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Abstract

The combined ion implantation of Si+Nb at room temperature and at 1173 K with C contamination was employed to improve
the oxidation resistance of a g-TiAl based alloy [Ti–48Al–1.3Fe–1.1V–0.3B (at%)]. The implantation was conducted with a dose of
3.0�1021 ions/m2 and at an accelerate voltage of 50 kV for each element. The isothermal oxidation behavior of above treated alloys
was tested at 1173 K for 349.2 ks in air. The oxide scales formed by short-term and long-term oxidation were characterized by AES,

SEM and XRD. It was found that the alloy implanted with Si+Nb at 1173 K with C contamination shows excellent long-term
oxidation resistance in comparison to that of the room temperature Si+Nb implanted alloy, although the latter also significantly
lowers the oxidation rate of non-implanted alloy. A continuous, compact and thus a protective Al2O3 layer was formed in the scale

of the alloy implanted with Si+Nb at 1173 K with C contamination after long-term oxidation, and this layer contributed to the
best oxidation resistance. It is also indicated that the introduction of Si into Nb modified layer and, in particularly C in conjunction
with Nb and Si in the modified layer can further effectively favor the formation of the continuous Al2O3 layer in the scale on alloy

during high temperature oxidation. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The g-TiAl based alloy is regarded as a promising
high-temperature structural material because of its low
density and good mechanical property at high tempera-
ture [1]. The insufficient oxidation resistance above about
1100 K, however, limited its practical application as com-
ponents for automobile or aircraft engine, which often
work at elevated temperatures and in aggressive environ-
ment. Therefore, the development of appropriate mea-
sures, including alloying addition and surface treatment
that can effectively improve the high temperature oxi-
dation resistance of this alloy, attracted intensive atten-
tions in recent years [2–7].
It is well known that ion implantation can be

employed as a precise tool to alloy the substrate only in
the surface layer with various elements. This method

has some remarkable advantages such as not changing
the size and bulk property of the parts, no the adherence
problem which is often encountered in coating treat-
ment, saving the amount of alloying elements and almost
not changing the density of the substrate alloy in com-
parison with bulk alloying [8]. However, its shallow
modified layer often prevents ion implantation from pro-
viding sufficient and long-term protective effect. Conse-
quently, it is necessary to overcome this shortcoming of
ion implantation for practical application. It is expected
that combined implantation with the appropriate com-
bination of elements could optimize the constitution of
the implanted region. Thus, this is a potential way to
further intensify the modification effect relative to the
ordinary single element implantation.
Previous investigation on the oxidation behavior of

the TiAl alloy protected by ion implantation indicated
that a series of elements such as Nb [9–11], Ta [10], W
[10], Si [12,13], Mo [12], Al [10,12], Cl [14], etc. show a
positive effect, in particular, Nb and Si are most pro-
mising. Our further investigation found that the Nb
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implantation at 1173 K with C contamination (due to
the C evaporation at 1173 K from a carbon-crucible
where a sample is mounted) more significantly improves
the oxidation resistance than the room temperature Nb
implantation without C contamination [15]. Therefore,
it is speculated that combined implantation of other
elements, such as Si and Nb or Si, Nb and C, could also
improve the oxidation resistance of the g-TiAl based
alloy.
In this study, combined implantation of Si+Nb to the

alloy Ti–48Al–1.3Fe–1.1V–0.3B (at %) was performed
at room temperature and at 1173 K with C contamina-
tion. Its influence on the isothermal oxidation behavior
of this alloy was tested at 1173 K in air for 349.2 ks. The
possible modification mechanism was discussed based
on the constitution and structure of the oxide scale.

2. Experimental

The chemical composition of the specimens used in
this investigation is Ti–48Al–1.3Fe–1.1V–0.3B (at%).
The specimens measuring 15�10�2 in mm were cut
from the ingot that was produced by Ar-arc skull melt-
ing and was annealed at 1373 K for 86.4 ks in a vacuum
for homogenization. The phases of the specimen detec-
ted by X-ray diffractometry (XRD) are mainly g phase
and few a2. The specimen surface was ground with a
series of SiC paper of up to 1000# and then polished
with alumina powders of 0.3 mm in size. The specimens
were finally ultrasonically washed in acetone and etha-
nol bath, and dried in air before ion implantation.
The combined implantation of Si+Nb at room tem-

perature (hereafter represented as RT Si+Nb) was
conducted according to the following procedure; first, Si
was implanted with a dose of 3.0�1021 ions/m2 at 50 kV
and then Nb was implanted under the same conditions.
The only difference between the combined implantation
of Si+Nb at 1173 K (hereafter represented as 1173 K
Si+Nb) and that at room temperature is that the spe-
cimen was heated to 1173 K during the ion implantation
in the former case. Because the specimen was mounted
in a carbon-crucible, C contaminated the substrate and
mixed with the implanted element due to the C evapora-
tion from the crucible at 1173 K. Two large surfaces of
15�10 mm of the specimen were implanted only.
The isothermal oxidation test was performed at 1173

K for 349.2 ks in static laboratory air using a thermo-
balance that can continuously record the mass gain. At
the end of isothermal oxidation experiment, the speci-
men was furnace cooled.
Auger electron spectroscopy (AES) was used to deter-

mine the element distribution in the modified layer and the
oxide scale. The surface and cross-section morphology of
the scale was observed by the scanning electron micro-
scopy (SEM) at an acceleration voltage of 15 kV. The

phases in the oxide scale were identified by X-ray dif-
fractometry (XRD) using Cu-Ka radiation at 40 kV and
30 mA.

3. Results

3.1. Depth profile of the modified layer by AES

Fig. 1(a) and (b) show element distribution in the
modified layer of the RT Si+Nb implanted and 1173 K
Si+Nb implanted alloy analyzed by AES respectively.
A layer rich in Nb and Si appeared in the case of RT
Si+Nb implanted alloy, shown in Fig. 1(a), the thick-
ness of this layer is about 60 nm. The maximum Nb
concentration is about 40 at.% and it is higher than that
of Si of about 30 at.%. For the 1173 K Si+Nb implanted
alloy, see Fig. 1(b), Si is almost homogeneously dis-
tributed in the analyzed region with the low concentra-
tion of about 5 at.%. This is partly due to its diffusion
during the subsequent long-time 1173 K Nb implanta-
tion of 28.8 ks (8 h) for only one side. The thickness of
the Nb-enriched layer was doubled relative to that of
RT Si+Nb implanted one, but its peak concentration
was lowered to about 30 at.%. In addition, it should be

Fig. 1. Depth profile of the modified layer of (a) RT Si+Nb implan-

ted alloy and (b) 1173 K Si+Nb implanted alloy.
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noted that a large amount of C was contained in the mod-
ified layer. On the surface of the specimen, C shows the
higher concentration of about 60 at.%, and it is gradually
decreased to about 5 at.% toward the internal region. In
the above two cases, Ti composition is always higher
than Al, and O was also introduced into the external
layer especially for the 1173 K Si+Nb implanted alloy.

3.2. Isothermal oxidation kinetics

Fig. 2 shows the isothermal oxidation curves of RT
Si+Nb, 1173K Si+Nb and non-implanted alloy at
1173 K for 349.2 ks in air. For the sake of comparison,
the related curves of RT Nb and 1173 K Nb (containing
C) implanted alloys are also presented in this figure, and
the detail of this work was reported elsewhere [15].
The RT Si+Nb implantation shows better oxidation

resistance than the non-implanted and RT Nb implan-
ted alloys. On the other hand, 1173 K Si+Nb (con-
taining C) implantation further remarkably improved
the oxidation resistance of the alloy when compared
with that of RT Si+Nb and 1173 K Nb (containing C)
implanted alloys. Its overall mass gain is the smallest
among the above treated alloys and it is only about 1/35
of the non-implanted alloy after oxidation at 1173 K for
349.2 ks. Meanwhile, it is important to note that most
mass gain of the 1173 K Si+Nb implanted alloy was
obtained in the early stage of the oxidation and it was
only increased a little during the following long-term
oxidation.

3.3. Characterization of short-term oxidation scale

3.3.1. Oxide scale constitution analyzed by AES
Fig. 3 summarizes the element distribution in the

scales of RT Si+Nb and 1173 K Si+Nb implanted
alloys after oxidation at 1173 K for 0.9 ks and 10.8 ks
analyzed by AES.
After oxidation at 1173 K for 0.9 ks, as shown in

Fig. 3(a), the Al enriched layer of about 300 nm thickness

was formed in the outer part of the scale of RT Si+Nb
implanted alloy. The Nb peak concentration was low-
ered to about 18 at.%. Si shows homogeneous distribu-
tion within the analyzed region and its concentration in
the outer part of the scale is about 10 at%. For the 1173
K Si+Nb implanted alloy [Fig. 3(b)], the maximum Nb
concentration was reduced to about 18 at.% and it
mainly stayed in the scale of about 100 nm depth. The
distribution of Si is almost same as that of the as-
implanted one [Fig. 1(b)]. A layer rich in Al with a
thickness of about 200 nm appeared in the inner part of
the scale. It should be noted that C still shows very high
content over a 100 nm depth, and O concentration is
much smaller in this C rich layer in comparison to that
of RT Si+Nb implanted alloy without C contamination
[Fig. 3(a)]. Moreover, the oxide scale of 1173 K Si+Nb
implanted alloy is much thinner than that of RT Si+Nb
implanted alloy after oxidation at 1173 K for 0.9 ks.
When the exposure time was extended to 10.8 ks, as

indicated in Fig. 3(c) and (d), an Al enriched layers still
existed in their scales, however, it is thicker in the case
of 1173 K Si+Nb implanted alloy than that of RT
Si+Nb implanted one. For RT Si+Nb implanted alloy
[Fig. 3(c)], Ti is much higher than that of Al beneath
this Al enriched layer. The Nb and Si show almost
similar distribution with the less concentration of about
7 at.% in the scale. On the contrary, for the 1173 K
Si+Nb implanted alloy [Fig. 3(d)], it can be found that
Ti is just slightly higher than Al below this Al enriched
layer, and Al is higher than Ti again toward the internal
scale. The C concentration was lowered to about 20
at.% and O shows relatively lower concentration in the
outer surface of the specimen. Although Nb and Si are
also homogeneously distributed, Nb still shows a small
peak concentration in the external scale.

3.3.2. Surface morphology of oxide scale
The surface morphology of the oxide scale after oxi-

dation at 1173 K for 10.8 ks of RT Si+Nb and 1173 K
Si+Nb implanted (containing C) alloy is presented in
Fig. 4(a) and (b) respectively.
For the RT Si+Nb implanted alloy, as shown in

Fig. 4(a), a considerable amount of large particles toge-
ther with acicular oxide and small-sized oxide grains
appeared on the specimen surface. It is believed that the
large oxide particles are TiO2 and the small oxide grains
are Al2O3 by considering their respective growing rate in
this early stage of oxidation, because the TiO2 grows
much faster than Al2O3.
The oxide morphology formed on the 1173 K Si+Nb

implanted alloy is quite different from that of RT
Si+Nb implanted alloy. The uniform and small oxide
grains covered the specimen surface [Fig. 4(b)]. Refer-
ring to scale composition obtained by AES analysis
[Fig. 3(d)], it can be assumed that this oxide is mainly
Al2O3.

Fig. 2. Isothermal oxidation kinetics at 1173 K for 349.2 ks in air for

differently implanted alloys.
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3.4. Characterization of long-term oxidation scale

3.4.1. Surface and cross-section morphology
Fig. 5 shows the surface morphology of non-implan-

ted alloy, RT Si+Nb and 1173 K Si+Nb implanted
alloys and its cross-section morphology after oxidation
at 1173 K for 349.2 ks in air.
After this long-term oxidation, the oxide on the non-

implanted alloy shows the largest grain size [Fig. 5(a)]
which consisted mostly of TiO2. For the RT Si+Nb
implanted alloy, the shape of the oxide grain looks like
that of the non-implanted alloy but its size became a

little small [Fig. 5(b)]. The oxide formed on the surface
of 1173 K Si+Nb implanted alloy changed a lot in
comparison to the above two cases [Fig. 5(c)]. Its oxide
grain is still uniform, compact and small-sized. Con-
cerning its oxide morphology in the early stage of oxi-
dation for 10.8 ks [Fig. 4(b)], it can be assumed that the
character of the oxide almost remains unchanged, and
the only difference is that its oxide grain size was
increased a little.
The oxide scale of 1173 K Si+Nb implanted alloy

after oxidation at 1173 K for 349.2 ks in air, Fig. 5(d),
consisted of a very thin and continuous oxide layer of

Fig. 3. Depth profile of the scale formed on RT Si+Nb and 1173 K Si+Nb implanted alloy after short-term oxidation.

Fig. 4. Surface morphology of (a) RT Si+Nb and (b) 1173 K Si+Nb implanted alloy after oxidation at 1173 K for 10.8 ks in air.
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about 1 mm thickness. This scale is dense and well
adhered with the substrate. Regarding to its surface
morphology [Fig. 5(c)] and its overall oxidation kinetics
(Fig. 2), it can be concluded that these results are in
good agreement and they all reflected that the 1173 K
Si+Nb implanted alloy shows the best oxidation resis-
tance among the above differently treated alloys.

3.4.2. Oxide scale composition and phase constitution
The element distribution in the external part of the scale

of 1173 K Si+Nb implanted alloy after oxidation at 1173
K for 349.2 ks in air analyzed by AES is presented in
Fig. 6. Apparently, the scale essentially consisted of the Al
enriched layer with the thickness more than 700 nm after
this long-term oxidation, although the Ti concentration is
a little high over 100 nm depth. Nb and Si were homo-
geneously distributed with the concentration of about 5
at.% through the analyzed region. C still shows high
concentration of about 20 at.% in the scale surface.
Fig. 7 gives the XRD spectra of the above oxide scale.

g and a2, which are the main phases of the substrate
alloy, show the strongest peaks indicating that a very
thin scale was formed even after this long-term oxidation
at 1173 K. This has also been proved by its cross-section
in Fig. 5(d). For the oxide phases, a- Al2O3 shows the
highest intensity together with the relatively weak TiO2

(rutile) peak. This kind of oxide phase constitution was
also well coincided with the scale composition obtained
by AES analysis (Fig. 6).

By connecting the above AES, XRD results with the
surface and cross-section morphology of this scale, it can
be concluded that a thin, dense and protective �-Al2O3

dominated scale was formed on the 1173 K Si+Nb
implanted alloy after oxidation at 1173 K for 349.2 ks.

4. Discussion

Fig. 2 clearly shows that 1173 K Si+Nb implanted
alloy exhibited excellent oxidation resistance at 1173 K
even for up to 349.2 ks in air. In connection with its
oxide scale constitution and structure obtained by AES,
SEM and XRD analysis, it is assumed that the formation
of a thin, continuous and dense Al2O3 scale is responsible
for the significant improvement of the oxidation resis-
tance.
The scale structure and oxidation mechanism of the

binary TiAl alloy have been intensively investigated
[16,17]. It has been proved that, when Al content is less
than 50 at.%, an outer Ti oxide layer was preferentially
formed and Al2O3 only can appear as internal precipitates.
One reason is that TiO is more stable than Al2O3 and the
kinetics of Ti oxide formation is greater than that of
Al2O3 formation. On the other hand, O shows high
permeability in TiAl alloys and Al diffusivity is low in
the lower Al containing phases such as Ti3Al. Al2O3

formation only can be favored when the depletion of Ti
leads to the Al enrichment below the outer TiO2 layer.

Fig. 5. Surface morphology of (a) non-implanted alloy; (b) RT Si+Nb implanted alloy; (c) 1173 K Si+Nb implanted alloy and (d) cross-section

morphology of 1173 K Si+Nb implanted alloy after oxidation at 1173 K for 349.2 ks in air.
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In addition, the Kirkendall diffusion of Ti leaves large
amounts of vacancy in the substrate and this makes the
scale become porous. Ultimately, besides the outermost
TiO2 layer, a loose inner oxide layer mixed by TiO2 and
Al2O3 was formed after long-term oxidation. This kind
of scale readily spalls off from the substrate and can not
act as an obstacle to inhibit the further oxidation.
However, as indicated by our results, the oxidation

behavior of 1173 K Si+Nb implanted alloy is quite
different from non-protected binary TiAl alloy. In the
beginning of the oxidation, as proved by Fig. 3(b) and
(d) and Fig. 4(b), the Al2O3 was preferentially formed.
This corresponds to the most mass gain during the early
stage of exposure as indicated by its oxidation kinetics
curves. Moreover, it should be noted that the beneficial
effect which favored the formation of Al2O3 resulting
from the 1173 K Si+Nb implantation was always main-
tained during the following long-term oxidation, until a
continuous Al2O3 layer was formed. After the formation
of this protective layer, its oxidation rate becomes much
smaller since Al2O3 scale exhibits low diffusivities for
both the cations and anions as well as being highly stable.
Therefore, this alloy eventually shows remarkably low

overall mass gain and excellent oxidation resistance for
the long-term.
It is important to note that the usual formation of

internal precipitates of Al2O3 for the non-protected
binary alloy was transformed to the formation of a
continuous external Al2O3 layer by the 1173 K Si+Nb
implantation. Considering the critical concentration N*
for the transition from internal to external oxidation
submitted by Wagner [18], it can be concluded that the
Al concentration required for the external scale forma-
tion increases with an increase in the solubility and dif-
fusivity of oxygen and decreases with increasing Al
diffusivity in the alloy. Thus, the formation of the exter-
nal Al2O3 scale in the case of the 1173 K Si+Nb
implanted alloy is essentially due to the change of the
above factors caused by the addition of Si, Nb and C
elements. Our previous investigation demonstrated that
respective RT Si or Nb implantation could improve the
oxidation resistance of the TiAl alloy. Their modifica-
tion mechanisms were intensively studied by several
research groups [9–13]. In the case of Nb implantation,
the possible reason is that the high surface concentra-
tion of Nb could facilitate the formation of b phase in
which the diffusion of Al is much faster than in the g-
TiAl phase. In addition, the solubility of O in the sub-
strate could be lowered by the presence of the Nb rich
layer [9]. Taking into account the valence-control rule,
addition of elements such as Nb which forms cations
with a valence bigger than +4 will substitute the Ti and
Al ion site in the TiO2 and Al2O3 space lattices and thus
reduce the number of metal ion interstital and oxygen
vacancies in the oxides [10]. The above effects brought by
the Nb implantation contribute to the formation of the
Al2O3 enriched layer in the external part of the scale
during the early stage of oxidation. Furthermore, the
mixture of Nb oxide with TiO2 and Al2O3 could improve
the adherence of the oxide scale with the substrate [11],
this is also beneficial to the long-term oxidation resis-
tance. The effect of Si implantation and the formation
of the possible intermetallic phase are significant and
sufficient to maintain the Al2O3 rich scale [12]. The
incorporation of the Si oxide and its form in the early
stage scale needs further confirmation. However, the
above beneficial effect for respective Nb and Si implan-
tation would gradually be lost, because of the rapid con-
sumption due to the shallow modified layer, before a
continuous Al2O3 layer was formed in the scale. Conse-
quently, ordinary Nb or Si implantation cannot provide
sufficient oxidation resistance for long-term oxidation.
The addition of Si into the Nb modified layer by the

RT Si+Nb combined implantation will introduce the
above beneficial effect of Si besides the role of Nb and
hence the oxidation resistance of single Nb implanted
alloy was further improved to some degree.
In the case of the 1173 K Si+Nb implanted alloy, in

addition to the presence of Nb and Si, a large amount of

Fig. 6. External scale of 1173 K Si+Nb implanted alloy after oxida-

tion at 1173 K for 349.2 ks in air.

Fig. 7. XRD spectra of the oxide scale of 1173 K Si+Nb implanted

alloy after oxidation at 1173 K for 349.2 ks in air.

448 X.Y. Li et al. / Intermetallics 9 (2001) 443–449



C was introduced into the modified layer. The C enri-
ched layer would effectively lower the concentration of
O and prevent its inward diffusion as indicated in
Fig. 3(b) and (d). Furthermore, the Nb-loss from the
originally implanted layer during the early stage oxida-
tion can also be suppressed by its co-existence with the
C rich layer by comparison of Fig. 3(a) and (b) as well as
Fig. 3(c) and (d). Thus, the beneficial effect of Nb may be
prolonged by the co-existence of Nb and C during the
long-term high temperature oxidation. The detailed
works of the influence of C and C+Nb co-existence on
the oxidation behavior of the TiAl alloy will be shown
elsewhere and this can give a good understanding of the
C effect [19]. In general, the interaction and the further
enhancement of the modified effect of Nb, Si and C
eventually resulted in the formation of the continuous
Al2O3 layer in the scale and the excellent long-term oxi-
dation resistance of the 1173 K Si+Nb implanted alloy.
The above discussions of the respective effect of addi-
tions of Nb, Si and C are only based on the currently
obtained experimental results and related references. It
should be pointed out that the comprehensive effect of the
co-existence of Nb, Si and C including the possible new
phase formation in the as-implanted state or during the
early stage of oxidation need further investigation by
some advanced analysis tools since the modified layer
and initial oxidation scale are very thin.
On the basis of the above results, it should be noted

that two factors are worth considering when ion implan-
tation is employed as a surface protective measure to
provide long-term oxidation resistance for the TiAl
alloy. First, the appropriate combination of elements in
the modified layer is required. This can be achieved by
suitable implantation process. Secondly, whether the
beneficial effect from themodified layer can bemaintained
long enough to form a continuous and dense Al2O3 scale
is very important. As revealed by the oxidation kinetics in
Fig. 2, the beneficial effect of different implantation is
enhanced according to the following sequence: RT Nb,
RT Si+Nb, 1173 K Nb (containing C) and 1173 K Si+
Nb (containing C). Obviously, it suggests that combined
ion implantation by appropriate elements is a possible
way to further enhance the modified effect of ordinary
implantation with a single element. In the case of the
1173 K Si+Nb (containing C) implanted alloy, the
comprehensive beneficial effect of Si, Nb and C is strong
enough to form a continuous and protective Al2O3 scale
and thus offers excellent oxidation resistance at 1173 K
for long-term oxidation.

5. Conclusions

(1) The 1173 K Si+Nb (containing C) implanted TiAl
alloy shows excellent oxidation resistance at 1173 K at

least for 349.2 ks in air relative to RT Si+Nb implanted
alloy, although the latter one also significantly decreased
the oxidation rate in comparison to that of the non-
protected TiAl alloy.
(2) The improvement of the oxidation resistance by

1173 K Si+Nb (containing C) implantation is attrib-
uted to the formation of a continuous, compact and
protective Al2O3 layer in the scale.
(3) The introduction of C into the Si+Nb modified

layer during 1173 K Si+Nb implantation could further
enhance the beneficial effect Nb and inhibit the inward
diffusion of O during oxidation and eventually promote
the formation of the continuous Al2O3 layer.
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