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Reduction of sodium-accelerated oxidation of
silicon nitride ceramics by aluminium
implantation
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Norton NBD 200 silicon nitride ceramics were implanted with sodium to a dose of

7.0]1015cm[2 at 72 keV (1 at % peak sodium content at 100 nm). The sodium-implanted

samples were further implanted with aluminium to 7.3]1015 cm~2 at 87 keV (1 at % peak

aluminium content at 100 nm). The implanted and unimplanted samples were oxidized in

1 atm dry oxygen at 1100 and 1300 °C for 2—6 h. Profilometry and scanning electron

microscopy measurements indicated that sodium implantation led to up to a two-fold

increase in the oxidation rate of silicon nitride. The sodium effect was effectively neutralized

when aluminium was co-implanted. The opposite effects of sodium and aluminium on the

oxidation resistance of silicon nitride can be attributed to their different roles in modifying

the structure and properties of the oxide formed.
1. Introduction
Sodium-accelerated oxidation of Si

3
N

4
ceramics is

a subject of extensive investigation owing to great
technological interests in their use in industrial fur-
nace and turbine engine environments, where sodium
salts exist as common contaminants. A considerable
amount of work has been done on the kinetics and
mechanism of oxidation of various types of Si

3
N

4
ceramics in the presence of sodium salts [1].

Pickrell et al. [2] reported that oxidation of com-
mercial Si

3
N

4
ceramics (Kyocera, SN220M) exhibited

linear rates two to four orders of magnitude faster in
dry air containing 0.98 vol% NaNO

3
vapor than in

clean air or oxygen at 950—1100 °C. In a study em-
ploying the technique of ion implantation, Zheng et al.
[3] showed that chemically vapour deposited (CVD)
Si

3
N

4
, containing 0.1 at% uniformly implanted so-

dium, experienced a 14-fold increase over pure CVD
Si

3
N

4
in the parabolic oxidation rate constant in dry

oxygen at 1100 °C. Experimental and thermochemical
studies have illustrated that the process responsible
for the accelerated oxidation of Si

3
N

4
in the presence

of various sodium salts is similar, despite some vari-
ation in details, regardless of the type and source of the
sodium salts [1—5]. It can be generally stated that the
sodium salts decompose to Na

2
O in an oxidizing

environment which fluxes or dissolves the oxide for-
med. The resultant sodium silicates have poor net-
work connectivity, low viscosity, low melting point,
and high susceptibility to devitrification. The protec-
tive role of the oxide layer is diminished, leading to
rapid transport of gaseous species, alteration of the

oxidation mechanism, and oxidation acceleration.
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Sodium-accelerated oxidation is very detrimental be-
cause it facilitates other degradation processes which
include pitting, nucleation of new flaw distributions,
weakening of grain-boundary phases, and enhanced
crack growth [6—8].

Based on the roles of Na
2
O and Al

2
O

3
in glass

forming in the SiO
2

system [9, 10], it is anticipated
that aluminium surface alloying should provide an
excellent prospect to negate the detrimental effect of
sodium salts on the oxidation resistance of Si

3
N

4
.

Using Norton NBD 200 Si
3
N

4
as a test material, and

ion implantation as a research vehicle, we demon-
strated in the current study that aluminium surface
alloying indeed offers a great potential for the im-
provement of the high-temperature oxidation resist-
ance of Si

3
N

4
in the presence of sodium. The results

can be interpreted on the basis of modification of
oxide network structure and thermodynamics of
formation of silicates, which ultimately alter the mass
transport and oxidation characteristics.

2. Experimental procedure
Commercial Norton NBD 200 Si

3
N

4
was used in this

investigation. This material is hot isostatically pressed
with 1 wt% MgO as a sintering aid by Norton Ad-
vanced Ceramics, USA. Impurity elements present
include carbon, aluminium, iron and calcium with
respective compositions not exceeding 0.88, 0.5, 0.17
and 0.04 wt %. Platelets (10 mm]10 mm]3 mm) cut
from the as-received Si

3
N

4
blocks were polished to

a 0.25 lm surface finish using diamond paste. The

samples were ultrasonically cleaned in deionized
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water, acetone, and methanol prior to ion implanta-
tion experiments at Oak Ridge National Laboratory.

The platelet samples were implanted with sodium to
a dose of 7.0]1015 cm~2 at 72 keV. Some sodium-
implanted samples were further implanted with alumi-
nium to 7.3]1015 cm~2 at 87 keV. These implanta-
tion parameters were selected using PROFILE simu-
lation [11] in order to achieve a sodium and alumi-
nium distribution each with 1 at% peak concentra-
tion at a projected range value of 100 nm. Samples
were implanted at 500 °C to prevent implantation-
induced amorphization [12, 13].

Oxidation experiments of the Si
3
N

4
samples im-

planted with sodium and sodium/aluminium were car-
ried out in a MoSi

2
-heated Al

2
O

3
-tube furnace in

1 atm dry oxygen flowing at 100 standard cm3min~1

at 1100 and 1300 °C. The oxidation durations were 2,
4, and 6 h for each temperature condition. Unim-
planted samples were simultaneously oxidized for
comparison. To determine the oxide thickness, etch
patterns were first created by brushing the sample
with a photoresist (1-methoxy-2-propyl acetate) to
mask selected areas of the oxide surface, oven baking
at 130 °C for 30 min, and dipping in a buffered
NH

4
F : HF (10 :1) solution to remove the oxide not

masked by the photoresist. The oxide thickness was
determined by taking the average step height of the
etch patterns using profilometry with a resolution of
25 nm. The samples were also investigated using
Figure 1 Computer-simulated sodium and aluminium concentration d

scanning electron microscopy (SEM) to ascertain fur-
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ther the thickness of the oxide and to reveal its surface
morphology. The oxidized samples were also charac-
terized by energy-dispersive X-ray analysis (EDX) for
compositional information and X-ray diffraction
(XRD) for phase identification.

3. Results
3.1. Oxidation resistance
Shown in Fig. 1 is a computer-simulated sodium and
aluminium concentration distribution in Si

3
N

4
sam-

ples using the PROFILE codes [11]. PROFILE simu-
lation gives results in good agreement with experi-
mental values particularly in low to intermediate dose
regions and when dopant redistribution during im-
plantation is negligible as expected under the current
implantation conditions [13]. The concentration pro-
file is Pearson IV-type with a peak value of 1 at% for
both sodium and aluminium at a depth of 100 nm
beneath the sample surface. The profiles for sodium
and aluminium nearly overlap with each other. This is
advantageous because, according to Stevels’ rule [9],
aluminium addition in an amount equivalent to so-
dium is needed to eliminate completely sodium-
induced non-bridging oxygens in SiO

2
.

Shown in Fig. 2 are the profilometrical thickness of
the oxide layers grown on unimplanted, sodium-
implanted, and sodium/aluminium-implanted Si

3
N

4
samples at 1100 °C for various durations. The results

from 1300 °C oxidation are illustrated in Fig. 3. The
istribution in Si
3
N

4
.



Figure 2 Oxide thickness on unimplanted, sodium-implanted, and
sodium/aluminium-implanted Si

3
N

4
samples after oxidation at

1100 °C for various durations.

Figure 3 Oxide thickness on unimplanted, sodium-implanted, and
sodium/aluminium-implanted Si

3
N

4
samples after oxidation at

1300 °C for various durations.

profilometrical thickness values are consistent with
the thickness data measured using SEM. Illustrated
respectively in Fig. 4a, b and c are tilt-angle scan-
ning electron micrographs of unimplanted, sodium-
implanted, and sodium/aluminium-implanted Si

3
N

4
samples after 1300 °C/6 h oxidation and followed by
pattern generation. The respective step height deter-
mined for these three samples is approximately 3.3, 5.0
and 3.6 lm, for example.

Figs 2 and 3 present a striking and consistent pic-
ture of the oxidation behaviour of the three types of
Si

3
N

4
samples; the presence of sodium led to up to

a two-fold increase in the thickness of the oxide
grown; the co-existence of sodium and aluminium

produced no significant difference in the oxidation
Figure 4 Tilt-angle scanning electron micrographs of (a) unim-
planted, (b) sodium-implanted, and (c) sodium/aluminium-
implanted Si

3
N

4
samples after 1300 °C/6 h oxidation and pattern

generation.

resistance compared with Si
3
N

4
samples in the ab-

sence of sodium. A straight line can be drawn in Figs
2 and 3 to connect the thickness values of the oxide
layers on sodium-implanted Si

3
N

4
. This line can be

approximately extrapolated to the origin of the graph
(zero thickness at zero time), an indication of a linear
oxidation behaviour under the conditions employed

in the current investigation. Such a trend is not
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Figure 5 Scanning electron micrographs of (a) unimplanted, (b)
sodium-implanted, and (c) sodium/aluminium-implanted Si N

observed for data points from the unimplanted and
sodium/aluminium-implanted Si

3
N

4
samples.

3.2. Oxide characteristics
All samples, unimplanted or implanted, exhibited sim-
ilar surface morphological characteristics after oxida-
tion, regardless of temperature or duration. Figs 5a,
3 4
samples after 1300 °C/6 h oxidation.
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Figure 6 EDX spectra from (a) the acicular phase and (b) a region
away from the acicular phase of the oxide on sodium/aluminium-
implanted Si

3
N

4
samples after 1300 °C/6 h oxidation.

Figure 7 XRD patterns of (a) as-received Si
3
N

4
, (b) unimplanted

and (c) sodium/aluminium-implanted Si
3
N

4
samples after

1300 °C/6 h oxidation. (d) Cristobalite SiO
2
, (s) b-Si

3
N

4
.

b and c are scanning electron micrographs of unim-
planted, sodium-implanted, and sodium/aluminium-
implanted Si

3
N

4
samples after 1300 °C/6 h oxidation.

Oxidation led to no apparent surface roughening or
bubble formation. SEM revealed the presence of nu-
merous acicular phases in the oxide. The oxide layers
experienced significant cracking in all cases investi-
gated.

The EDX work in current studies allowed some
semi-quantitative evaluation of the oxidized samples.
The oxides were enriched with magnesium with an
average content of around 3 wt%. Shown in Fig. 6a,
and b are the EDX spectra from an acicular phase and
a region in its absence on sodium/aluminium-
implanted Si

3
N

4
samples after 1300 °C/6 h oxidation.

Both magnesium and sodium were present in the bulk
of the oxidation layer. In contrast, sodium was not
detectable in the acicular phases embedded in the
oxidation layer. Gold and palladium in the EDX
spectra were from the overcoat applied to avoid
sample charging during SEM analysis. The oxide
layers on sodium-implanted Si N exhibited similar
3 4
characteristics. Owing to the abundance of silicon and



the low aluminium content in the system of investiga-
tion and the close proximity of these two elements in
characteristic X-ray emission, information on alumi-
nium could not be obtained in the current study.

Shown in Fig. 7a is an XRD pattern of as-received
Si

3
N

4
. The corresponding diffraction peaks are de-

noted by open circles. The XRD patterns of the unim-
planted and sodium/aluminium-implanted Si

3
N

4
samples after 1300 °C/6 h oxidation are presented in
Fig. 7b and c, respectively. In addition to diffraction
peaks corresponding to the Si

3
N

4
substrate, peaks,

marked by solid circles, are present in the oxidized
samples. The d-spacings of these peaks closely match
those given by the JCPDS files for a-cristobalite [14].
The XRD results indicated that the oxide grown on
the unimplanted and implanted Si

3
N

4
samples is pre-

dominantly cristobalite.

4. Discussion
This investigation was not intended for a detailed
study of the kinetics of oxidation of NBD 200 Si

3
N

4
,

unimplanted and implanted. Oxidation evaluation
was consequently limited to a few time durations.
Early reports indicated that oxidation of Si

3
N

4
hot-

isostatically pressed with MgO as a sintering additive,
follows a parabolic law in oxygen at 1000 —1400 °C
[15, 16]. Our data points (Figs 2 and 3) for unim-
planted Si

3
N

4
samples seemingly fall on such a trend

line. There is a general agreement in the literature that
oxidation of Si

3
N

4
sintered with MgO is rate-control-

led by outward diffusion of magnesium cations
through the grain boundaries of the substrate into the
oxide [1, 15, 16]. This consensus is drawn from the fact
that the oxide is enriched with magnesium and no
longer protective, and the oxidation rate is propor-
tional to the MgO content in Si

3
N

4
.

The presence of sodium results in a significant
change in the oxidation characteristics of Si

3
N

4
. As

shown in Figs 2 and 3, sodium implantation led to up
to a two-fold increase in the oxide thickness compared
to the unimplanted case. More important, oxidation
of the sodium-implanted samples exhibited a linear
trend, suggesting a reaction- rather than diffusion-
controlled mechanism. The sodium-induced rate in-
crease and change of the oxidation mechanism can be
interpreted according to the following.

The role of Na
2
O in silicate glass forming is well

established [9, 10]. It is a network modifier and its
incorporation into a silicate, such as SiO

2
and

MgSiO
3
, readily results in conversion of bridging oxy-

gens to non-bridging oxygens. The formation of non-
bridging oxygens is accompanied by deterioration in
the network connectivity and degradation of a range
of properties including lower viscosity, reduced eutec-
tic temperature and accelerated mass transport
[9, 10]. Rapid diffusion of magnesium cations in the
oxide layer leads to fast removal of magnesium from
the oxide/substrate interface. This process, in turn,
increases the concentration gradient of magnesium
between the oxide layer and the bulk grain-boundary
phase, the driving force for outward diffusion of mag-

nesium. Fast oxygen permeation through the oxide to
the interface and large negative Gibb’s free energies of
formation of sodium and magnesium silicates [5, 17]
also create a favourable condition for the silicate to be
a sink of outward diffusion of magnesium. The in-take
of magnesium cations, a network modifier, by the
oxide further degrades the property of the oxide layer.
As the rate of outward diffusion of magnesium in-
creases, chemical reaction at the oxide/substrate inter-
face will become rate-limiting.

The effect of aluminium addition is quite remark-
able — nearly complete restoration of the oxidation
resistance of sodium-implanted Si

3
N

4
to that of unim-

planted samples. From the glass-forming standpoint,
Al

2
O

3
, an intermediate, plays a role significantly dif-

ferent from Na
2
O [9, 10]. For instance, Al

2
O

3
can be

integrated to the network structure of SiO
2

without
interrupting the network connectivity. More impor-
tant, its addition will eliminate non-bridging oxygens
created by network modifiers in a silicate. In the
current study, aluminium in an amount and distribu-
tion equivalent to sodium, was incorporated in the
sodium-implanted Si

3
N

4
samples. Under such a con-

dition, according to Stevels’ rule, no non-bridging
oxygens will be created by sodium in the oxides grown
on sodium/aluminium implanted samples. As a result,
the afore-described adverse role of sodium in acceler-
ating the outward diffusion of magnesium cations and
altering the rate-limiting mechanism is negated. This
outcome is clearly illustrated in Figs 2 and 3. On the
basis of the current experimental observation and
the underlying working concept, this is good reason
to anticipate that an oxidation resistance better than
that of the original material is achievable by implant-
ing aluminium to a higher concentration than sodium,
so as to compensate the detrimental effect of magne-
sium, besides sodium, on the properties of the oxide
layers.

The nature of the oxide layer formed on Si
3
N

4
containing various sintering additives and impurities
has been shown to be complex [1, 15, 16] and is even
more so with the sodium- and aluminium-implanta-
tion. The phases present include silicon dioxide, silicon
oxynitride, and various silicates. The X-ray diffraction
work indicated that the oxide formed is predomi-
nantly cristobalite (c-SiO

2
). It is well established that

the devitrification temperature of silica can be greatly
reduced by additives and impurities (e.g. magnesium
and sodium) via lowering its viscosity [18]. Cris-
tobalite is the main cause of cracking of the oxide
layers (Fig. 5) due to the large volume change asso-
ciated with its b to a phase transformation during
cooling [9].

Current X-ray analysis could not reveal the pres-
ence of other phases in the oxide due, probably, to
their low contents. Magnesium enrichment in the
oxide due to outward diffusion of magnesium cations
from the substrate suggests probable formation
of magnesium silicate. In fact, the morphological
characteristics of the acicular phases in the
oxide (Fig. 5) closely resemble those in documented
studies of similar materials after oxidation, where they
were positively identified to be enstatite (MgSiO )
3
[15, 19].
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5. Conclusions
1. The presence of sodium accelerates the oxidation

process of NBD 200 Si
3
N

4
. Not only is the oxidation

rate significantly increased, the oxidation mechanism
is altered as well from a diffusion- to an interface
reaction-controlled process.

2. The incorporation of aluminium effectively neu-
tralizes the detrimental effect of sodium on the oxida-
tion resistance of Si

3
N

4
due to the role it plays in

converting non-bridging oxygens created by sodium
to bridging oxygens in the oxide.

3. Cristobalite is the predominant product phase
during oxidation of Si

3
N

4
, unimplanted or implanted.

Its phase transformation upon cooling is responsible
for crack formation.

4. The current results have a broad implication in
that the oxidation resistance of silica-forming ceramics
under the influence of network modifiers (as additives
or impurities) can be greatly enhanced by aluminium
surface alloying.

5. Further work should focus on detailed kinetic
studies and structural and chemical microanalysis
to understand better the processes and mechanisms
involved.
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