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Abstract: ZrN-Si;N, composite powder with low cost from zircon was prepared by carbothermal reduction-nitridation process. The
influence of mass ratio of C to ZrSiO, (m(C)/m(ZrSiO,)) and soaking time on phase composition and microstructure of the products
was studied by means of XRD and SEM-EDS. The formation process of ZrN-Si;N4 composite powder was also analyzed in detail.
The results show that with the increase of m(C)/m(ZrSiO4) and soaking time, the formation of SizN4 and ZrN can be promoted
obviously. The ZrN-Si3N, composite powder with size of 1-2 um can be obtained at 1 773 K for 12 h when m(C)/m(ZrSiOy) is 0.4.
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1 Introduction

In recent years, some nitrides ceramic and
composite materials have been gained much attention,
due to their high melting point, hardness and strength,
excellent oxidation and corrosion resistance, such as
zirconium  nitride(ZrN)[1], silicon nitride(Si;Ny)[2],
SisN4-TiN[3], SizN4-Al[4] and SiAION[5]. Their
application fields involve metallurgical, mechanical,
electronic and space navigation industries. To obtain
high-quality ceramic powder is of much importance for
fabrication of outstanding ceramic materials. SizNy4
powder
technology processes, such as combustion synthesis[6],
synthesis[7], sol-gel synthesis[8] and

reduction-nitridation process[9].
Carbothermal reduction-nitridation process has been

can be obtained successfully by many
microwave

carbothermal

regarded as a potentially beneficial method to synthesize
Si3N4 powder with low cost, using cheap raw materials
like diatomite[10] and sepiolite[11] as well as waste
materials such as iron ore tailings[12] and rice husks[13].
So far, there has been less report on synthesis of
ZrN-Si3N4 composite powder from zircon.

In this work, zircon (ZrSiO,4) and carbon black were
used as raw materials for preparation of ZrN-Si;Ny

composite powder by carbothermal reduction-nitridation
process. The influence of mass ratio of C to ZrSiO4
(m(C)/m(ZrSi04)) and phase
composition and microstructure of the products was
investigated by X-ray powder diffraction analysis and

soaking time on

scanning electronic microscopy with energy dispersive
spectroscopy.

2 Experimental

2.1 Raw materials

Zircon and carbon black were used as the raw
materials. Average size of zircon is less than 44 um, and
the chemical compositions of zircon in mass fraction are
66.75% Zr0O,, 32.34% Si0,, 0.42% Al,0;, 0.11% TiO,,
0.07% Fe,03, 0.02% CaO and 0.02% MgO. Carbon
black was chosen as the reducing agent with average
particle size less than 30 um. C content in carbon black
in mass fraction was 98.0%, and the purity of nitrogen
gas (N,) was 99.99%.

2.2 Preparation of samples

The overall reaction equation for the fabrication of
ZrN-SizN;  composite powder from zircon by
carbothermal reduction-nitridation process can be
expressed as
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6ZrSiO4(s)+24C(s)+7Nx(g)—
6ZIN(s)+2SisNy(s)+24CO(g) (1)

According to Eq.(1), the mass ratio of carbon black
to zircon (m(C)/m(ZrSi0,)) is 0.26. In the present work,
m(C)/m(ZrSi04) was chosen as 0.2, 0.3, 0.4 and 0.5,
respectively. This over-stoichiometry of carbon black is
necessary to promote the carbothermal reduction-
nitridation reaction. The powders of zircon and carbon
black were mixed (in anhydrous ethanol) for 24 h in a
ball mill, dried fully at 333 K and then mixed for 10 h.
The samples with 20 mm in diameter and 5 mm in
thickness were pressed at 60 MPa, dried fully at 393 K,
put into a graphite crucible, placed in a vertical tubular
furnace with 1.0 L/min nitrogen gas and heated at 1 773
K for 6, 9 and 12 h, respectively. After the desired
reaction temperature and time were reached, the system
was cooled to room temperature in air. The heated
samples were oxidized in air at 973 K for 2 h to remove
residual carbon.

2.3 Characterization of samples

All the products obtained wunder different
experimental conditions were characterized by XRD
(X-ray powder diffraction) with Cu K, radiation at 30 kV
and 30 mA, SEM (scanning electronic microscope), and
EDS (energy dispersive spectroscope).

3 Results and discussion

3.1 Phase composition and microstructure of products

In Fig.1 the samples with various m(C)/m(ZrSiO,)
of 0.2(520), 0.3(S30), 0.4(S40) and 0.5(S50) were heated
at 1 773 K for 9 h. It is shown that raw materials
composition has an obvious effect on phase composition
of the products. With the increase of carbon black
content in sample, the diffraction peak intensities of ZrN
and SizN, phases increase gradually, indicating that
increasing the carbon content in sample can promote the
carbothermal reduction-nitridation reaction. However,
surplus carbon can accelerate the formation of SiC, such
as the sample S50 at 26=60° as shown in Fig.1. It was
reported that surplus carbon had an active effect on the
formation of both Si;N; and SiC during the synthesis
process of SizNy by carbothermal reduction-nitridation
reaction at above 1 743 K[14]. Therefore, the proper
m(C)/m(ZrSiO,) to synthesize ZrN-SizNy composite
powder from zircon by carbothermal reduction-
nitridation process is 0.4.

Fig.2 shows the XRD patterns of the samples with
m(C)/m(ZrSiOy) of 0.4 heated at 1 773 K for 6, 9 and 12
h, respectively. It can be seen that with the increase of
soaking time, the diffraction peak intensities of ZrN and
SisN, increase gradually; however, the intensities of
ZrO, and Si;N,O weaken. The product synthesized at

1 773 K for 6 h includes ZrN, ZrO,, Si,N,O and Si;N4
phases. ZrN phase is mainly crystal one, and the
diffraction peak intensity of Si;N4 phase is very weaker
than that of others. When the soaking time reaches 9 h,
some Si,N,O in the product synthesized at 1 773 K for
6 h converts into SizNy, at 20=26.5" as shown in Fig.2. In
addition, when the soaking time reaches 12 h, the ZrO,
and Sip)N,O phases vanish, the product is composed of
ZrN and Si;Ny4 phases, and the diffraction peak intensity
of ZrN or SizNy is higher than that obtained at 1 773 K
for 6 h or 9 h. This indicates that increasing the soaking
time can promote the formation of ZrN and Si;N,.
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Fig.1 XRD patterns of samples with m(C)/m(ZrSiO,4) of 0.2 (a),

0.3 (b), 0.4 (c) and 0.5 (d) heated at 1 773 K for 9 h
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Fig.2 XRD patterns of samples with m(C)/m(ZrSiO,) of 0.4
heated at 1 773 K for 6 h (a), 9 h (b) and 12 h (c)

Fig.3 shows the SEM photographs of the samples
with various m(C)/m(ZrSiO,) heated at 1 773 K for 9 h.
It is seen in Fig.3(a) that m(C)/m(ZrSiO,4) of 0.2 is not
sufficient for reduction of zircon, which leads to the
formation of Si,N,O and a small amount of SizNy. In
addition, the acicular Si;N4 whiskers are produced by
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Fig.3 SEM images of samples with various m(C)/m(ZrSiO,) of 0.2 (a), 0.3 (b), 0.4 (c) and 0.5 (d) heated at 1 773 K for 9 h

gas-gas mechanism (reaction (2)). Silicon monoxide
(Si0) and carbon monoxide (CO) are produced by the
reaction between ZrSiO, and C in sample (reaction (3)).
For m(C)/m(ZrSi04) values of 0.3 and 0.4, the products
consist of granular and columnar materials, and the
nitrides are grown well. While for the sample with
m(C)/m(ZrSi04) of 0.5, a small amount of SiC with
exiguous crystal grain produces.

3Si0(g)+3CO(g)+2N(g)=Si:N4(s)+3COx(g) )
ZrSiO(s)+C(s)=ZrO(s)+SiO(g) +CO(g) 3)

Fig.4 shows the SEM photographs of the samples
with m(C)/m(ZrSiO4) of 0.4 heated at 1 773 K. The
average particle size of the powders synthesized at 1 773
K for 6, 9 and 12 h is 1-2 um. EDS analysis indicates
that the near-spherical materials as shown in Fig.4(c) are
composed of ZrN and Si;N, as well as a small amount of
Zr0O, and C.

3.2 Analysis of synthesis process

In this experimental condition, the synthesis process
of ZrN-Si;N; composite powder by carbothermal
reduction-nitridation reaction is very complex and
involves many chemical reactions. During the synthesis
process, an important intermediate gas phase product is
carbon monoxide. With the change of the raw materials

composition (m(C)/m(ZrSiO,)), the reaction products
maybe involve ZrO,, Si,N,O, SizN,; ZrN and SiC.
According to the relational thermodynamic data as listed
in Ref.[15], the relationship between standard Gibbs
energy (AGQ) and temperature(7) can be calculated.
The chemical reactions likely to occur during the
synthesis process and the relational expression of AG®
and T(AG® —T) are as follows:

2ZrSi04(8)+3C(s)+Na(2)=2ZrOs(s)+Si,N,0(s)+3CO(g)
AG? =651449—387.22T (J/mol) (4)

3/2Z1Si04(s)+3C(s)+Na(g)—
3/2Z104(s)+1/2Si5N4(s)+3CO(g)

AG® =679275-370.17T (J/mol) (5)

ZrSi04(s)+7/2C(s)+Ny(g)=—
ZrN(s)+1/2S1,N,0(s)+7/2C0O(g)

AG® =825325-456.85T (J/mol) (6)

6/7Z1rSi104(s)+24/7C(s)+Ny(g)—
6/7ZrN(s)+2/7Si3Ny4(s)+24/7CO(g)

AG® =816386-437.16T (J/mol) (7)

271Si04(s)+10C(s)+Ny(g)=
2ZrN(s)+2SiC(s)+8CO(g)

AGY =2259100-1215.64T (J/mol) (8)
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Fig.4 SEM images of samples with m(C)/m(ZrSiO,) of 0.4 heated at 1 773 K for 6 h (a), 9 h (b) and 12 h (¢) and EDS spectrum (d) of

synthesized powder at 1 773 K for 12 h

Fig.5 shows the diagram of AG®—T for nitrides
obtained from the reactions (4)—(8).
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Fig.5 Diagram of AG® —T for nitrides in Z1rSi04-C-N,

system

According to the thermodynamic analysis, AG?
for reaction (4) keeps negative at the temperatures higher
than 1 700 K. In this study, when temperature rises to
1 773 K, ZrSiO,4 can react with C to produce Si,N,O
easily, which is confirmed by the XRD patterns (Fig.1).

AG?, AG?, AG? and AG{ for reactions (5), (6),
(7) and (8) decrease with the increase of temperature,
and become negative when temperature reaches 1 835,
1 807, 1 867 and 1858 K, respectively. These tempera-
tures are higher than the actual ones that Si,N,O, Si3Ny,
Z1N and SiC can be synthesized. The main reason is that
the thermodynamic analysis is on the assumption that all
the pressures of gas phases are 1.0X10° Pa, while the
actual pressure of CO gas are very low in this
experimental condition. In addition, surplus carbon in
sample may also reduce the formation temperatures of
Si,N,O, SizN,, ZrN and SiC. It can also be seen that
compared with reaction (4), the reactions (5)—(8) cannot
generate easily at 1 773 K.

Moreover, between 1 700 and 1 773 K (the
experimental temperature), AG® for reactions )-8
are in the order as follows: AG? (ZrO, or SipN,0)<<
AG? (ZrO, or SisNy) < AGE (ZIN or SiN,0) <
AG? (ZIN or SisN,)< AGy (ZiN or SiC). This indicates
that Si;N,O can be more easily synthesized than Si;N, in
the same experimental condition. With the increase of
carbon black content (m(C)/m(ZrSi04)=0.3, 0.4 and 0.5),
Si,N,O can convert into SizN, (reactions (9) and (10)).
Meanwhile, surplus carbon can promote the formation of
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SiC (reactions (11) and (12)).

Si:N>0(s)+810,(s)+3C(s)+N2(2)==S813N4(s)+3CO(g) (9)

3S1,N0(s)+3C(8)+Na(2)==2S13N4(s)+CO(g) (10)
Si,N,0(s)+3C(s)=2SiC(s)+CO(g)+Na(g) (11)
SisNy(s)+3C(s)==3SiC(s)+2N,(g) (12)

During the synthesis process, ZrO, is converted into
ZrN gradually:

2Z10y(s)+4C(5)TNo(g)=2ZrN(s)+4CO(g) (13)

In this experiment, the formation process of
ZrN-SizN,; composite powder can be summarized as
follows:

1) When carbon content in sample is lower than
0.26, SiO, in sample reacts with C and N, to produce
Si,N,O, and there is an extremely small amount of
acicular Si;N,. At the same time, part of ZrO, in sample
is nitridized to form ZrN.

2) When carbon content in sample is higher than
0.26, SiO, in sample can react with C and N, to
synthesize Si,N,O, and further to produce SizN4. The
carbothermal reduction-nitridation process is
accompanied by the nitridation of ZrO, to form ZrN.

4 Conclusions

1) ZrN-Si;N, composite powder can be successfully
prepared from zircon by carbothermal reduction-
nitridation process, and the proper parameters at 1 773 K
to synthesize ZrN-Si;Ny are m(C)/m(ZrSiOy) of 0.4 and
soaking time of 12 h.

2) SEM results show that the nitrides as-received in
this experiment exist in granular, columnar and acicular
shape, and the average particle size of the synthesized
powders is 1-2 pm.

3) The formation process of ZrN-Si;N, composite
powder includes the formation of Si,N,O and Si;N, as
well as the nitridation process of ZrO,.
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