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Abstract
In this work, Si3N4 and Zr(NO3)4 were used as raw materials to prepare
ZrN/ZrO2-containing Si3N4-based ceramic composite. The processing, phase
composition, and microstructure of the composite were investigated. Hardness
and fracture toughness of the ceramics were evaluated via Vickers indenta-
tion in Ar at 25◦C, 300◦C, 600◦C, and 900◦C. During spark plasma sintering,
Zr(NO3)4 was transformed into tetragonal ZrO2, which further reacted with
Si3N4, resulting in the formation of ZrN. The introduction of ZrN enhanced the
high-temperature mechanical properties of the composite, and its hardness and
fracture toughness reached 13.4 GPa and 6.1MPa⋅m1/2 at 900◦C, respectively. The
oxidation experiment was carried out in air at 1000◦C, 1300◦C, and 1500◦C for
5 h. It was shown that high-temperature oxidation promoted the formation and
growth of porous oxide layers. The microstructure and phase composition of the
formed oxide layers were investigated in detail. Finally, it was identified that the
obtained composite exhibited a higher thermal diffusivity than that ofmonolithic
Si3N4 in the temperature range of 100◦C–1000◦C.
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1 INTRODUCTION

In contrast to metals and polymers, structural ceramics
exhibit significant performance advantages, such as low
density, high hardness, chemical stability, high tem-
perature, and corrosion resistance.1–4 Ceramics are thus
processed into structural parts, for example, bearings, seal-
ing rings, turbines, and nose cones of aircrafts for service
in harsh environments.5,6 As a typical non-oxide ceramic,
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silicon nitride (Si3N4) has attracted extensive attention
from academia and industry. It has been shown that the
thermal conductivity of Si3N4 can be up to 177 W/(m⋅K)
along with a fracture toughness of 11.2 MPa⋅m1/2 and a
fracture strength of 460 MPa.7,8 In addition, the high cova-
lent character of the Si–N bond determines the resistance
against decomposition (≥1800◦C in nitrogen) and excel-
lent tribological properties at elevated temperatures.9,10
Nevertheless, the low tolerance for damage and defect is
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still one of the main factors limiting its further industrial
development. High operation temperatures as well as
oxidative and erosive environmental conditions negatively
impact the mechanical strength of Si3N4,11,12 leading to
material loss and sudden failure of ceramic parts.13,14
In the past few decades, the development of compos-

ites has opened new avenues to flexibly access various
compositions of ceramics.15,16 A large number of studies
have confirmed that the incorporation of secondary phases
not only affects the phase evolution and microstructure
of the material but also enhances the strength and tough-
ness compared to that of the monolithic materials.17,18
Amongmany additives, zirconium-based compounds (e.g.,
ZrB2, ZrC, ZrN, and ZrO2) are regarded as ideal candi-
dates with remarkable mechanical and high-temperature
stability.19–21 Guo et al.22 prepared a ZrB2-containing
Si3N4-based composite at a low temperature of 1500◦C.
It was found that the addition of ZrB2 promoted the
phase transition of Si3N4 from α to β, and the obtained
composite exhibited improved fracture toughness and
bending strength of 9.8 MPa⋅m1/2 and 702.0 MPa, respec-
tively. Sayyadi-Shahraki et al.23 reported dense Si3N4/ZrO2
ceramic composites fabricated via spark plasma sintering
(SPS) at 1600◦C. It was shown that the introduction of
Y2O3-stabilized ZrO2 into Si3N4 facilitated densification of
ceramic composites during SPS, decreasing the sintering
temperature of Si3N4 from 1600◦C to 1420◦C. Furthermore,
Talmy et al.24 characterized the chemical stability and
oxidation behavior of Si3N4-containing ZrB2 at 1200◦C–
1500◦C. The results suggested that the formation of a pro-
tective layer of borosilicate glass during high-temperature
annealing contributed to the significant improvement in
the oxidation resistance of the ZrB2/Si3N4 composite.
Although promising, the methods involving processing

and preparation of ceramic composites still face prac-
tical difficulties, which weaken the final properties of
the ceramic composite.25–27 Traditionally, the secondary
phases are added directly to Si3N4 matrix through physical
mixing (e.g., mechanical stirring and ball milling), which
inevitably results in the agglomeration of the additives and
thus in the formation of pores and micro-cracks in the
ceramic matrices.28 Along with the temperature transition
induced by the heating environment, these micro-cracks
are prone to spread under the action of thermal stress, ulti-
mately manifesting as the failure fracture of ceramics.29 In
addition, the mismatch of the thermal expansion coeffi-
cient and chemical incompatibility between the individual
phases reduces the densification of composites, trigger-
ing more defect nucleation and insufficient mechanical
properties.30,31 In our previous study,32,33 it was deter-
mined that the in situ generation of the secondary phases
is an effective way to reduce the structural defects caused
by particle agglomeration. Typically, Ag-containing Si3N4-
based composites were successfully produced by using

AgNO3 as a metal precursor. The results demonstrated
that the in situ formed Ag particles with a size of ∼1 µm
were evenly dispersed in the grain boundary of Si3N4, and
the resulting ceramics displayed improved toughness and
tribological properties relative to pure Si3N4.
In this work, a Zr-containing Si3N4-based ceramic

composite was successfully prepared via the SPS process
using Si3N4 and Zr(NO3)4 as the raw materials. The phase
composition and microstructure of the composite were
investigated. By the introduction of the Vickers indenta-
tion at elevated temperatures of 25◦C, 300◦C, 600◦C, and
900◦C in Ar, the hardness of the ceramics was evaluated,
and the corresponding fracture toughness was calculated
based on the indentation method. Additionally, the Si3N4-
based compositewas oxidized in air at 1000◦C, 1300◦C, and
1500◦C for 5 h. The chemical composition and microstruc-
ture of the oxide layers were characterized with tempera-
ture, and their effect on the thermal diffusivity of ceramics
was analyzed. The main aim of this work is to explore
the thermo-mechanical properties of the Zr-containing
Si3N4 composite and expand its application at high
temperatures.

2 EXPERIMENT

2.1 Sample preparation

The starting materials used for SPS were composed of
90 wt.% α-Si3N4 (99.9%, 0.50–0.75 μm, Anyang JSH New
Material Co., Henan, China) and sintering aids of 6 wt.%
Y2O3 and 4 wt.% Al2O3 provided by Lida Hi-Tech Special
Material Co., Jiangsu, China (99.9%, 0.5 μm). The powder
was mixed for 8 h at 300 rpm in a Teflon tank using a plan-
etary ball mill (QM-3SP4, Nanjing University Instrument
Factory, Nanjing, China). The grinding ball consisted of
Si3N4, and the ball-to-powder ratio was 5:1. The zirconyl
nitrate pentahydrate (Zr(NO3)4⋅5H2O, Kelong Chemical
Reagent Factory, Chengdu, China) as the Zr source was
first dissolved in deionized water, followed by addition
into pre-mixed powder with a mass fraction of 20 wt.%.
The slurry was subsequently stirred at 80◦C in a rotary
evaporator until the solvent was removed totally. The dried
lump was ground, sieved (100 mesh), and then loaded into
a graphite die (diameter 25 mm) for SPS (LABOX-3010KF,
Japan). Before that, a layer of graphite paper (thickness
0.03 mm) was padded on the inner wall of the die to pre-
vent the powder from sticking. The sintering parameters
included a sintering temperature of 1680◦C, heating rate
of 90◦C/min, axial pressure of 30 MPa, holding time of
5 min, and vacuum degree ranging from 10 to 20 Pa. For
convenience, the monolithic Si3N4 and Zr-containing
Si3N4-based composite are defined as samples SN and
SNZ, respectively.
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2.2 Performance tests

The sintered ceramic discs were polished by an automatic
polisher Phoenix 4000. The density of ceramics was mea-
sured by the Archimedes’ water immersion. The Vickers
hardness was obtained using high-temperature hardness
tester (HTV-PHS30, Archimedes Industry Technology Co.
Ltd., England), in which the applied load was 10 kg and
the holding time was 10 s. The test was performed at 25◦C,
300◦C, 600◦C, and 900◦C in Ar, and each test was repeated
at least 10 times to ensure reliability. After hardness mea-
surement (10 kg), the clear cracks along the indentation
corners were produced, and the fracture toughness of the
ceramics was calculated based on the indentation method
according to reference.34 The ceramics for the oxidation
test were cut into square sizes of 6 mm × 6 mm × 2 mm
using the precision surface grinding machine ELB SWH-5
ND. Oxidation proceeded in a muffle furnace at 1000◦C,
1300◦C, and 1500◦C for 5 h. The thermal diffusivity of
samples was measured using a laser flash apparatus (LFA
457, NETZSCH, Germany) under the Ar atmosphere with
a gas flow rate of 50 mL/min.

2.3 Characterization

Powder X-ray diffraction (XRD) was performed to ana-
lyze the phase composition of the synthesized SN-based
composites via XRD diffractometer utilizing Mo Kα1
radiation source (STOE & Cie GmbH, Germany), while
the samples with oxide layer were analyzed using XRD
diffractometer (Bruker D8 Advanced, Germany) with
Cu Kα radiation. Rietveld refinement of the obtained
XRD patterns was performed using the General Structure
Analysis Software-II (GSAS-II) software package. The
surface morphology of ceramics after oxidation was
observed using light microscopy (Zeiss Axio Imager 2,
Germany). The microstructure of the cross-section was
characterized using scanning electron microscopy (JEOL
JSM 7600 F, Japan) equipped with energy-dispersive X-ray
spectroscopy (EDS). The oxide films were identified by
a Raman spectrometer (Horiba JobinYvon, Bensheim,
Germany) with a laser wavelength of 514 nm.

3 RESULTS AND DISCUSSION

After sintering at 1680◦C, Si3N4 (sample SN) has been
completely transformed from the initial α- to the final β-
phase (hexagonal, P63, ref. 01-082-0709) (see Figure S1).
For sample SNZ, in addition to the β-Si3N4, new crystal
phases regarding ZrO2 (tetragonal, P42/nmc, ref. 00-024-
1664) and ZrN (cubic, Fm-3 m, ref. 01-74-1217) are retrieved

with the addition of Zr(NO3)4 (see Figure 1). The diffrac-
tion peak of Zr(NO3)4 is not found in the pattern. This
result indicates that during sintering, Zr(NO3)4 has been
completely decomposed, and the decomposition products
react with Si3N4, resulting in the formation of ZrO2 and
ZrN. The specific reaction process can be found in Equa-
tions (1) and (2). After Rietveld refinement, it is confirmed
that the amounts of Si3N4, ZrO2, and ZrN are 67.3, 10.7,
and 22.0 wt.%, respectively. Compared to 72 wt.% Si3N4
before sintering, the mass loss of Si3N4 is on the one hand
attributed to the reaction with ZrO2; on the other hand,
it may be related to the high-temperature decomposition
of Si3N4 under vacuum.35 In addition, it is worth not-
ing that ZrO2 usually possesses three crystalline phases:
monoclinic (m-ZrO2), tetragonal (t-ZrO2), and cubic (c-
ZrO2), and the temperature-driven transitions between
these phases are often accompanied by a volume change,
which is a tricky problem and prevents the applications
of ZrO2 over a broader temperature range.36 Herein, it is
determined that using Zr(NO3)4 as the precursor, the in
situ formed ZrO2 is a tetragonal phase, and no transition
to the monoclinic phase occurs when the sample is free
cooled to room temperature. Also, it needs to point out that
the graphite peak in the pattern of 26.3◦ comes from the
graphite paper.

Zr(NO3)4(s) = ZrO2(s) + 4NO2(g) + O2(g) (1)

6ZrO2(s) + 4Si3N4(s) = 6ZrN(s) + 12SiO(g) + 5N2(g) (2)

In order to illustrate the advantages of in situ method
displayed here, ZrO2-containing Si3N4-based composite as
a reference sample is prepared by directly adding ZrO2
powder into Si3N4. The XRD analysis (Figure S1) shows
that the resulting composite prepared by this physical mix-
ing and sintering is not conducive to the formation of hard
phase ZrN.
Figure 2 displays the sintering curve of samples mon-

itored by the SPS equipment, in which the sintering
temperature, axial displacement (the upper electrode is
fixed, the lower electrode rises), and pressure in the fur-
nace chamber are recorded in time. Accompanied by the
changes in displacement and chamber pressure, the sin-
tering behavior is identified. For monolithic sample SN,
the sintering process occurs as expected. As shown in
Figure 2a, from T1 = 740◦C to T2 = 1555◦C, the displace-
ment curve gradually rises, which corresponds to the den-
sification of the ceramic. At this time, the vacuum degree
of the chamber is basically stable. In contrast, for SNZ-
based composite, the sintering process is roughly divided
into three stages. Stage 1 records that with the increase
of temperature, the chamber pressure rises gradually,
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F IGURE 1 X-ray diffraction (XRD) pattern of Zr-containing Si3N4-based composite after spark plasma sintering (SPS) at 1680◦C.

F IGURE 2 Spark plasma sintering (SPS) curves of (a) monolithic Si3N4 and (b) Zr-containing Si3N4-based composite.

which reaches a maximum at T1 = 880◦C, indicating that
gas is released continuously, and this may be a result of
the desorption of water molecules and the decomposition
of Zr(NO3)4.37 Stage 2 shows that the displacement curve
decreases slightly and then shrinks sharply as the tem-
perature increases to T2 = 1250◦C. Correspondingly, the
pressure in the chamber climbs again, which is speculated
to be relevant to the chemical reactions and densification
of the green body. Stage 3 covers that the shrinkage rate of
displacement is slowed down, and the chamber pressure
tends to be stable, suggesting that the ceramic at this time
undergoes further densification.
The microstructure of the Si3N4-based composite was

studied via backscattered scanning electron microscopy.
From Figure 3a, it is seen that a large number of bright
particles are evenly dispersed in the dark Si3N4 matrix. For

more information, local areas aremagnified in Figure 3b,c.
The corresponding EDS point analysis is carried out. As
shown in spectrum 1 (Figure 3d), there is an obvious
enrichment of Zr. Combined with XRD results, it can be
concluded that these bright particles with a size of ∼1 μm
are identified as crystalline phases ZrO2 or ZrN. However,
as a semi-quantitative analysis method, it is difficult to dif-
ferentiate between ZrO2 and ZrN particles. In addition,
according to spectra 2 and 3 in Figure 3c,d, intercrystalline
glass phases (glass phases) produced from the sintering
additives Y2O3 and Al2O3 are analyzed.
Figure 4a shows the Vickers hardness of the samples

SN and SNZ at elevated temperatures of 25◦C, 300◦C,
600◦C, and 900◦C in Ar. It is easy to understand that
with the increase in temperatures, the hardness of ceram-
ics decreases gradually, and for sample SN, its hardness

 15512916, 2023, 8, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19146 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [22/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



HLIU et al. 4935

F IGURE 3 (a) Backscattered scanning electron microscopy (BSE-SEM) images of the Zr-containing Si3N4-based composite, and the
local areas are magnified in (b) and (c). (d) Energy-dispersive X-ray spectroscopy (EDS) point analysis.

F IGURE 4 (a) Vickers hardness and (b) fracture toughness of samples Si3N4 (SN) and Zr-containing Si3N4 (SNZ) at elevated
temperatures of 25◦C, 300◦C, 600◦C, and 900◦C.

value reduces from 15.7 GPa at 25◦C to 12.8 GPa at 900◦C.
In contrast, the sample SNZ presents increased Vickers
hardness in the whole temperature range when compared
to sample SN, which is attributed to the load support of
the hard phase ZrN.38 It should be noted that for Si3N4
sample with direct ZrO2 addition, its hardness at room
temperature is 15.0 GPa, which is slightly lower than that
of monolithic Si3N4. It is shown that the incorporation of
ZrO2 worsens the hardness of ceramics. Similar to Vick-
ers hardness, although the fracture toughness of ceramics
deteriorates with temperature, the existence of Zr-based
particles is effective for enhancing the fracture toughness
of Si3N4, and the toughness values of sample SNZ at 25◦C

and 900◦C are 7.6 and 6.1 MPa⋅m1/2, which are 11% and
13% higher than that of sample SN, respectively. In addi-
tion, as shown in Table 1, the mechanical properties of
the Si3N4/ZrN/ZrO2 composite at room temperature are
compared with those of the Si3N4 reference samples. The
obtained ceramic maintains a reasonable hardness and
fracture toughness based on the formation of ZrN and
ZrO2.
To explore specific toughening mechanism, the inden-

tation morphology is investigated in detail. As shown in
Figure 5a, a pyramidal indentation after Vickers loading
remains on the surface of sample SN,where the four cracks
emerging from the corners extend out. By enlarging one of
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4936 HLIU et al.

F IGURE 5 Vickers indentations of samples (a) Si3N4 (SN) and (b) Zr-containing Si3N4 (SNZ) at 25◦C, and one corner of them is
magnified in the insets. (c and d) Backscattered scanning electron microscopy (BSE-SEM) images of sample SNZ.

TABLE 1 Comparison of Vickers hardness and fracture
toughness of the obtained composite with that of reported
Si3N4-based ceramics at room temperature.

Samples

Vickers
hardness
(GPa)

Fracture
toughness
(MPa⋅m1/2) Reference

Si3N4/ZrO2 13.2–14.5 6.1–7.1 23

Si3N4/HfB2 20.4–21.5 3.5–7.7 39

Si3N4/ZrB2 ∼20 ∼10 40

Si3N4/FeSi2 ∼13.7 ∼9.8 41

Si3N4/TiN ∼14 ∼5.9 42

Si3N4/TiC 16.1–17.3 7.7–8.4 43

Si3N4/TiC0.3N0.7 13.3–14.3 7.9–9.4 11

Si3N4/ZrN ∼22.5 ∼6.2 38

Si3N4/ZrN/ZrO2 ∼16.1 ∼7.6 This work

the corners (inset in Figure 5a), it is found that the crack
path is straight without any branching, which is a typical
crack pattern of brittle structural ceramics. In contrast, for
sample SNZ, as shown in Figure 5b, the average horizon-
tal length of the pyramidal indentation is less than that
of sample SN, from ∼70 to ∼64 μm, and the crack track
induced is diverse. In addition to the rugged path, more
branches are evolved around themain crack, thus relieving
the stress concentration at the crack tip and contribut-
ing to the enhanced fracture toughness of Si3N4. With the
switching of scanning mode to backscattering, the role of
Zr-based particles is highlighted. Figure 5c,d shows the

crack propagation of sample SNZ at 25◦C. On the one
hand, the Zr-based particle is divided into two halves in
the process of crack advancing, namely, the transgranular
fracture of particles (Figure 5c). On the other hand, the
fine crack propagates along the grain boundary between
the Si3N4 and Zr-based particles, resulting in the deflec-
tion and bridging of cracks (Figure 5d). As well known,
transgranular and intergranular fractures are two common
fracture modes of brittle ceramics, in which intergranular
fracture contributes to enhanced toughness of ceramics as
it relieves the stress concentration at the crack tip and thus
consumes more fracture energy. Thus, the enhanced frac-
ture toughness of the SNZ ceramic composite is discussed
in terms of an intergranular fracture mode behavior.44
To reveal the high-temperature oxidation behavior of

Si3N4-based composite, a series of oxidation experiments
were carried out in the air at 1000◦C, 1300◦C, and 1500◦C
for 5 h. Figure 6a first records the weight gain per unit sur-
face area (∆W) of the studied samples. It is known that∆W
depends greatly on the heat-treatment temperature, and it
shows an upward trend. At 1000◦C, the∆W of samples SN
and SNZ is almost zero, reflecting the intrinsic oxidation
resistance of Si3N4.45,46 As the temperature increases, the
oxidation of Si3N4 is gradually prominent. By comparison,
the presence of Zr-based particles leads to a more violent
oxidation behavior of Si3N4, and the ∆W of SNZ is always
higher than that of SN. Figure 6b measures the sample’s
density after oxidation at different temperatures. Due to
the incorporation of Zr, the density of SNZ is slightly higher
than that of SN, and both densities are maintained at ∼3.4
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HLIU et al. 4937

F IGURE 6 (a) Specific weight gains of samples Si3N4 (SN) and Zr-containing Si3N4 (SNZ) after oxidation at 1000◦C, 1300◦C, and
1500◦C. (b) Density of the oxidized samples SN and SNZ.

F IGURE 7 Optical images of surface morphologies of sample Zr-containing Si3N4 (SNZ) after oxidation at (a) 1000◦C, (b) 1300◦C, and
(c) 1500◦C.

and ∼3.2 g/cm3 in the temperature range of 25◦C–1300◦C.
As the temperature increases to 1500◦C, the density of
samples drops suddenly, and the specific reasons will be
discussed later.
Figure 7 exhibits the optical images of the oxidationmor-

phology of sample SNZ at 1000◦C, 1300◦C, and 1500◦C.
From Figure 7a, it can be seen that the ceramic surface
is flat and smooth at 1000◦C. However, a large number
of bubbles appear on the oxidized surface at 1300◦C, as

shown in Figure 7b. By enlarging the local area (inset in
Figure 7b), these bubbles have a convex structure with a
uniform size of ∼100 μm. When the oxidation tempera-
ture increases to 1500◦C, the oxidation behavior is more
intense. Accordingly, the bubbles become larger and thus
result in a coarser surface morphology (Figure 7c). As a
non-oxide ceramic, the passive oxidation occurs for Si3N4
at elevated temperatures,47 and it reacts with sufficient
oxygen to form SiO2 oxide films according to Equation (3).
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F IGURE 8 Raman spectra of samples (a) Si3N4 (SN) and (b) Zr-containing Si3N4 (SNZ) after oxidation at 1000◦C, 1300◦C, and 1500◦C.

Herein, it can be speculated that the presence of bubbles is
relevant to the release of N2.48

Si3N4(s) + 3O2(g) = 3SiO2(s) + 2N2(g) (3)

Raman test is implemented to analyze the chemical
composition of the oxide layers formed on the surface
of the ceramics. Figure 8a shows the Raman spectra of
sample SN at different temperatures (sample name plus
corresponding numbers). It is obvious that at 1000◦C and
1300◦C Raman peaks in the spectra mainly consist of crys-
talline β-Si3N4, and only a small amount of oxidation prod-
ucts, for example, cristobalite and mullite are identified at
1300◦C. As the temperature rises to 1500◦C, the oxidation
of Si3N4 intensifies, which reacts with atmospheric oxy-
gen, thus leading to the formation of a “silicate” layer.48 At
this time, in addition to high amounts of cristobalite and
mullite, the yttrium aluminum garnet (YAG) is found in
the oxide layer, which suggests the diffusion of the inter-
granular phase from thematrix to ceramic surface.49,50 For
sample SNZ, there is no significant change in the chemi-
cal composition of the oxide layers at 1000◦C and 1300◦C
(Figure 8b). It is worth noting that when the oxidation tem-
perature reaches 1500◦C, the formation of zircon (ZrSiO4)
is identified.51 This result hints that the ZrO2 in the matrix
is transported through the “silicate” layer for reaction with
SiO2, resulting in the formation of ZrSiO4.
To further clear the formed oxide layer, Figure 9 shows

the XRD patterns of the samples SN and SNZ after
annealing in air at 1500◦C. After Rietveld refinement, it
is seen from Figure 9a that for sample SN-1500 the oxide
layer consists of SiO2 (cristobalite), Si4Al2O11 (aluminum
silicate), and Y3Al5O12 (garnet), which is in line with the
above Raman analysis, thereby confirming the formation
of “silicate” layer. In contrast, for sample SNZ-1500 the
component of oxide layer is relatively simple, which is
a mixture composition of SiO2 (cristobalite) and ZrSiO4

(Figure 9b). This result confirms the crystallization of
ZrSiO4 based on the chemical reaction between SiO2 and
ZrO2 at high temperatures. It needs to be noted that there
are some peaks that fail to identify in two patterns, such as
the diffraction peaks located at ∼30◦ and ∼50◦ of sample
SNZ-1500 and the exact composition of the oxide layer
remains unresolved.
Figure 10 shows the cross-section of sample SNZ at

1300◦C and 1500◦C. From images, it is seen that Si3N4
matrix maintains high densification even if oxidized at
1500◦C. Combined with EDS analysis (O mapping is
inserted in Figure 10a), the formation of oxide layers on
the surface of ceramics is demonstrated, in which yellow
dashed lines are used to differentiate the Si3N4 matrix and
oxide layer. From Figure 10a, it is seen that the thickness
of the oxide layer is ∼170 μm at 1300◦C, while the layer
thickness is widened to 0.66 mm as the temperature rises
to 1500◦C (Figure 10c). This result suggests that high
temperature intensifies the oxidation of ceramics, leading
to the growth of oxide layers. To illustrate the microstruc-
ture evolution, the local morphology of the oxide layers
is magnified in Figure 10b,d. At 1300◦C, although many
fine pores appear in the oxide layer (Figure 10b), the oxide
layer at this time is relatively dense and can fit well with
the Si3N4 substrate (see Figure S2). In contrast, there
is a great change in sample volume, when oxidized at
1500◦C. As shown in Figure 10c, macroscopic pores are
formed in the oxide layer. The existence of these pores
is unfavorable to the impregnation of water molecules,
thus resulting in a sudden decrease in the density of the
samples (see Figure 6b). In addition, the microstructure of
the oxide layer at 1500◦C (Figure 10d) is relatively dense
compared to that found at 1300◦C. It is well known that
ZrSiO4 is an effective refractory material with excellent
thermo-physical properties such as low thermal expan-
sion, low thermal conductivity, as well as a good oxidation
resistance.52 Here, it can be inferred that the incorporation
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F IGURE 9 X-ray diffraction (XRD) patterns of samples (a) Si3N4 (SN) and (b) Zr-containing Si3N4 (SNZ) after oxidation at 1500◦C.

of ZrSiO4 is helpful to enhance the thermal and structural
stability of the oxide layer.
Figure 11 shows the temperature-dependent thermal dif-

fusivity of samples SN and SNZ after oxidation at 1000◦C
and 1300◦C. Due to the rough oxidation surface, the
thermal diffusion behavior for samples oxidized at 1500◦C
cannot be accurately recorded. The thermal diffusivity
of all samples reduces as the temperature increases from
100◦C to 1000◦C. For instance, the thermal diffusivity of
SNZ-1300 decreases from an initial value of 10.07 cm2/s (at
100◦C) to a final value of 3.64 cm2/s (at 1000◦C). Phonon–
phonon scattering is the dominant scattering mechanism
at high temperatures, and the temperature dependence of

thermal diffusivity shown in Figure 11 is thereby reason-
able. At the same time, more information can be extracted
from Figure 11: (i) In comparison to sample SN-1000, the
formation of ZrO2 and ZrN leads to higher values for
the thermal diffusivity of the composite. In general, the
presence of oxides is supposed to be one of the strategies
to reduce the thermal diffusivity of Si3N4.53 Here, the
specific reasons that contribute to the increase of thermal
diffusivity are still uncertain, which may be related to
various microstructural factors (content of intergranular
phases, and alignment of elongated Si3N4 grains) caused
by the formed ZrO2 and ZrN.54–56 (ii) On the other hand,
it can be found that whether sample SN-1300 or sample
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F IGURE 10 Scanning electron microscopy (SEM) images of cross-section of the Zr-containing Si3N4 (SNZ) sample after oxidation at (a)
1300◦C and (c) 1500◦C, and the corresponding local morphology of the oxide layers is enlarged in (b) and (d).

SNZ-1300 exhibits a high thermal diffusivity, compared to
the samples SN-1000 and SN-1000 without formed oxide
layer. In fact, in addition to the microstructural factors,
the content of oxygen that is dissolved in the crystal lattice
is crucial for the thermal properties of ceramics.57,58 Hirao
and coworkers59 confirmed that the thermal conductivity
of Si3N4 can be significantly improved by reducing the
lattice oxygen content. In this work, Si3N4-based ceramics
are sintered using Y2O3 and Al2O3 as sintering aids,
which allows liquid-phase sintering via the formation
of intergranular phases Y2O3–Al2O3. Accompanied by
the start of oxidation, the intergranular phases gradually
diffuse from the ceramic substrate to the surface (see
Figures 7 and 10), which is possible to reduce the lattice
oxygen content. In particular, as the oxidation temperature
increases, the intensified oxidation behavior promotes the
formation and growth of the oxide layer, thus triggering

the continuous consumption of lattice oxygen. Also, it is
worth noting that because ZrSiO4 is not formed at 1300◦C,
its effect on the thermal diffusivity of Si3N4 is negligible.

4 CONCLUSIONS

This work focuses on high-temperature mechanical prop-
erties and oxidation behavior of the SNZ-based ceramic
composite. Using Zr(NO3)4 as the additional phase, the
Si3N4-based composite containing ZrO2 and ZrN particles
was fabricated during SPS at 1680◦C. The in situ formed
ZrO2 and ZrNwith a size of∼1 μmare uniformly dispersed
in the Si3N4 matrix. Compared to monolithic Si3N4, the
incorporation of Zr-based particles increases the Vickers
hardness and fracture toughness of the composites at
elevated temperatures of 25◦C, 300◦C, 600◦C, and 900◦C.
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F IGURE 11 The temperature-dependent thermal diffusivity
of oxidized samples Si3N4 (SN) and Zr-containing Si3N4 (SNZ) in
the temperature range of 100◦C–1000◦C.

The reinforcing mechanism is on the one hand attributed
to the load support of hard phase ZrN, on the other hand,
it is a result of the crack deflection and bridging. The
oxidation experiments revealed that Si3N4 experiences a
passive oxidation, and the porous oxide layers are formed
on the surface of ceramics at 1300◦C, which gradually
thickens as the temperature rises to 1500◦C. For mono-
lithic Si3N4 the oxide layer at 1500◦C is composed of silica,
mullite, and YAG. Accompanied by the incorporation of
Zr, the oxide layer is mixture of SiO2 and ZrSiO4. The
formation of oxide layer leads to an increased thermal
diffusivity of Si3N4-based composite. It is expected that
the findings developed here can provide guidance for
preparing advanced Si3N4 ceramics and expanding their
applications at high temperatures.
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