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Microstructural effect on oxidation kinetics of NbSi, at 1023 K
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Abstract

Poly- and single crystalline NbSi, specimens with different microstructures were prepared by arc-melting, spark plasma sintering (SPS) and
optical-heating floating zone melting for oxidation experiments at 1023 K. The effects of cracks, pores and grain boundary in the microstructure
on the oxidation behavior of NbSi, were investigated. For arc-melted poly-crystalline specimens containing micro-cracks, NbSi, fully turned into
powders after 3 h exposure at 1023 K, which is known as the “pesting” phenomenon. As a comparison, no pesting was found in the dense SPS
poly-crystalline specimens and single crystals after 89 h. The oxide scale consists of Nb,Os and SiO,. The oxidation kinetics of all specimens
follows a linear law. The oxidation rate was higher in the poly-crystalline specimen in comparison to single crystalline. The mechanism of oxidation

has been analysed using a kinetic model.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Refractory transition-metal disilicides such as MoSi, and
NbSi, are promising materials for high temperature structural
applications because of their low density, high melting points and
high strength [1-4]. However, the application of Nb-Si alloys is
limited because of their poor oxidation resistance at high temper-
atures. Especially, pesting oxidation of NbSi; occurs at 1023 K
after a certain period of exposure in air. Pesting oxidation in
NbSi, was first reported by Rausch [5] and was further con-
firmed by Pitman and Tsakiropoulos [6] and Murakami et al.
[7]. Al, B and Cr additions are found to improve the oxida-
tion resistance of NbSi at 1523 K [8,9]. However, the Al-doped
NbSi; still displayed pesting at 1023 K. Since most of the atten-
tion for pesting phenomenon has been paid to MoSij, the study
of NbSij is relatively scarce.

According to many observations in MoSi», it is found that
defects such as cracks, pores and grain boundary in microstruc-
ture are related to pesting. Although early works attributed the
pesting to high residual stresses accumulated during cooling
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from melt [10-12]. It is not very likely for brittle materials such
as MoSi; and NbSi, due to the fact that the thermal stress may
well be released by forming a number of micro-cracks in the
matrix. In an arc-melted ingot, many cracks are usually seen in
the microstructure of these compounds. Later works [13] noticed
the effects from structural defects and imperfections such as
pores and cracks in the bulk material on the catastrophic frag-
mentation. Berztiss et al. [14] studied the oxidation behavior of
MoSi, prepared by different processes and found that the oxi-
dation behaviors were a function of microstructure. Only those
materials containing micro-cracks in the microstructure expe-
rienced fragmentation during oxidation at 773 K. Kurokawa et
al. [15] compared low temperature oxidation of fully dense and
porous MoSi, and found accelerated oxidation and pesting in
porous material only. It is proposed that volume expansion of
oxide formed at cracks results in a wedging effect [16]. In con-
trast, Chou and Nieh [17] found that both as-cast and dense
poly-crystalline MoSi,; underwent severe pesting and MoSi;
single crystal also disintegrated into small pieces when oxi-
dized at 773 K. Whether there is similarity in pesting behavior
between NbSi; and MoSi> forms a motivation of the present
work.

In this paper, we first compare different pesting behaviors
of as-cast, spark plasma sintered poly-crystalline NbSi; and
NbSi, single crystal at 1023 K. Effects of cracks, pores and
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Fig. 1. Scanning electron images of NbSi, prepared by different processes: (a) arc-melted; (b) sintered by SPS at 30 MPa (back-scattered electron image); (c) sintered

at 60 MPa (hot corrosion image).

grain boundary on oxidation behavior have been investigated
focusing on the oxidation kinetics. A model has been proposed
to describe the observed oxidation kinetics.

2. Experimental procedure

Poly-crystalline specimens were prepared by arc-melting and spark plasma
sintering (SPS). Stoichiometric amounts of high purity elements (Nb, Si) were
mixed and melted together in an arc-melting furnace on a water-cooled plate
under purified Ar atmosphere to prepare poly-crystalline ingots. The arc-melted
ingots were crushed into powder and ball-milled. The powder was sieved (below
30 wm in diameter) and loaded in a graphite crucible for sintering. The sintering
was performed at 1573 K under a load between 30 and 60 MPa. Single crystal
was grown by the optical-heating floating zone method on Asgal FZ-20035WHV
apparatus. The crystal was grown from bottom to top in a vertical direction
applying a growth rate in the range of 5-10 mm/h.

Oxidation behaviors of the specimens were characterized by measuring
their oxidation kinetics at 1023 K in room air. Specimens approximately
Smm X Smm X 1 mm in dimension were cut from the as-cast ingot, sintered
bulk and as-grown single crystals (perpendicular to growth direction). The
specimens were polished to mirror finish and cleaned in acetone and alcohol
consequently prior to observation. Microstructures of the specimens prepared
by different methods were examined using scanning electron microscope (SEM)
and electron probe micro-analyser (EMPA). The orientation of single crystals
was determined by Laue back-reflection method. Average grain size of the sin-
tered poly-crystal NbSiy was determined by observing the fractural surface or
by hot corrosion method. For those specimens fractured in a transgranular way,
the grains were clearly seen in the fractured surface. Other specimens were first
polished and oxided to reveal their grains. Density of single and poly-crystalline
NbSi, was measured by the Archimedes method. After oxidation, the phase con-
stitutions of oxide products were characterized by X-ray diffraction (Cu Ka).
X-ray photoelectron spectroscopy (XPS) was applied to analyze the elemental
composition and chemical environments of Nb, Si and O elements in the oxide
scale.

3. Results
3.1. Microstructure

The arc-melted poly-crystalline NbSi, contains quite a num-
ber of pre-existing microcracks and pores (Fig. 1(a)). This may
be caused by the residual thermal stress on cooling during arc-
melting. Microstructure analysis showed that the arc-melted
ingot was of monolithic NbSiy phase. Laue diffraction con-
firmed transformation from poly-crystalline to single crystalline
NbSi, after the zone melting, whose growth plane was close
to (within 5°) (112 0). Typical microstructures of the sintered
NbSi, prepared under different conditions are shown in Fig. 1(b)
and (c). Compared to the arc-melted ingot, a main feature of the
microstructure is that it contains a few pores but not cracks. A
relative density of more than 90% can be obtained by SPS. The
relative density increased from 93.8 to 95% when the pressure
during sintering increased from 30 to 60 MPa. Besides many
pores, some minor phases such as NbsSiz (bright particle in
Fig. 1(b) and SiO; (dark phase in Fig. 1(b)) can be seen in the
NbSiy matrix which is mainly due to the oxidation and volatiliza-
tion of silicon during sintering. Similar microstructure was also
reported for sintered MoSi, [18-20]. Average sizes of the two
NbSi, specimens were determined to be 2.5 pm (30 MPa) and
3.9 wm (60 MPa), respectively.

3.2. Oxidation behavior

The oxidation kinetics curves of different NbSi, specimens
are plotted in Fig. 2, showing the mass change versus time at
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Fig. 2. Weight change as a function of exposure time for poly- and single crys-
talline NbSi; at 1023 K.

1023K in air. Arc-melted specimen with many micro-cracks
exhibited relatively rapid weight gain and fully turned into pow-
der after 3 h exposure in air, which is known as pesting. However,
for the dense sintered poly-crystalline specimens and single
crystal, no fragmentation was found at a much longer expo-
sure time, indicating that the pre-existing cracks are crucial to
pest oxidation. Our previous in situ observation of NbSi; clearly
shows that new cracks initiate from the pre-existing cracking
sites [21]. Since the oxide spall from the matrix during the oxi-
dation, the oxidation kinetics of NbSip almost follows a linear
law showing no indication of accelerated oxidation within the
time period of observation. As shown in Fig. 2, the NbSi» poly-
crystalline specimens show a much larger weight change than
that of the single crystalline specimen, and the poly-crystalline
specimen sintered at 30 MPa shows a higher weight change than
one sintered at 60 MPa. This indicates that grain boundary and
pores may probably accelerate the rate of oxidation reaction and
will be modeled in the discussion part.

3.3. Phase constitution of the oxidation product

Fig. 3 shows XRD profiles of the oxide formed on poly-
and single crystalline NbSi, after exposure at 1023 K for 89 h.
There is no qualitative difference in the profiles between the
poly-crystal (SPS) and single crystal materials, indicating that
phase constitutions of the oxides formed on the two materials
are almost the same. According to the XRD profiles, the oxide
is identified to be mainly Nb,O5 and a small amount of SiO».
XPS further determined Nb 3d and Si 2p states in the oxide scale
(Fig. 4). According to Ref. [22], the peaks in Fig. 4(a) can be
assigned as Nb>*. No other states of the elements were identified.
Since only three elements Nb, Si and O were identified in the
XPS spectra, the Nb and Si are probably in the form of oxide, as
shown in the XRD profiles. Since the crystalline SiO, peaks are
weak in the XRD profiles, most of the silica formed at 1023 K is
probably in the amorphous form. This result is consistent with
other alloys and compounds in the Nb—Si system [23].
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Fig. 3. XRD profiles of the oxide formed on NbSi, after exposure at 1023 K
for 89 h in air for: (a) poly-crystalline specimen; (b) single crystalline specimen.
The bars at the bottom of the plotting indicate peak positions of Nb,Os from
JCPDS card no. 22-1196.
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Fig. 4. XPS spectra showing the (a) Nb 3d and (b) Si 2p peaks of the oxide scale
formed on NbSi, after exposure at 1023 K for 89 h.
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Table 1

Microstructural and oxidation kinetics parameters of single and poly-crystalline NbSi

Specimen Relative density Average grain Linear oxidation rate constant Relative area
(p/ p;\}llbsiz) (%) size (pm) K; (mg/cm? h) in Eq. (1) during oxidation®
Single crystal 100 - 0.4 1
Poly-crystal (SPS@30 MPa) 93.8 2.5 1.2 2.8
Poly-crystal (SPS @60 MPa) 95.0 3.9 1.0 2.1

2 Calculated from S'/S according to Eq. (3).
4. Discussion

In general, the oxidation kinetics of a material can be
described by the following equation:

(Am>n—Kt 1
)T W

where Am is the mass change, S the surface area of a specimen,
t the exposure time, K the rate constant of oxidation, and n is
the exponent number (n = 1, linear law; n = 2, parabolic rate law;
n=3, cubic law) [24]. Fitting the date in Fig. 2 to Eq. (1) shows
that the oxidation of NbSi; at 1023 K follows a linear law with
the rate constant K being 0.4, 1.0 and 1.2mg/cm? h for single
crystal, dense and porous poly crystal, respectively. This indi-
cates that the oxide formed on NbSi; is non-protective. XRD
and XPS indicate the oxidation product to be Nb,Os and SiO»,
thus the oxidation of NbSi, at 1023 K can be described as the
following reaction:

4NbSis + 130, = 2Nby0s 4 8Si0; 2)

The loose NbyOs spalls from the specimen and prevents
formation of a continuous scale of SiO (crystalline and amor-
phous) on the NbSi; matrix during oxidation. Therefore, the
oxidation of NbSi, is a simultaneous reaction of oxygen with
freshly exposed matrix and the reaction rate is intrinsically deter-
mined by the reaction at matrix/gas interface.

Table 1 summarizes the average grain size, density and linear
rate constant of three dense NbSij specimens, which clearly indi-
cates that grain boundary and porosity contribute to an increased
oxidation rate. The non-protective nature of Nb,Os determines
that there is no rate limiting process during the oxidation of
NbSip at 1023 K, whose reaction rate is merely controlled by
the effective free surface exposed to gas atmosphere. For a fully
dense single crystal without any grain boundary, the effective

0.

free surface is equal to its nominal free surface area (Fig. 5(a)).
However, for the poly-crystalline specimens containing grain
boundaries and pores which are the quick diffusion paths for
oxygen atoms, the effect from the grain boundary and pore can
be considered to a direct increase to be the effective free surface
of the material (Fig. 5(b)). Supposing oxygen atom (ion) pene-
trates at a certain depth 4 into the matrix (Fig. 5(b)), the effective
reaction area S’ can be estimated as follows:

S = (S nLh+S) L_Sah+iL

(7r/4)L? nw w L
where S is the apparent surface area; L the mean grain size; u is
the relative density of the specimen. (S/((7w/4)/L?)) estimates the
number of grains within the region of interest; and the length
of grain boundary is estimated as (S/((/4)/L*))7L. Thus the
increased surface area due to grain boundary at a penetration
depth & can be estimated as:

S
2"

According to a previous investigation on the cross-sectional
microstructure of the oxide scale formed on NbSi», the pene-
tration depth of oxygen into the matrix is on the order of 1 pm
at 1023 K [6]. The calculated ratios of (S'/S) in Eq. (3) are 2.8
and 2.1, respectively for the two sintered poly-crystalline spec-
imens (Table 1), which coincide well with the relative ratio of
the fitted oxidation rate constants of the three specimens. This
clearly shows that the oxidation rate is determined by the effec-
tive exposure area.

Due to the non-protective nature of Nb,Os, the oxidation rate
of NbSiy, unlike MoSiy, is controlled by the interface reaction.
The micro-cracks in the arc-melted NbSi; increase the expo-
sure area dramatically. On the other hand, the high stress due to
volume expansion of oxidation formation at cracks’ interior face
leads to fragmentation, which in turn results in increased surface
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Fig. 5. Schematic drawing showing the oxidation mechanism of (% is the diffusion depth from the surface to matrix): (a) single crystalline; (b) poly-crystalline MoSi;.
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area and pesting. Our present work illustrates that accelerated
oxidation can be hindered by dense NbSi; and single crystal. It
was also observed that pesting is hard to happen to dense MoSi,
poly-crystalline specimen [15], this can be explained in a similar
way.

5. Conclusions

The oxidation behaviors of single and poly-crystalline NbSi,
were observed in air at 1023 K. The results show that:

(1) The pre-existing cracks in the microstructure are main rea-
son to pesting phenomenon. For arc-melted poly-crystalline
specimen, NbSip fully turned into powders after 3h. No
pesting was found in the dense SPS poly-crystalline speci-
mens and single crystals after 89 h.

(2) The oxidation rate is intrinsically determined by the reaction
rate between the matrix and the oxygen in air. Nb,Os scale
spalls from the specimen during oxidation. Thus the oxida-
tion kinetics of all the NbSi, specimens at 1023 K follows
a linear law.

(3) Grain boundary and pores in the microstructure increase the
effective area of oxidation reaction. The oxidation rates of
the NbSip samples from high to low are loose poly-crystal,
dense poly-crystal and single crystal.
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