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High-temperature oxidation behaviour of Si;N, nanowires with
different diameters
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Abstract

a-Si;N, nanowires with diameters of 100—180nm (Si;N,-W1) and 420-510nm (Si;N,-W2) were synthesized by
a modified chemical vapour deposition (CVD) method and their microstructure changes after high-temperature
oxidation were studied. The results showed that both Si;N , nanowires were not significantly oxidized when the
temperature was lower than 900 °C. However, the Si;N,-W1 microstructure began to change significantly after
oxidation at 1200 °C, while the Si;N,-W2 microstructure remained almost unchanged. Moreover, the Si;N -
W1 and Si;N,-W2 nanowires oxidized significantly after treatment at 1400 °C, with weight gain of 26.4% and
13.7%, respectively.
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I. Introduction which realized the conversion of SiC and Si;N, in one-
dimensional nanomaterials.

Temperature has a great impact on the properties and
application of nanowires, especially for high tempera-
tures [17-21]. On the one hand, the exploration of the
high-temperature chemical stability of nanowires is be-
coming a hot spot of current research. The ultra-light
ceramic aerogel prepared by Su et al. [22] using SiC
nanowires could withstand a high temperature of 900 °C
without significant oxidation. Paulowicz ef al. [23] re-
alized the growth of a new type of flexible and high-
temperature stable (x1400°C) 3D network material
made from interconnected quasi-one-dimensional SnO,
structure through a simple flame transmission synthesis
method. Prakash ef al. [21] found SiC nanowire grown
in situ in a carbon fibre play a crucial role in determin-
ing oxidation resistance of composite, which can pro-
tect the carbon fibres from oxidation at a temperature
not exceeding 933 K. On the other hand, the researchers
are exploring the changes in the relevant properties of
nanowires at high temperatures when they are used in
the fields of ferromagnetic response and sensors, etc.
For example, by doping InSb nanowires with 2.5% Mn,
Hnida et al. [20] promoted their robust ferromagnetic
response to be retained up to the Curie temperature of
nearly 500 K.

In this study, two types of Si;N, nanowires (Si;N,-
W1 and Si;N,-W2) with different diameters were syn-

Nanowires exhibit unique properties that are different
from bulk materials due to quantum and surface effects
[1-4]. Properties of Si;N, nanowires such as corro-
sion resistance, high-temperature resistance, wide band
gap, low dielectric loss angle, excellent tensile strength
(57 GPa [5]) and toughness (with high modulus of elas-
ticity of 570 GPa [6]) make it a hot spot in current sci-
entific research [7-9]. Si;N, nanowires have great ap-
plication potential in the fields of reinforced nanoma-
terials, optoelectronic devices, high-temperature semi-
conductor materials, super capacitors, etc. [10-13].

Methods used for Si;N, nanowire synthesis mainly
include chemical vapour deposition (CVD) method,
precursor conversion method, laser ablation method and
physical evaporation deposition method. Okamura et
al. [14] firstly synthesized Si,N, nanowires by elec-
tron irradiation pretreatment of polycarbosilane fibres
in combination with high-temperature nitridation treat-
ment. Yang et al. [15] used amorphous SiCN powder as
raw material and obtained Si;N, nanowires and Si;N,
nanobelts under the action of Fe-containing catalyst.
Bechelany et al. [16] synthesized Si;N, nanorods by
heating SiC nanowires as templates in NH, atmosphere,
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thesized by two modified CVD methods, providing a
new method for controlling the Si;N, nanowire diam-
eter. In addition, by comparing and analysing the high-
temperature oxidation resistance of these two types of
Si,N, nanowires, it may provide a reference for the ap-
plication of nanowires in high temperature fields.

II. Experimental

Si powder (purity > 99.9%, Forsman Scientific, Bei-
jing, Co. Ltd, China) with a particle size of 3 um was
used as raw material. At first, the Si powder was dried
in a vacuum oven for more than 8 h to sufficiently re-
move moisture (the temperature was set to 80 °C). Next,
the dried Si powder was placed into a graphite box,
and a graphite plate was placed horizontally about 5 mm
above it. When the sample was placed in a nitriding fur-
nace for high-temperature nitriding process, the follow-
ing two CVD procedures were adopted: i) N, (purity
was 99.99%, O, < 20 ppm) flowed over the substrate at
a flow rate of 40 sccm during the CVD process until the
experiment was completed and ii) the furnace was evac-
uated, then filled with nitrogen and finally the nitrogen
pressure was maintained at normal pressure for high-
temperature CVD. For convenience, the samples syn-
thesized by the first and second method were denoted as
Si3N,-W1 and Si;N,-W2, respectively. The synthesized
samples were nitrided at 1350 °C for 4 h at a heating rate
of 2 °C/min.

In high-temperature oxidation resistance experiments
the nanowires were placed in a high-temperature fur-
nace and oxidized at a specific temperature (800, 1000,
1200 and 1400 °C) for 2 h in static air conditions. The
heating rate was 20 °C/min and the oxidized samples
were cooled within the furnace.

The nanowire microstructure was observed via scan-
ning electron microscopy (SEM, Phenom XL, USA)
and the elemental composition of the samples was semi-
quantitatively analysed using the accompanying energy
dispersive spectrometer (EDS). Microstructure was fur-
ther characterised by using high resolution transmission
electron microscopy (HRTEM, Tecnai G2 F30, Nether-
lands). The phase composition of the samples was de-
termined via X-ray diffraction (XRD, Bruker D8, Ger-
many) with a scanning range of 10° to 45° and the scan-
ning speed 5 °/min. Thermogravimetric analysis of the
samples was carried out via synchronous thermal anal-
yser in air atmosphere (TG-DTA, STA 2500, Germany)
and up to 1450 °C at a heating rate of 10 °C/min.

II1. Results and discussion

3.1. Microstructure and phase composition

The white film-like Si;N, nanowires Si,N,-W1 and
Si;N,-W2 synthesized on the graphite box after the re-
action were shown in Figs. 1a and 1b respectively. Fig-
ure 1c presents the samples peeled off from the graphite
sheet (the above samples all showed good flexibility).

Morphology of the Si;N,-W1 and Si;N,-W2
nanowires was analysed by SEM (Fig. 2). The results
show that the Si;N,-W1 sample consists of thin and
curved nanowires with a diameter of 100-180 nm (Fig.
2a), while the Si,N,-W2 sample has thick and straight
nanowires, whose diameters are mainly distributed in
the range of 420-510nm (Fig. 2b). Since there was no
catalyst involved in the reaction process, the growth of
Si;N, nanowires should conform to the vapour-solid
(VS) growth mechanism.

Phase stability diagram in Si-O-N system at 1350 °C
is shown in Fig. 3 [24-26]. It reveals that the synthe-

Figure 1. Si;N,-W1 (a) and Si;N,-W2 (b) samples synthesized on the graphite box after the reaction and images of the samples
peeled off from the graphite sheet (c)
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Figure 3. Diagram of the regions where each phase exists
stably in the Si-N-O system at 1350 °C

sis of Si;N, phase requires a sufficiently low oxygen
partial pressure. Under high temperature conditions, the
oxygen impurities in nitrogen might react with C in
the graphite devices to form CO (Eq. 1) or react with
Si powder to form gaseous SiO (Eq. 2), which pro-

i.r-, ﬁ:ml:“.

Figure 2. Schematic diagram of the synthesis process of two types of Si;N, nanowires: a) Si;N,-W1 and b) Si;N,-W2

motes the reduction of oxygen partial pressure. More-
over, the amorphous SiO, native layer attached to the
Si surface can also react with Si to generate gaseous
SiO (as an intermediate product in the synthesis of
Si;N, nanowires) at high temperatures (Eq. 3) [27-29].
The formed gaseous SiO diffused to the vicinity of the
graphite plate and reacted with N, to promote Si;N, nu-
cleation (Eq. 4) and then epitaxially grew into nanowires
[30-32].

C(s) + 0.50,(g) — CO(g) (1)
Si(s) + 0.5 0,(g) — SiO(g) (2)
Si(s) + Si0,(s) — 2 SiO(g) 3)

6Si0(s) + 4N,(g) — 2Si;N,(s) +30,(g) (4)

The observed difference in the diameter of the Si;N,-
W1 and Si;N,-W2 nanowires may be attributed to the
changes in N, atmosphere conditions in different CVD
procedures. In the first CVD method, gaseous SiO was
relatively dispersed under the action of flowing N, af-
ter which it reacted with N, and then precipitated to
form small nuclei of Si;N,, which finally grew into
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Figure 4. XRD patterns of: a) Si;N,-W1 and b) Si;N,-W2
nanowires

Si;N, thin nanowires. On the contrary, for the second
CVD method, the gas pressure in the furnace might pro-
mote the nucleation of Si;N, formed by the reaction of
gaseous SiO and N, to merge and grow into thick and
straight Si;N, nanowires.

XRD results show that the diffraction peaks of both
Si;N,-W1 and Si;N,-W2 nanowires have sharp peaks,

indicating that they are all well crystallized (Fig. 4).
Moreover, the peak intensity for the XRD diffraction
peak corresponding to the (100) crystal plane of the
Si;N,-W2 is higher than that of the Si;N,-W1 sample,
indicating that there was a tendency for preferred orien-
tation.

HRTEM images and selected area electron diffraction
(SAED) showed that the diffraction spots of the sam-
ples are all distributed in a lattice pattern, which further
indicated the good crystal structure of the nanowires
(Figs. 5b and 5d). The lattice fringe spacing (interplanar
spacing) of the Si;N,-W1 nanowires with a diameter of
173 nm is 0.43 nm, which grew along the [101] direc-
tion, conforming to the standard map of JPCDS card
No. 76-1412 (Figs. 5a and 5b). On the other hand, the
lattice fringe spacing of the Si,N,-W2 nanowires with
a diameter of 447 nm is 0.67 nm, and the growth direc-
tion was [100], which conformed to the standard map
of JPCDS card No. 76-1407 (Figs. 5c and 5d). Hartman
and Perdok [33,34] believe that PBC theory can explain
the phenomenon that nanowires grow along the pre-
ferred orientation. They suggested that there are a series
of periodic strong bond chains in crystals, and the crys-
tal grows parallel to the bond chain and grows fastest
in the direction of the strongest bond force, thereby

Figure 5. HRTEM images and SAED spectra of Si;N, nanowires synthesized under different nitriding conditions:
(a,b) Si;N,-W1, (c,d) Si;N,-W2
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Figure 6. SEM micrographs of Si;N,-W1 nanowires after oxidation at different temperatures: a) 800 °C, b) 1000 °C,
¢) 1200 °C and d) 1400 °C

forming nanowires, nanotubes, etc. As mentioned be-
fore, the different interplanar spacing and growth direc-
tions of nanowires may be attributed to the differences
in the growth process of nanowires when the different
CVD methods were used. Nanowires with different mi-
crostructural features have been reported to exhibit spe-
cific optical, electrical and mechanical properties, which
have an important impact on their applications in many
fields such as electronic components and optical parts
[35]. In addition, the above two types of nanowires have
an amorphous thin layer on the surface, which is a nor-
mal phenomenon for the synthesised Si;N, nanowires

[36,37].

3.2. Nanowires after oxidization

Different sizes of the prepared Si;N, nanowires may
exhibit different high-temperature oxidation resistance
due to the surface effect. The changes of microstruc-
ture and phase composition of two types of nanowires
after being oxidized at different temperatures were ob-
served by SEM analyses. SEM images of the Si;N,-W1
nanowires after oxidation at different temperatures (800,
1000, 1200 and 1400 °C) in air conditions are shown
in Fig. 6. After oxidation at 800 °C, a small amount of
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droplet-like small particles appeared on the nanowire
surfaces. When the oxidation temperature was increased
to 1000 °C, the number of droplet-shaped small particles
on the nanowires increased significantly and became
larger. After being oxidized at 1200 °C, the nanowires
appeared to shrink and bend, and the size of droplet-
like particles on the nanowires further increased. When
the oxidation temperature was increased to 1400 °C, the
nanowires further shrank into short branches and no
longer exhibited obvious nanowire morphology.

Figure 7 displays SEM micrographs of the Si;N,-
W2 nanowires oxidized in air at 800, 1000, 1200 and
1400 °C. After oxidation at 800 °C, the microstructure
of the nanowires was basically unchanged. When the
oxidation temperature was increased to 1000 °C, the in-
tersection of the nanowires began to melt, and a small
amount of droplet-like particles began to appear on the
nanowire surfaces. After being oxidized at 1200 °C, the
melting at the intersection of the nanowires was en-
hanced and the number of droplets on the nanowires in-
creased. When the oxidation temperature was increased
to 1400°C, the microstructure of the nanowires ap-
peared as a rough bead, but it still obviously remained
linear structure.
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Figure 7. SEM micrographs of Si;N,-W2 nanowires after oxidation at different temperatures: a) 800 °C, b) 1000 °C,
¢) 1200 °C and d) 1400 °C

Nanowires usually exhibit unique properties that are
different from bulk materials due to quantum and sur-
face effects [2,3]. Nanowires with small diameter have
higher surface energy than others, so they are more
likely to melt at high temperatures to produce droplet-
like small particles.

9000

i @)
6000 Si

Counts

3000

0

1 1 1 1 1

0.0 0.5 1.0 1.5 2.0 25 3.0
Energy (keV)

Figure 8. EDS analysis of the droplet-like particle shown in
Fig. 7c

The EDS analysis (Fig. 8) of the droplet-like par-
ticle in Fig. 7c revealed that it was mainly composed
of three elements: Si, N and O. Si;N, can be oxidized
with oxygen under high temperature environment, so
the presence of O element should be related to the par-
tial oxidation of Si;N,. It was found that the microstruc-
ture changes of the Si;N,-W1 and Si;N,-W2 nanowires
were small or even unchanged when the oxidation
temperature was lower than 800 °C. As the oxidation
temperature increased, the microstructure of the Si;N,
nanowires began to melt and shrink. Moreover, under
the same oxidation conditions, the microstructure of the
thick nanowires (Si;N,-W2) changed less than that of
thin nanowires (Si;N,-W1), indicating that the high-
temperature oxidation resistance of Si;N, nanowires
with larger diameters was significantly better.

3.3. High-temperature oxidation resistance

Figure 9 presents the TG-DTA curves of the Si;N,-
W1 and Si;N,-W2 samples heated in air atmosphere.
The results show that when the oxidation temperature
was around 300 °C, the TG curves have a slight down-
ward trend (the weight loss of the Si;N,-W1 and Si;N,-
W2 was 3.8% and 1.4%, respectively), and the corre-



S. Zhao et al. / Processing and Application of Ceramics 17 [1] (2023) 39-46

140
L (a) {45
130
. DTA [ 130 2
& 120} >
) 115 =
F 110} =
\ TG 5
I 10
100 free] 5.8%
90 261°C: .483°CE R , 15
0 300 600 900 1200 1500

Temperature (°C)

140 20
(b)

130 | 1'°
1102
120 £
< - DTA 5 %_
(0] T =
F 110 <
L 1 ok
TG =

100 1.4% j °

ot gorord
90 277 C! 1475 Ca 1 1 1 1 10
0 300 600 900 1200 1500

Temperature (°C)

Figure 9. TG-DTA curves of: a) Si;N,-W1 and b) Si;N,-W2 samples

sponding DTA curves of both samples showed a broad
endothermic peak. The above phenomenon might be
caused by the heat absorption and evaporation of a small
amount of water adsorbed on the nanowires. Compared
to the Si;N,-W2, the Si;N,-W1 sample contained more
volatile impurities due to their larger specific surface
area, so its weight loss was slightly higher than that of
the Si;N,-W2. Moreover, with the increase of temper-
ature, the TG curves of both samples generally main-
tained a relatively horizontal trend up to 900 °C, indicat-
ing that they were substantially not oxidized by oxygen
at this time.

When the temperature was increased to about 900 °C,
the TG curves of both samples began to rise signif-
icantly. At these conditions, the rate at which Si;N,
nanowires were oxidized to SiO, started to accelerate.
When the temperature was increased to 1400 °C, the
weight gain of the Si;N,-W1 and Si;N,-W2 nanowires
reached 26.4% and 13.7%, respectively (if Si;N, is
completely oxidized to SiO,, the theoretical weight gain
of the curve should be 28.6%). The above results in-
dicate that the high-temperature oxidation resistance of
the thick nanowires (Si;N,-W2) is better than that of
the thin nanowires (Si;N,-W1) under the same oxida-
tion conditions. This phenomenon can be explained as
follows: compared with thick nanowires, thin nanowires
have a larger specific surface area and higher surface ac-
tivation energy, which makes it easier to react with O,,
resulting in relatively weak oxidation resistance proper-
ties.

IV. Conclusions

In summary, Si;N, nanowires with diameters of 100—
180 nm (Si;N,-W1) and 420-510nm (Si;N,-W2) were
synthesized by two modified CVD methods. Both Si;N,
nanowires crystallized well and their interplanar spac-
ings were 0.43 nm and 0.67 nm, respectively. Compar-
ing the high-temperature oxidation resistance of the
Si;N,-W1 and Si;N,-W2 samples, the results were as
follows:

(1) Microstructure of both Si;N, nanowires changed
with the increase of oxidation temperature, and when
the oxidation temperature was increased to 1400 °C, the
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Si;N,-W1 shrank into short branches, while the Si;N,-
W2 appeared as a rough bead and still remained a linear
structure.

(2) The oxidation rate of both @-Si;N, nanowires
started to accelerate significantly when temperature
exceeded 900 °C, and after oxidation at 1400 °C the
weight gain of the Si,N,-W1 and Si;N,-W2 reached
26.4% and 13.7%, respectively. By comparing and
analysing the high temperature oxidation resistance of
the Si;N,-W1 and Si;N,-W2 samples, it may provide a
reference for the application of Si;N, nanowires in the
high-temperature field.
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