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Abstract: Cubic silicon nitride (γ-Si3N4) is superhard and one of the hardest materials after diamond 
and cubic boron nitride (cBN), but has higher thermal stability in an oxidizing environment than 
diamond, making it a competitive candidate for technological applications in harsh conditions (e.g., 
drill head and abrasives). Here, we report the high-pressure synthesis and characterization of the 
structural and mechanical properties of a γ-Si3N4/Hf3N4 ceramic nanocomposite derived from 
single-phase amorphous silicon (Si)–hafnium (Hf)–nitrogen (N) precursor. The synthesis of the 
γ-Si3N4/Hf3N4 nanocomposite is performed at ~20 GPa and ca. 1500 ℃ in a large volume multi anvil 
press. The structural evolution of the amorphous precursor and its crystallization to γ-Si3N4/Hf3N4 
nanocomposites under high pressures is assessed by the in situ synchrotron energy-dispersive X-ray 
diffraction (ED-XRD) measurements at ~19.5 GPa in the temperature range of ca. 1000–1900 ℃. 
The fracture toughness (KIC) of the two-phase nanocomposite amounts ~6/6.9 MPa·m1/2 and is about 
2 times that of single-phase γ-Si3N4, while its hardness of ca. 30 GPa remains high. This work 
provides a reliable and feasible route for the synthesis of advanced hard and tough γ-Si3N4-based 
nanocomposites with excellent thermal stabililty. 

Keywords: cubic silicon nitride (γ-Si3N4)/Hf3N4; ceramic nanocomposites; in situ synchrotron radiation; 
mechanical properties; thermal stability 
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1  Introduction 

The high-pressure cubic silicon nitride (γ-Si3N4) phase 
possessing a spinel-type structure was first reported by 
Zerr et al. [1] in 1999. The spinel-type structure is 
characterized by one third of the silicon (Si) atoms 
being fourfold coordinated by nitrogen (N) atoms, and 
two thirds are sixfold coordinated by N atoms. The 
increase in the coordination number of silicon in 
γ-Si3N4 (as compared to that in α-/β-Si3N4) results in a 
significant increase in the density by 26%, which 
consequently results in a higher elastic modulus and 
hardness in comparison to those of the low-pressure 
hexagonal phases [2–6]. In addition, the high-temperature 
stability of γ-Si3N4 in an oxidizing environment is far 
beyond that of diamond [7,8]. Therefore, γ-Si3N4 is a 
potential candidate material for the application in harsh 
environments (e.g., drill head and abrasive). However, 
the major shortcoming of the γ-Si3N4 ceramic with 
respect to the above-mentioned applications relates to its 
low fracture toughness (KIC), which is 3.5 MPa·m1/2 [4]. 
The trade-off between hardness and fracture toughness 
in superhard materials makes it difficult to improve 
both properties simultaneously. For diamond and α-/β- 
Si3N4 systems, there are several promising methods to 
improve the toughness such as (nano)composite 
toughening, nanotwinning, and dislocation toughening. 
However, there has been little research on such 
approaches in γ-Si3N4. 

Over the last few decades, the design of “ceramic 
nanocomposites” has been proven to be a highly 
effective method to improve the mechanical properties 
of ceramic materials at (ultra-)high temperatures [9–11]. 
The mechanical properties of TiN/Si3N4 and hafnium 
mononitride (HfN)/Si3N4 nanocomposites produced at 
ambient pressure conditions were significantly improved 
with the hardness of 25 and 19.6 GPa, respectively, 
due to the incorporation of TiN and HfN nanophase 
into the Si3N4 matrix (compared to ca. 16–17 GPa for 
α-/β-Si3N4) [12–14]. High-pressure-derived cubic 
Si3N4/Hf3N4 nanocomposites have not been reported 
yet. Due to the exceptional hardness of cubic γ-Si3N4, 
interesting mechanical properties of these composites 
can be expected. So far, there are only few reports on 
the mechanical properties of Hf3N4 as most of the 
research on Hf3N4 was focused on theory and the 
synthesis of films and powders instead of bulk 
materials. In general, besides appreciable mechanical 

properties, the preparation of bulk ceramic nanocomposites 
is extremely challenging. More precisely, the major 
issue is the restriction of grain growth during 
densification, which is often difficult by using 
conventional sintering techniques. In this study, the 
development and adoption of advanced processing 
techniques have been the subject of extensive research 
over the last few decades. High-pressure and high- 
temperature (HPHT) synthesis is one of the most 
suitable methods to prevent the recrystallization process 
and limit the grain growth owing to the reduced 
diffusion of atoms under high pressures and short 
holding time at the final synthesis temperature [15–17]. 

The polymer-derived ceramic (PDC) route has 
proven to be a promising method for the preparation of 
oxygen (O)-free and multielement ceramic nanocomposites 
[18,19]. As the polymeric single-source precursors can 
be tailored at the molecular level, final products with 
tunable chemical compositions and homogeneous 
elemental distributions can be consequently achieved. 
Moreover, the pyrolysis of the single-source precursors 
can be controlled to obtain amorphous or nanocrystalline 
materials at different temperatures [20], which provides 
access to metastable state compounds compared to other 
synthesis approaches. In consequence, the PDC route 
opens up a great opportunity to prepare novel ceramic 
nanocomposites with various compositions. Thus, 
single-phase amorphous SiMN ceramics (M being 
transition metals, e.g., Ti, hafnium (Hf), and V) as well 
as MN/α-Si3N4 and MN/β-Si3N4 ceramic nanocomposites 
were prepared starting from suitable metal-modified 
polysilazanes, which were ceramized and subsequently 
annealed at high temperatures [21,22]. 

In the present work, γ-Si3N4/Hf3N4 ceramic 
nanocomposites are prepared from an amorphous Si– 
Hf–N precursor using a large volume press (LVP). 
Furthermore, the phase evolution is studied in situ at 
HPHT conditions with the energy-dispersive X-ray 
diffraction (ED-XRD) using synchrotron radiation. 
These systematic studies allowed to determine the 
conditions for the formation and stability of the 
γ-Si3N4/Hf3N4 ceramic nanocomposites, which highlights 
the importance of using synchrotron beamlines to 
further investigate the transition behavior of stable and 
metastable ceramic nitride-based structures. The 
analysis of the mechanical properties proves that the 
resultant γ-Si3N4/Hf3N4 ceramic nanocomposite is a 
potential structural ceramic candidate material for 
industrial applications such as drill head and abrasives. 
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2  Experimental methods 

2. 1  Single-source-precursor synthesis and 
ammonolysis 

The Hf-containing single-source precursor for the 
preparation of the SiHfN-based ceramic was synthesized 
upon the chemical modification of the commercial 
perhydropolysilazane (PHPS) solution (20 wt% of 
PHPS in dibutyl ether, Merck KGaA, Germany) by 
tetrakis (dimethylamido) hafnium(IV) (TDMAH; ≥ 
99.99%, Sigma-Aldrich, Germany) with a weight ratio 
of TDMAH : PHPS = 30 : 70 [21]. Anhydrous toluene 
(≥ 99.99%, Merck KGaA, Germany) was used as the 
reaction solvent. The synthesis of the single-source 
precursor was performed under an argon (Ar) 
atmosphere using the standard Schlenk technique. The 
synthesis process was carried out through the 
following steps: The brown and transparent solution of 
1 g TDMAH dissolved in 5 mL anhydrous toluene was 
added dropwise into solution of 11.5 g PHPS (2.3 g 
pure PHPS) with constant stirring at room temperature 
for 6 h until a milky white gel-like reaction mixture 
was obtained. Then, the product was heated up to 50 ℃ 
for 2 h, followed by vacuum drying (10−2 mbar) for 5 h 
to remove the solvent and low-molecular-weight 
by-products, yielding a colorless solid precursor. The 
as-synthesized SiHfN precursor was ground and sieved 
in an Ar-filled glovebox (LABmaster pro, Mbraun, 
Germany) to avoid contamination with air and 
moisture. The sieved fine powders were placed in an 
alumina boat, and then transferred into a horizontal 
Schlenk tube under the protection of an Ar atmosphere. 
Afterwards, the tube was pumped three times under 
vacuum and refilled with high-purity ammonia (NH3, > 
99.98%, Air Liquide, France; H2O ≤ 200 ppm) up to 
the atmospheric pressure. The sample was 
ammonolyzed at 1000 ℃ for 2 h at a heating rate of 
50 ℃/h under a continuous flow of NH3 (1.5 L/h), and 
then cooled down to room temperature at a rate of 
60 ℃/h. The as-ammonolyzed specimen was used as 
raw material for the subsequent high-pressure experiments. 

2. 2  High-pressure synthesis including in situ ED-XRD 

The HPHT experiments were carried out using a Hall- 
type six-ram LVP (mavo press LPQ6 1500-100, Max 
Voggenreiter GmbH, Germany) at the beamline P61B 
at DESY, Hamburg [23]. Tungsten carbide (WC) 
second-stage anvils (32 mm, FUJILLOY TF08, Japan) 

with a truncated edge length of 4 mm were used to 
compress a MgO octahedron with 10 mm edge length 
(Cr2O3-doped). The MgO octahedron assembly was 
used as a pressure transmitting medium along with an 
h-BN–TiB2 cylindrical heater (EBN grade, Denka Japan, 
Japan). Further details about the assembly can be 
found in Ref. [23]. The obtained precursor powders 
were hand-pressed into a hole in a metal disc (height 
(h) = 1.4 mm, diameter (ϕ) = 1.8 mm) inside the 
glovebox, and then placed into an h-BN tube to avoid 
contact with air or moisture. The assembly was first 
compressed to the target pressure at room temperature, 
and then heated stepwise to the target temperature. 
Finally, the samples with dimensions between 0.5 and 
1.8 mm in ϕ were obtained. 

The HPHT in situ ED-XRD was used to investigate 
the crystallization behavior of the SiHfN ceramic. 
Prior to the experiments, the Ge-detector position was 
determined to be 5.009° using an LaB6 standard 
(National Institute of Standards and Technology (NIST) 
SRM 660c), and the diffracted X-rays from the sample 
were collected in the energy range of 20–160 keV. The 
ED-XRD patterns were recorded during heating at 
different temperatures up to ca. 1900 ℃ (rounded—
calculated values of ±20 ℃ based on a calibrated 
power-temperature relationship), after the temperature 
had reached a steady state during each heating step. 
The main phases were identified with the help of a 
program called PDIndexer [24]. The temperature 
dependence of the Si3N4 and Hf3N4 lattice parameters 
was determined by the peak profile fitting using the 
program General Structure Analysis System (GSAS)-II 
[25]. 

The in situ ED-XRD was also used to monitor the 
pressure in real time inside the octahedron assembly 
using the MgO pressure marker (run #BT448, 19.5± 
0.5 GPa). In order to investigate the mechanical 
properties of the obtained γ-Si3N4/Hf3N4 ceramic 
nanocomposites, an additional synthesis experiment 
was carried out without X-rays at a calibrated pressure 
and temperature (run #HH547, ~20 GPa and ca. 
1500 ℃). The sample recovered in run #HH547 was 
used for further characterizations. 

2. 3  Characterization 

The synthesis and the crosslinking processes of the 
single-source precursors were analyzed ex situ by the 
Fourier transform infrared (FTIR) spectroscopy on a 
spectrometer (Varian 670-IR, Agilent Technologies, 
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USA), using the attenuated total reflection (ATR) 
mode in the range of 500–4000 cm–1. The high- 
resolution angle-dispersive X-ray diffraction (AD- 
XRD) of the recovered samples was performed at the 
high-energy beamline P02.1 (60 keV, λ = 0.207 Å) of 
PETRA III, DESY, Hamburg. The quantitative phase 
analysis was made by the Rietveld refinements, using 
the program GSAS-II [25]. The instrumental profile 
parameters were calibrated with an LaB6 standard 
material. The surface of the recovered sample was 
coated with gold for the measurements of the 
microstructure and chemical composition by a 
scanning electron microscope (SEM; XL30 FEG, FEI 
Company, Hillsboro, Oregon, USA) equipped with an 
energy-dispersive detector. The Vickers indentation and 
cracks were measured by the SEM coupled with the 
energy dispersive spectrometer (JSM 7600F, JEOL 
Ltd., Japan). The acceleration voltage was 15 kV. The 
carbon (C) and N/O contents of the SiHfN ceramic 
pyrolyzed at 1000 ℃ were measured by the analyzers 
(LECO C-200, LECO Instrumente GmbH, Germany, 
and LECO TC-436, LECO Instrumente GmbH, Germany, 
respectively). The contents of Si and Hf were analyzed 
by the energy-dispersive spectroscopy (EDS). The 
lamella for the transmission electron microscopy 
(TEM)/scanning transmission electron microscopy 
(STEM) measurements was prepared using a focused 
ion beam (FIB) instrument (JIB-4600F, JEOL, Japan). 
To investigate the microstructure of the recovered 
sample (#HH547), the bright-field transmission electron 
microscopy (BFTEM) images (some are also at high 
resolutions, HR-TEM) were acquired along with the 
selected area electron diffraction (SAED) patterns 
using a transmission electron microscope (JEM- 
ARM200F, JEOL, Japan). The acceleration voltage 
was 200 kV. 

The nanohardness and Young’s modulus (E) were 
measured by an iNano device (Nanomechanics Inc., 
Oak Ridge, TN, USA) under a load of 50 mN. Nine 
random indentations were performed on the polished 
surface (Table S2 in the Electronic Supplementary 
Material (ESM)). The Vickers hardness (HV) of the 
polished sample was measured for each applied load 
(F) from 0.49 to 48 N by a diamond indenter (FV- 
700B, Future-Tech, Japan), and the loading time was 
kept at 15 s. At least five indentations were repeated 
and averaged to ensure the reliability of the results. 
The KIC was calculated from the indentation crack (c) 
and impression diagonal (a) using the Anstis [26] and 

Evans equation [27] (Eqs. (1) and (2), respectively): 

 
0.5 1.5

IC Anstis 0.016 ( / ) /K F E HV c   (1) 

 
2 1.5

IC Evans 0.16 /K HVa c      (2) 

The thermal stability was measured by a 
thermogravimetric analysis (TGA) device (STA 449F3 
Jupiter, NETZSCH, Germany) in purified compressed 
air (gas purifier removes CO2, H2O, and hydrocarbons 
to ppb range) from room temperature to 1300 ℃ for 
1 h at the heating rate of 5 ℃/min. The same device was 
used for measurements to investigate the pyrolysis 
process under flowing NH3 (10 vol% Ar in NH3). All 
measurements were corrected for the buoyancy. 

3  Results and discussion 

3. 1  Single-source-precursor synthesis and pyrolysis 

The perhyropolysilazane chemically-modified with 
TDMAH was investigated by the FTIR spectroscopy. 
The FTIR spectra of the dried pristine PHPS and 
TDMAH as well as the synthesized precursor and the 
obtained amorphous SiHfN ceramic are shown in Fig. 1. 
The absorption bands at 3372 and 1171 cm−1 (N–H), 
2137 cm−1 (Si–H), and 840–1030 cm−1 (Si–N–Si) are 
characteristics for the dried pure PHPS. The FTIR 
spectrum of unreacted TDMAH exhibits typical C–H 
absorption bands at 2766, 2822, and 2948 cm−1. The 
absorption bands at 932 and 1251 cm−1 are assigned to 
the Hf–N–C vibrations [28]. The intensity of the N–H 
and Si–H absorption bands of the PHPS decreases after 
the chemical modification, indicating that the reaction  

 

 
 

Fig. 1  FTIR spectra of TDMAH, dried PHPS, SiHfN 
precursor, and SiHfN ceramic obtained after pyrolysis of 
precursor at 1000 ℃ in NH3. 
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with TDMAH occurred at the Si–H/N–H groups of 
PHPS. Based on Refs. [28,29] and our previous work 
[21], PHPS with the Hf-modified N–H and Si–H bonds 
leads to the formation of N–Hf at N centers and Si–Hf 
linkages, which is accompanied by the release of 
HNMe2 and CH4. The absorption peaks of the N–H 
and Si–H bands completely vanish after pyrolysis at 
1000 ℃, and asymmetric stretching vibrations of Si–N 
(800–950 cm−1) [30] and Si–H(N3) (2300 cm−1) [31,32] 
are observed, which indicate that the complete 
polymer-to-ceramic transformation has been achieved. 

The ceramic yield of the SiHfN ceramic pyrolyzed 
at 1000 ℃ under NH3 is as high as 97.9 wt% (Fig. S1 
in the ESM). The elemental analysis of the as-obtained 
SiHfN ceramic revealed compositions of Si (49.68± 
3.16 wt%), Hf (14.77±2.72 wt%), N (33.51±3.84 wt%), 
O (2.03±0.46 wt%), and C (0.01 wt%), demonstrating 
that the Hf-modified PHPS leads to a significant 
increase in the N content in comparison with the pure 
PHPS (ca. 25 wt%). The Si : Hf molar ratio of the 
pyrolyzed SiHfN ceramic amounts ca. 21 : 1, which is 
close to the molar ratio used for the synthesis of the 
SiHfN precursor (18 : 1). According to the elemental 
analysis data, the empirical formula of our material 
amounts Si1.0Hf0.05N1.35O0.07. By neglecting the O 
content, the composition of the nanocomposite is 
estimated to be 20 : 1 γ-Si3N4/Hf3N4. According to Ref. 
[22], the modification of PHPS with TDMAH is 
limited in the SiHfN system due to steric hindrance, 
which results in a slightly higher Si content in the  

 

pyrolyzed SiHfN ceramic. In addition, the XRD 
pattern (Fig. S2 in the ESM) reveals that the as- 
obtained SiHfN ceramic is X-ray amorphous. Therefore, 
it has to be considered that during the subsequent 
HPHT treatment of the amorphous SiHfN ceramic, 
polymorphic transitions will occur to form α-Si3N4, 
β-Si3N4, and γ-Si3N4, as well as HfN and Hf3N4. 

3. 2  Structural evolution of SiHfN ceramic at HPHT 

A selection of the ED-XRD patterns recorded at 
19.5(±0.5) GPa and at different temperatures in the 
range from room temperature to approximately 
1900 ℃ is shown in Fig. 2(a). At ca. 1000 ℃, only 
intense fluorescence lines of Hf and Pb (from detector 
shielding materials) were observed, indicating that no 
crystalline phase is formed in the amorphous SiHfN 
ceramic up to this temperature, which is in agreement 
with our XRD results of the synthesized amorphous 
SiHfN ceramic (Fig. S2 in the ESM). 

Starting at ca. 1100 ℃, the Bragg reflections of γ- 
Si3N4 and Th3P4-type Hf3N4 appear and grow in 
intensity on further heating. In addition, some reflections 
of β-Si3N4 are visible at the beginning, which disappear 
on further heating. Under these conditions, β-Si3N4 
transforms into the stable γ-phase. There are no further 
structural changes in the XRD patterns up to ca. 
1550 ℃, which reveals that the γ-Si3N4/Hf3N4 composite is 
thermodynamically stable up to ca. 1550 ℃. In 
addition, the lattice parameters of Th3P4-type Hf3N4  

 
 

Fig. 2  Sequence of ED-XRD patterns, showing phase transformation in SiHfN ceramic at 19.5(±0.5) GPa: (a) on heating in 
temperature range of ca. 1000–1900 ℃ rounded to ±20 ℃, including some β-Si3N4 reflections (the hollow circle) visible at 

~1100 ℃ (the red line) and with reduced intensity at ~1200 ℃ (the blue line), namely (101) 54 keV, (120) 58 keV, (210) 66 keV, and 

(301) 82 keV. (b) On holding maximum temperature of ca. 1900 ℃ during time range between 200 and 1900 s, HfN phase 
appears, best visible by HfN (220) and (222) reflections. 
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and γ-Si3N4 were refined from the reflection positions 
by using the peak-fitting routine of GSAS-II and are 
shown in Fig. S4 and Table S1 in the ESM. Based on 
this observation, the synthesis conditions of around ca. 
1500 ℃  and ~20 GPa are selected to prepare a 
γ-Si3N4/Hf3N4 ceramic nanocomposite in an additional 
experiment (#HH547). This sample is used for further 
analysis of the microstructure and mechanical properties. 

Above this temperature, some new reflections 
appear and gradually strengthen with the increasing 
temperature up to ca. 1900 ℃, best visible in Fig. 2(a) 
in the energy range between γ-Si3N4 (220) at ~52 keV 
and the Hf Kα2 fluorescence line at 54.6 keV. This 
intermediate phase coexists with γ-Si3N4 and 
Th3P4-type Hf3N4 in the temperature interval from ca. 
1650 to 1900 ℃. The growth of the intermediate phase 
partly, however not fully, consumes the Hf3N4 phase, 
visible in Fig. 2(a) by the decreasing intensity of the 
Hf3N4 reflections. Only after ~15 min of relaxation time 
at ca. 1900 ℃, Hf3N4 and the intermediate phase vanish 
together and are replaced by HfN (Fig. 2(b)). The 
growth of HfN can be best judged from the HfN (220) 
and (222) reflections at ~89 and ~109 keV, respectively, 
which are clearly visible in Fig. 2(b). The ED-XRD 
patterns of the sample after quenching the temperature 
at high pressures and after decompression indicate that 
the phase transition of Hf3N4 into rocksalt HfN is 
irreversible. An additional XRD measurement (Fig. S3 
in the ESM) of the recovered sample (#BT448) shows 
a mixture of γ-Si3N4 and HfN and only a tiny fraction 
of remaining Hf3N4 (0.1 wt%). The refined phase 
fractions show a Si3N4 : HfN weight ratio of 7.1 : 1, 
corresponding to an atomic ratio of Si : Hf = 29 : 1, 
similar to the result from elemental analysis of the 
precursor (Si : Hf = 21 : 1). 

The analyzed phase evolution of amorphous SiHfN 
under HPHT conditions is illustrated by the 
compositional phase diagram, as shown in Fig. 3. 
Accordingly, the amorphous SiHfN phase separates  

 

 
 

Fig. 3  Thermodynamic guideline for synthesis of high- 
pressure nitride nanocomposites in ternary SiHfN system. 

along the tie line into γ-Si3N4 and Hf3N4 at ~20 GPa 
and ca. 1100 ℃ . At temperature far beyond ca. 
1550 ℃, Hf3N4 decomposes along the tie line into rock 
salt-type HfN and N2 according to Reaction (3), which is 
then in thermodynamic equilibrium with γ-Si3N4. 

 3 4 22Hf N 6HfN N   (3) 

3. 3  Characterization of γ-Si3N4/Hf3N4 composite 

3.3.1  AD-XRD 

An AD-XRD powder pattern of the recovered sample 
#HH547 was measured by synchrotron radiation. The 
Rietveld refinements (Fig. 4) show essentially two 
phases, namely γ-Si3N4 and Hf3N4 and some small 
reflections of a yet unidentified third phase, resulting in a 
residual of wR = 9.6%. In addition, there are reflections 
from the capsule material c-BN, which could not be 
completely separated from the sample. The refined 
phase fractions show a Si3N4 : Hf3N4 weight ratio of 
8.93 : 1, from which the atomic ratio of Si : Hf = 38 : 1 
was calculated. This value is larger than the result from 
the elemental analysis of the precursor (Si : Hf = 
21 : 1), suggesting that the unknown third phase is rich 
in Hf. 

3.3.2  TEM 

The BFTEM images and SEM–EDS analysis of the 
resultant γ-Si3N4/Hf3N4 ceramic nanocomposite synthesized 
at ~20 GPa and ca. 1500 ℃ are shown in Fig. 5 and 
Fig. S5 in the ESM, respectively. Figure 5(a) indicates 
that the Hf3N4 grains/particles identified by the 
significant darker contrast are homogeneously 
dispersed in the γ-Si3N4 matrix. The microstructure of 
the γ-Si3N4/Hf3N4 ceramic nanocomposite has been 

 

 
Fig. 4  Rietveld refinements (wR = 9.6%) of γ-Si3N4/ 
Hf3N4 composite, recovered from HPHT experiment at 
~20 GPa and ca. 1500 ℃. 
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studied through the BFTEM images and SAED 
patterns, as shown in Figs. 5(b) and 5(c), to identify the 
two phases. The SAED pattern with the [001] zone 
axis in Fig. 5(b) shows the face-centered cubic lattice 
of the large γ-Si3N4 single crystal visible in the image, 
and two representative reflections, i.e., (4 0 0) and  
(2 –2 0), are denoted in the SAED pattern. The 
corresponding lattice spacings are 0.193 and 0.274 nm. 
The SAED image taken from the whole region in 

Fig.  5(c) exhibits a polycrystalline aggregate 
composed of Hf3N4 and γ-Si3N4. Furthermore, in the 
HR-TEM images (Figs. 5(e) and 5(f)), the (311) lattice 
plane of γ-Si3N4 and the (211) lattice plane of Hf3N4 
are also identified by the d spacings of 0.233 and 0.274 
nm, respectively. In addition, the existence of Hf3N4 in 
the γ-Si3N4 matrix can also be clearly seen in Figs. 
5(c)–5(f). In Fig. 5(f), dispersed Hf3N4 nanocrystallites 
are embedded in micron-sized Si3N4 particles.  

 

 
 

Fig. 5  BFTEM images of γ-Si3N4/Hf3N4 nanocomposite synthesized at ~20 GPa and ca. 1500 ℃: (a) BFTEM image of typical 
microstructure of γ-Si3N4/Hf3N4 nanocomposite; (b) BFTEM image acquired from (a) (the inset is the SAED image taken from 
the red box region); (c) BFTEM image and corresponding SAED image (the inset is the raw data in Fig. S6 in the ESM); 
(d) BFTEM image showing interface between Hf3N4 and γ-Si3N4 crystals; (e) HR-TEM micrograph magnified from the red box 
area in (d), showing lattice fringes from imperfect γ-Si3N4 single crystal with some embedded nanospheres of Hf3N4; (f) Hf3N4 
nanoparticles embedded in γ-Si3N4. (g) BFTEM image obtained from the white circled area in (a), and the white arrows point at 
the nanopores; (h) HR-TEM image showing interaction relationship between γ-Si3N4, Hf3N4 nanograins, and nanopores; and 
(i) HR-TEM micrograph magnified from the interphase area. 
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Furthermore, nanopores and an amorphous interphase 
between Hf3N4 and γ-Si3N4 were obverved, as shown 
in Figs. 5(g)–5(i). The presence of nanopores and 
interphase has a significant impact on the mechanical 
properties, which will be discussed in conjunction with 
the fracture toughness. 

3.3.3  Mechanical properties 

In order to show a potential application of the γ-Si3N4/ 
Hf3N4 ceramic as a hard and tough material, the 
mechanical properties of the ceramic composite were 
measured. The nanohardness and E were analyzed by the 
nanoindentation technique. The nanohardenss and E are 
42±1 and 574±33 GPa (the detailed values are shown 
in Table S2 in the ESM), respectively, which are 
comparable to the hardness of pure γ-Si3N4 [3,33] and 
comparable to those of commercial superhard 
materials such as polycrystalline diamond [34] and 
cubic boron nitride (cBN) [35]. The Vickers hardness 
and fracture toughness of the γ-Si3N4/Hf3N4 
nanocomposites were measured at indentation loads 
from 0.49 to 48 N on a polished surface. As can be 
seen in Fig. 6, the Vickers hardness and the fracture 
toughness of γ-Si3N4/Hf3N4 decrease with the 
increasing load. Although the Vickers hardness of 
Hf3N4 (18.7 GPa) [36] is lower than that of the 
superhard γ-Si3N4 (43 GPa) [33], an average high 
hardness value of 28±2 GPa for the γ-Si3N4/Hf3N4 
nanocomposite is achieved at F = 9.8 N, which is 
comparable to the Vickers hardness of stishovite SiO2 
(33 GPa) [37,38] and γ-Ge3N4 (28 GPa) [39], and is  

 

 
 

Fig. 6  Vickers Hardness and fracture toughness of 
γ-Si3N4/Hf3N4 nanocomposite as a function of indentation 
load in the range of 0.49–48 N (the detailed values are 
shown in Table S3 in the ESM). The inset is a 
representative SEM indentation image showing cracks 
under an indentation load of 19.6 N. 

much higher than those of the experimental and 
theoretical hardness values of Hf3N4 [36] and other 
transition metal nitrides such as Zr3N4 [36,40], NbN 
[41], γ-MoN [42], HfN [41], and ZrN [41]. 

The fracture toughness (Fig. 6) of the γ-Si3N4/Hf3N4 
ceramic nanocomposite is estimated based on the 
relation between indentation load and the radius/length 
of cracks (Fig. S7 in the ESM). The fracture toughness 
decreases with the increasing indentation load, 
showing an average value of ~6.9±0.5 MPa·m1/2 in the 
Anstis equation (Eq. (1)) and ~6.0±0.6 MPa·m1/2 in the 
Evans equation (Eq. (2)), far exceeding that of pure 
γ-Si3N4 (3.5 MPa·m1/2), as reported in Ref. [4]. In 
order to identify the potential mechanisms accounting 
for the enhanced toughness of γ-Si3N4/Hf3N4 ceramic, 
the radial cracks generated by the Vickers indentation 
were further characterized. The representative SEM 
images of the indentation and radial cracks are shown 
in Fig. 7. The black and white areas in Fig. 7 
correspond to γ-Si3N4 and Hf3N4, respectively, which 
can also be seen from the EDS mappings of Fig. S5 in 
the ESM. The radial cracks show the micro-/nano- 
sized zigzag propagation paths and crack bridging (Figs. 
7(b)–7(d)), and the obvious intergranular/transgranular 
fracture mode is found when the crack meets the Hf3N4 
grains [43]. Moreover, the typical BFTEM image of 
the resultant γ-Si3N4/Hf3N4 ceramic reveals some 
Hf3N4 nanograins with sizes in the range of ~10– 
100 nm (Figs. 5(g) and 5(h)) in the γ-Si3N4 matrix. 
Nano-sized Hf3N4 particles contribute to crack 
deflection, resulting in energy dissipation of the 
fracture process, and thereby enhancing the fracture 
toughness [44]. Figure 5(g) is a BFTEM image of the 
sample, in which some irregular nanopores with a size 
ranging from 20 to 100 nm are distributed at the 
interphase triple junctions (Fig. 5(h)). Traditionally, 
porosity and weak interface are considered detrimental 
to mechanical properties [45], especially in brittle 
ceramics, as both can initiate catastrophic failure at 
low-stress levels. However, the presence of nanopores 
and amorphous interphase in the matrix can enhance the 
fracture toughness as the sizes of the nanopores are 
much smaller than the critical crack size of 
γ-Si3N4/Hf3N4 ceramic, and the initiated microcracks 
are blunted by the nanopore-mediated interphase [46]. 
Furthermore, the nanopores provide free space to 
accommodate interphase plastic strain by eliminating 
the nanopores [46]. In addition, the analyzed 
transgranular and intergranular fracture modes are  
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Fig. 7  SEM images of indentation and cracks at 9.8 N. 
In (a), the yellow arrows indicate the transgranular cracks. 
In (b–d), the path of crack propagation is schematically 
described (the hexagons show the grain, and the red color 
represents the crack). 

 
considered to be dependant on the chemistry of the 
formed amorphous interphase in our γ-Si3N4/Hf3N4 
ceramic composites. In summary, the presence of 
nano-sized grains and nanoporosity are discussed as 
the origin for the analyzed increase in the fracture 
toughness [46,47]. 

In order to comprehensively evaluate the Vickers 
hardness and the fracture toughness of the γ-Si3N4/ 
Hf3N4 nanocomposite, a comparison with other hard 
materials is compiled and shown in Fig. 8 [3,4,16, 
33,48–63]. It is obvious that most hard materials show 
low fracture toughness, and only few of them (WC and 
α-/β-Si3N4) also exhibit high KIC. Accordingly, the 
resultant γ-Si3N4/Hf3N4 ceramic composite exhibits 
both high hardness and fracture toughness simultaneously, 
which is an excellent trade-off between hardness and 
fracture toughness compared to most other hard 
materials. Therefore, the high-pressure γ-Si3N4/Hf3N4 
nanocomposite is considered to be a potential 
candidate material for cutting tool applications. 

3.3.4  Thermal stability 

The thermal stability of the as-preapred γ-Si3N4/Hf3N4 
nanocomposite was characterized by a TGA/ 
differential thermal analysis (DTA) measurement in air 
at a heating rate of 5 ℃/min. Jiang et al. [7] reported 
that the phase transformation of γ-Si3N4 to α-Si3N4 
takes place in air at 1400–1600 ℃; therefore, in 

order to avoid the phase transition, the measurement of 
thermal stability was performed at 1300 ℃ for 1 h. As 
shown in the TGA/DTA curves (Fig. 9), there are four 
steps for the oxidation progress. The first onset 
oxidation temperature of  the γ-Si3N4/Hf3N4 
nanocomposite is 780 ℃, which is higher than those 
of nanograined diamond (~680 ℃) [16] and natural 
diamond (770 ℃) [64], but lower than those of 
nanotwinned diamond (980 ℃) [64] and nano cBN 
(1090 ℃) [16]. Beyond 780 ℃, the γ-Si3N4/Hf3N4 
ceramic nanocomposite shows a continuous mass gain, 
which is considered to be due to the reaction of the  

 

 
 

Fig. 8  HV and KIC of γ-Si3N4/Hf3N4 nanocomposite 
(load: 9.8 N) in comparison with those of the reported 
hard materials (38 : 1 is the calculated composition of the 
nanocomposite by the Rietveld refinements. References 
[3,33] only show hardness but no fracture toughness; the 
loads used in the respective hardness measurements are 
detailed in Table S3 in the ESM). 

 

 
 

Fig. 9  TG (the black line), DTA (the blue line), and 
temperature (the red line) curves of γ-Si3N4/Hf3N4 

nanocomposite in air. ①, ②, ③, and ④ represent the 

onset oxidation temperatures. 
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Si–N and Hf–N bonds with air to form the Si–O and 
Hf–O bonds. The mass change up to 1300 ℃ after 
holding for 1 h amounts ca. 18 wt% and is much less 
than those for nanotwinned diamond at 1100 ℃ 
(75 wt%) [64], diamond/c-BN composite at 1100 ℃ 
(80 wt%) [65], nano diamond at 1000 ℃ (45 wt%) 
[16], and natural diamond at 850 ℃ (87.5 wt%) [64] 
and is finally stabilized at that temperature. The Si– 
and Hf–oxide layers formed by the oxidation of the 
γ-Si3N4/Hf3N4 nanocomposite prevent further 
oxidation compared with the oxidation of diamond to 
continuously form CO/CO2 [64,66]. 

4  Conclusions 

Within the present work, the phase transformation of 
amorphous SiHfN ceramic prepared by the PDC 
route under HPHT conditions is investigated by 
means of the synchrotron XRD measurements. The 
results provide clear guidance for the preparation of 
high-pressure γ-Si3N4/Hf3N4 and γ-Si3N4/HfN 
ceramic nanocomposites. Based on the in situ XRD 
analysis, the γ-Si3N4/Hf3N4 ceramic nanocomposite is 
obtained at ~1500 ℃ and ~20 GPa. At temperatures 
beyond 1500 ℃ under the same pressure, the Hf3N4 
phase decomposes to HfN, and a γ-Si3N4/HfN 
nanocomposite is formed. 

The fracture toughness of the resultant γ-Si3N4/ 
Hf3N4 ceramic nanocomposite (~6/6.9 MPa·m1/2) 
exhibits a significant improvement over pure γ-Si3N4 
(3.5 MPa·m1/2) without sacrificing the hardness of the 
material. Characterizations by means of the XRD, 
SEM, and TEM proved that the enormous enhancement 
in the fracture toughness has to be discussed in terms 
of synergetic effects of nano-scale composite (γ-Si3N4 
≤ 200 nm and Hf3N4 ≤ 50 nm), nanopores, and 
transgranular fracture mode. In addition to the unique 
combination of high hardness and high toughness, the 
γ-Si3N4/Hf3N4 nanocomposite exhibits relatively high 
thermal stability, which can be operated in extreme 
environments and at elevated temperatures. 
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