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The surface composition of MA 956 superalloy both as-received and after four

exposure times at 1100 °C has been investigated by energy dispersive x-ray

spectrometry (EDX) and x-ray photoelectron spectroscopy (XPS). The passive layer

of the as-received sample is mainly formed by Cr- and Fe-oxides. Heat treatment leads
to the formation of an alumina layer on which small nodules grow. XPS spectra evidence
the presence of titanium and yttrium oxides at the surface of the heat-treated samples,
suggesting Y and Ti outward diffusion through the alumina layer. Iron and chromium
oxides at the topmost surface lavers are observed only for short heat-treatment times.

I. INTRODUCTION

Fe—Cr—Al-based alloys are among the metallic ma-
terials with the highest oxidation and corrosion resistance
at elevated temperatures. This good resistance arises
because alumina scales with excellent thermodynamic
stability, and very slow growth rates form during high-
temperature exposure. The adherence of these oxide
scales to the alloy substrate can be significantly enhanced
by adding small amounts of reactive elements, for ex-
ample ytrium.! The incorporation of a small amount
(=0.5 wt. %) of dispersed yttrium oxide® also improves
the adherence of the oxide layer and gives rise to the
development of oxide dispersion strengthened (ODS)
alloys. Besides, this dispersed yttrium oxide addition
leads to a higher mechanical strength compared with
alloys containing metallic yttrium.?

Fe~Cr-Al-based ODS alloys are thus widely used
for high-temperature applications due to the combination
of high-temperature mechanical properties and superior
oxidation resistance.** Additionally, these alloys could
also be suitable for room temperature applications due
to the formation of the alumina surface layer after high-
temperature exposure. For instance, metallic prostheses
with ceramic coatings are widely used nowadays due
to their excellent biological compatibility and corrosion
resistance in physiological media."” The iron-based MA
956 superalloy develops an adherent alumina layer at
the surface after heat treatment at 1100 °C. The use
of this commercial superalloy as surgical implant has
been recently proposed due to its excellent corrosion
resistance in physiological solutions.*” In order to
consider this preoxidized superalloy as possible biomate-
rial, & mechanical study of this superalloy is also being
performed.'" A detailed determination of the near-
surface composition is also essential for a complete
characterization of this possible biomaterial because the
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most external layers will be in direct contact with the
biological tissues in the in vive experiments.

The aim of this work is to study the composition of
the outermost layers of the MA 956 superalloy after four
different exposure times at 1100 °C and, for comparison,
in the as-received condition,

ll. EXPERIMENTAL

The MA 956 superalloy, with chemical composi-
tion Fe—20Cr-5A1-0.5Ti-0.5Y;0; (wt %), was sup-
plied by Inco Alloys International (Hereford, U.K.).
Samples were abraded, polished until reaching an aver-
age roughness value of R, = 0.2 gwm, and ultrasonically
cleaned in ethanol before exposition at high temperature.
The material in this state was labeled as the as-received
sample. At this time, different samples were annealed
at 1100 °C in air for four different exposure times, 3,
10, 50, and 100 h. After heat treatment, samples were
removed from the furnace and air cooled.

The composition and morphology of the surface
were analyzed by using scanning electron microscopy
(SEM) and energy dispersive x-ray spectrometry (EDX)
on the samples after the surface was gold coated to make
it conducting. X-ray photoelectron spectroscopy (XPS)
was used to analyze the composition of the topmost
surface layers.

XPS spectra were recorded under ultra-high vacuum
(UHV) conditions using a Mg x-ray source and a VG-
CLAM hemispherical electron energy analyzer equipped
with a special lens to probe small areas on the sam-
ple (<1 mm*). The base pressure in the UHV chamber
during measurements was better than 1 X 10" mbar.
Samples were cleaned by Ar” -sputtering for 2 min with
an ion gun operating at a sample current of 1 wA, an
ion energy of 3 keV, and a sputter rate of approximately
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1.5 A min
measurement was

', The total spectral resolution of the XPS
=(1.6 eV.

lll. RESULTS AND DISCUSSION

The high-temperature oxidation of this Fe-Cr-Al
base alloy mainly involves the formation of an alumina
scale on the material surface. The thickness of the
oxide layer after heat weatment at 1100 °C for 3 h is
=] pm, and for 100 h =35 pm, as has been observed
in transversal sections by SEM.'" Figures 1(a) and 1(b)
show two SEM images of the surface obtained for
samples treated at 1100 °C for 3 and 100 h, respectively.
The alloy surface consists in both cases of a flat alumina
hase scale on which small nodules have grown. For
hoth exposure times. nodules with different sizes can be
observed. The size of these nodules, however, increases
with the exposure tme, as can be seen companing
Figs. Ha) and (b, The presence of the oxide nodules

(b)

FIG. 1. SEM micrograph of the surface of the ODS MA 956 hem
treated at 1100 °C for (a) 3 h and (by 100k
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could benefit the osseointegration process of this possible
biomaterial due to the roughness conferred 1o the surface.
On the other hand, the composition of these nodules is
very important in biomedical applications because they
might lead o woxicity problems by ion release.

Figures 2{a) and 2(b) show EDX spectra of large
and small nodules, respectively, for samples treated al
100 °C tor 3 h. The signal corresponding to Au is
due to the gold deposited on the surface to make it
conducting. At this short oxidation tme, the largest
nodules are composed of oxides rich in Fe and Cr, as
15 shown in Fig. 2{a). However, the smallest nodules
are mainly composed of oxides rich in Ti and in minor
proportion in Y, as can be observed in Fig. 2{b). The
composition of the nodules observed by EDX on samples
treated at 1100 °C for 100 h is represented in Fig. 2(c).
As 1t was shown in Fig. 1(b), for an exposure time ol
100 h the surface presemts large and small nodules. For
this exposure time, and in contrast to the 3 h heat-treated
sample, the composition of both large and small nodules
is very similar. Figure 2(¢) shows that these nodules are
mainly composed of Ti and Y with a small amount of
Fe and Cr. The spectra shown in Fig. 2 reveal that the
composition of the nodules depends on the oxidation
time. In order to clarify the evolution of the composition
of the topmost surface layers of the alumina scale for
the different oxidation times, XPS has been used,

Figure 3 represents Al-2p XPS spectra of all four
heat-treated samples, as well as the as-received sample.
The spectrum obtained for the as-received sample is
magnified by a factor two in order to distinguish the
Al-2p emission clearly. This low Al intensity for the
as-received sample indicates that the Al incorporation o
the passive layer formed spontaneously on the superalloy
surface via air contact is negligible, This magnified spec-
trum shows two components, The emission at a binding
energy (BE) of =723 eV is related to the metallic or
elemental Al-2p contribution, whereas the emission al
=744 eV BE is related 1o the oxidized contribution.
The presence of elemental Al in the passive layer is
not expected and, consequently, we assign the elemental
component to emission from the alloy base material and
not from the passive laver. The rest of the spectra shown
in Fig. 3, corresponding to the heat-treated samples,
exhibit a large oxidized component. located at 75.2 eV
BE. without metallic Al-2p emission. This spectral line
shape is similar for all heat-treated samples investigated.
This result indicates that, even for the shortest treatment
time, i.e., 3 h, the aluminum located near the sample
surface is completely oxidized. This conclusion could
have been expected taking into account the thickness of
the oxide layer, about 1 gm. The energy shift observed
between the oxidized component of the as-received
and the heat-treated samples is probably related 1o the
presence of low order oxides in the first case.'?
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FIG. 2. EDX unalysis of the surface of the ODS MA 956 heat-treated ar 1100 °C for (a) 3 h(large nodules), (b) 3 b ismall nodules), and (c) 100 h

Figure 4 shows the Cr-2p XPS spectra of all concentrate on the highest intensity emission, ie., the

samples. The MA 956 as-received sample exhibits the  2pq: signal, This emission shows two contributions: a
230 emission at =573-579 ¢V BE and the 2p,, emis- metallic component at =574 eV BE, and an oxidized
sion al =3582-588 ¢V BE. Both emissions, 2p,» and component al =576.3 eV BE. The oxidized chromium
2paa, have different intensities but their shape is simi-  emission comes from the passive layer formed spontane-

lar and. consequently, the information about the chemical ously via air contact on the surface of the as-received
state of chromium at the surface, too. Therefore, we will  sample. The metallic Cr component comes from the alloy
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FIG. 3. Al-2p photoelectron spectra of the as-received MA 956 FIG. 4. Cr-2p photoelectron spectra of the as-received MA 956
sample and of the heat-treated alloy after four different exposure sample and of the heat-treated alloy after four different exposure
times: 3, 10, 50, and 100 h, times: 3, 10, 50, and 100 h.
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base material and not from the passive layer. The
spectra of Fig. 4 show that the heat treatment of the
MA 956 superalloy reduces the chromium content al
the surface of the material, The spectra corresponding
to the oxidized samples do not exhibit metallic Cr-2p
emission because the outer oxide layer is too thick
to allow electrons coming from the base material to
escape. The Cr-2p emission decreases by increasing the
heat-treatment time and, for 50 h of thermal exposure,
this signal becomes negligible. This indicates that no
significant Cr-diffusion to the surface occurs in the
formation of the oxide layer. The result obtained for
short heat-treatment times agrees with our EDX data
[Fig. 2(a)] and with the literature, where the signal
corresponding to Cr is also observed."”

The probe depth of the EDX technique (up to
1 pgm) is much larger than that of XPS. Therefore,
the XPS resulis show the absence of chromium oxides
at the topmost surface layers for high exposure times,
whereas the EDX data [Fig. 2ic)] show a small amount
of chromium corresponding to deeper layers. In other
studies'*"* performed with Rutherford Backscattering
Spectroscopy (RBS), which is also a very surface sensi-
tive technique, the Cr signal overlaps with the Ti and Fe
emissions and, therefore, it is not easily distinguishable
from them. Photoelectron spectroscopy is a more suitable
technigue to determine if there is an enrichment of Cr at
the surface because the three emissions corresponding
to Cr, Ti, and Fe are well separated. Therefore, our
XPS data demonstrate that, for high exposure times
(50 and 100 h), the outermost surface layers of the
samples do not contain chromium. Some Al-containing
alloys develop a passive laver which consists mainly
of alumina.'> When some amount of Cr (=5 wt. %) is
added to these materials, the Cr atoms seem to favor the
alumina layer formation at room- and high temperature
in such a way that the resulting alumina layer 15 more
protective, but no appreciable incorporation of Cr to the
alumina layer occurs.'*"?

Figure 5 shows the Fe-2p XPS spectra for all
samples. As in the Cr-2p case, the analysis will be
focused on the 2pso emission, located at 705-T12 eV
BE. All Fe-2p photoelectron spectra behave in a simi-
lar way to the Cr-2p case. The as-received sample spec-
trum shows again an oxidized component (=710 eV)
corresponding to the passive layer and a metallic con-
tribution (=707 ¢V) coming from the base material. By
heating the samples, the metallic component becomes
negligible and the Fe-2p emission decreases, ruling out
Fe outward diffusion through the alumina layer. These
results confirm the formation of Fe and Cr oxide nodules
on the alumina layer for short treatment times, as was
previously observed by EDX [Fig. 2(a)]. The absence of
Fe and Cr photoemission signals for the samples heat
treated for 50 and 100 h indicates that the most external
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FIG, 5. Fe-2p photoelectron spectra of the as-received MA 956
sumple and of the heat-treated alloy after four different exposure
times: 3, 10, 50, and 100 h.

layers of these samples do not contain Fe or Cr. How-
ever, they can be present in deeper layers, as was ob-
served by EDX |Fig. 2i(c)]. This suggesis that those Fe
and Cr oxide nodules, which are rather voluminous, are
not strongly adhered to the alumina layer and, after long
heat-treatment exposures, they were detached during the
cooling step. These results are in agreement with pre-
vious studies performed with RBS. which also showed
a decrease of the Fe emission with increasing time, '™

Figures 6 and 7 represent the Ti-2p and Y-3d4 XPS
spectra, respectively. for all samples. In the case of the
as-received sample, neither Ti-2p nor Y-3d emissions
were detected. This result is expected because of the
low Ti and Y-0; content of the superalloy ((0L.5 wt. %).
Besides, this indicates that these elements are not present
in the passive layver formed on the material surface. On
the other hand, both Ti-2p and Y-3d emissions were de-
tected in the heat-treated samples. Ti-2paz (=458.5 ¢V
BE) and Ti-2py» (=464 ¢V BE) emissions correspond
o oxidized ttanium, and no emission from elemental
ttanium could be observed. This indicates that the
chemical state of titanium in the oxide laver of the
heat-treated  samples corresponds 1o oxidized Ti, with
no contribution from metallic Ti. The highest Ti-2p
intensity was found for the case of the 10-h sample. For
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FIG. 6. Ti-2p photoelectron spectra of the as-received MA 956
sample and of the heat-treated alloy after four differem exposure
times: 3, 10, 50, and 100 h

exposure times longer than 10 h. the Ti-2p emission in-
tensity slightly decreases with the lowest value observed
for the 100-h sample. The Y-3ds: (=158 eV BE) and
the Y-3dap (=160 ¢V BE) emissions of the heat-treated
samples (see Fig, 7) correspond to oxidized yttrium. This
emission increases when increasing exposure time up
to 10 h treatment time and for higher exposure times
remains constant.

As can be seen from Figs. 6 and 7, and according
to the results obtained by EDX (Fig. 2) and to previous
studies on the MA 956 superalloy afier heat treatment at
1100 °C for 3 and 10 h,* the presence of small nodules
containing titanium and yttrium oxides is confirmed by
XPS. Since the probe depth of XPS is much smaller
than that of EDX, the XPS results indicate the presence
of titanium and yttrium oxides at the topmost surface
layers. The presence and subsequent variation of the Y
and Ti emission intensities at the surface can be related
to the mechanism of formation of the alumina scale, The
alumina scale grows by inward oxygen diffusion through
grain boundanes toward the scale/metal interface, where
new alumina is formed.*" For short treatment times,
the alumina scale grain size is small and has equiaxial
morphology, but with increasing treatment time the grain
size changes along the scale, giving rise to larger and
columnar grains at the scale/metal interface.*
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FIG, 7. Y-34 photoelectron specira of the as-received MA 956
sample and of the heat-treated alloy after four different exposure
times: 3, 10, 50, and 100 h

The presence of Ti and Y on the surface for all
treatment times indicates that there is not only oxygen
diffusion through the grain boundaries, but also a small
but continuous outward diffusion of Y and Ti along the
grain boundaries. The fact that the maximum is observed
at 10 h, and at longer times the intensity remains con-
stant (in the case of Y) or even slightly decreases (in
the case of Ti), can be related to the grain size gradient
observed in the scale. When the grain size is small, the
outward diffusion of these elements is favored and its
concentration at the surface increases as the treatment
time increases. However, after 10 h the alumina scale
growth leads to larger grains at the scale/fmetal interface,
hindering the diffusion of these elements and, therefore,
decreasing their concentration at the surface,

The transport of yurium from the alloy through the
oxide layer is apparently surprising, since yttrium is
initially present in the form of very stable dispersed
oxide. However, this result is in perfect agreement with
previous Iinding«. on the diffusion of yttrium through the
oxide layer via grain boundaries.'"'® RBS studies'"
have also established that the surface region after heat
treatment becomes enriched in ytirium and titanium
oxides. These RBS results are in nice agreement with
our XPS study.

From the surface analysis performed on the MA956
superalloy thermally treated at 1100 °C for different
times. it can be deduced that, between 50 and 100 h
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treatment time, the surface presents nodules on the
alumina scale formed only by stable Y and Ti oxides.
For these exposure times there is no presence of Fe or
Cr oxides at the topmost surface layers of the samples.
These exposure times provide also an alumina layer
with satisfactory thickness and adherence for biomedical
applications as surgical implants.™!'

IV. CONCLUSIONS

By using XPS it has been shown that the passive
layer spontaneously formed on the ODS MA 956 su-
peralloy via air contact is constituted by chromium and
iron oxides with a very small amount of Al Yttrium and
titanium emissions could not be detected. indicating no
significant incorporation of Y and Ti imto the passive
layer. The oxidation of the ODS MA 956 superalloy
at 1100 °C for four different exposure times gives rise
to the formation of an alumina layer on which small
nodules are observed. At short treatment times, (wo
different kinds of nodules are observed, which are com-
posed of titanium and yttrium oxides and of iron and
chromium oxides. respectively. However, after longer
annealing times, all nodules are mainly composed of
titanium and vitrium oxides with a small amount of iron
and chromium oxides at intermediate depths, as has been
observed by EDX.

There seems (o be a continuous titanium and yitrium
diffusion through the grain boundaries of the alumina
scale, which is maximum at 10 h, as has been observed
by XPS. For longer annealing times, the diffusion is
less favored. The presence of these nodules produces
a surface roughness, which is important in biomedical
applications because it can favor the osseointegration
process. For 50 and 100 h treatment times, the surface is
composed of ¥ and Ti oxides on the alumina scale, with
no presence of Fe or Cr oxides at the outermost layers, as
evidenced by XPS. Taking into account that titanium and
vitrium oxides are rather stable and adherent. in contrast
to iron and chromium oxides, the optimal oxidation
period 1o use this oxidized alloy as biomaterial is in the
range between 50 and 100 h.
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