individual grains crys-
tallize up to the grain boundary and grains are closely interlocked. The
similar morphologies of the two high-transparency specimens confirm
that transparent compacts usually exhibit a low density of pores and
defect-free boundaries. Ultra-HP facilitates the formation of such highly
dense and crystalline microstructures.

Previously reported NPD synthesized from graphite by Irifune
et al. consisted of minute (10-20nm) crystals and larger elongated

scitation.org/journal/apl

FIG. 5. (a) High-resolution transmission electron microscopy images of [-SisN4
specimen synthesized at 5.5 GPa. (b) Bright-field TEM image. (c) and (d) HRTEM
images of 7-SizN4 synthesized at 15.0 GPa.

(100-200 nm) crystals.'® Their subsequent study™ indicates that the
starting materials consist of large graphite crystallites up to 1 um and
small crystallites below 100 nm. The minute crystals originate from the
small graphite grains through a diffusion-controlled process, and the
elongated diamond crystals are transformed from the large graphite
crystallites by the martensitic transformation mechanism.” However,
in our experiment, the mixed micro- and nano-sized precursors trans-
formed into a homogenously granular microstructure of y-Si;N, at
15.0 GPa. This result suggests that the transformation mechanism
from a-SizsNy to y-SizNy is different from that from graphite to NPD,
that is, diffusion-controlled nucleation and growth. Although «-Si;N,
and f-Si3Ny have similar layered structures, the transformation from
o-SisNy to f-SisNy is reconstructive, requiring short-range diffu-
sion.”®"” Previous theoretical and experimental studies®*’ demon-
strated that pressure (P) influences diffusion-controlled nucleation
through the nucleation activation energy, AG”,

(a(m*)) _ 30’ AV
op ) 3 (AG)

where ¢ is the interfacial energy, which is not sensitive to pressure;
AV =V, —V}is the molar volume between the starting phase () and
ending phase (f); and AG=G, —Gg is the free energy difference
between the o and f§ phases. In both of «—f and «—7y phase transfor-
mations, AV > 0, that is, 9(AG")/OP < 0, indicating that HP decreases
the nucleation activation energy and critical nuclei size of the higher
pressure phases.”® In other word, pressure promotes the nucleation in
o—f and o—y phase transformations. This result explains why smaller
grain size is achieved at higher pressures in these syntheses.

The direct conversion method at HP produced pore-free micro-
meter-grained f-Si;N, and nano-grained y-Si;N, ceramics with mixed-
size starting materials. Compared to previously published results,
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nano-/micro-dual grain sizes of the starting materials in our study play
a critical role in forming highly dense polycrystalline SizN, allotropes
that present both improved hardness and optical transparency. The
optical transparency of Si;N, ceramics is sensitive to the pores and
defects at the grain boundaries. Optimized experimental conditions
help to achieve such results through the copious nucleation promoted
by HP and restrained growth at the lowest possible temperature and
short synthesis time. High-pressure synthesis has been demonstrated to
be a powerful tool for realizing highly dense micro- and nano-
polycrystalline ceramics with excellent mechanical and optical
properties.

See the supplementary material for the experimental details and
additional data.
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