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Effects of Ce, Mo and Si ion implantation on the
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The influence of Ce, Mo and Si ion implantation on the chemical properties of AISI 304 stainless-steel passive
and oxide layers was studied by means of soft x-ray absorption spectroscopy (XAS). Applying this technique
at the transition metal 2p absorption thresholds, the composition and chemical state of the passive layer
were determined. A surface Cr enrichment is observed for the ion-implanted samples in comparison with
non-implanted samples, which can be associated with better corrosion behaviour. To investigate the effects
of ion implantation on the high-temperature oxidation behaviour of AISI 304 stainless-steel, the oxide layer
formed after an isothermal oxidation at 1173 K for 32 h was also investigated. The XAS data show mainly
the presence of Cr and Mn oxides in the surface region of all samples. The Cr/Fe ratio—a parameter that
can be associated with the protective character of the oxide scale—is higher for the Si- and Ce-implanted
samples than for the as-received sample. The Mo-implanted sample has the lowest Cr/Fe ratio, suggesting a
poor oxidation resistance at high temperatures in this case. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Stainless-steels have found widespread use because of
their good properties/price ratio. The term ‘stainless’ is
associated with their chromium content, which, upon
reaction with oxygen from the surrounding environment,
renders a protective chromia film on the surface.1 The
properties of this passive film, as adherence and stability,
determine the corrosion resistance of these materials.2 – 4

Much work has been devoted to modifying these passive
layers by adding small amounts of some reactive elements
at the surface to improve their corrosion behaviour. These
so-called reactive elements (RE) are typically Y, Hf and
some lanthanide elements that are readily oxidized at room
temperature, and they can give rise to perovskite-like
oxides (ABO3, with A D RE and BD Cr) within the
passive layer at higher temperatures.5

Among the surface modification techniques, ion implan-
tation presents several advantages: no high temperatures
are needed, the bulk material remains unaffected after the
implantation process, and the surface to be modified can
be tailored by controlling the accelerating potential and
the implanted dose.6 The ion fluences needed for surface
modification of metals and alloys are usually quite low
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(of the order of 1016–1018 ions cm�2 to increase corro-
sion resistance, and 1014–1016 ions cm�2 to improve wear
and erosion7), which results in a commercially feasible
process for the production of tools.8

The changes introduced at the material surface by ion
implantation and its effects on the corrosion behaviour
of materials can be evaluated by investigating the chemi-
cal composition of their surface. In a recent work, Auger
electron spectroscopy (AES) was used to determine the
presence of implanted species at the steel surface.9 How-
ever, the chemical composition of the passive layer was
not evaluated completely because of the excessively high
surface sensitivity of AES. On the other hand, x-ray
absorption spectroscopy (XAS) measured in total elec-
tron yield (TEY) mode is a particularly suitable technique
to study the chemical state of the different species at the
passive layer. The absorption cross-section is measured
by detecting all electrons escaping from the surface after
decay of the core hole. The probing depth is of the order
of 70–100 Å for transition metal 2p edges,10 which is
very close to the passive layer thickness. In this work we
apply this technique at the transition metal 2p edges in
TEY mode to determine the composition of the passive
layer of AISI 304 stainless-steel with and without Si, Mo
and Ce ion implantation. Also, the composition of the
oxide scale after oxidation at 1173 K for 32 h in both
implanted and non-implanted samples is determined and
compared with the passive layer formed spontaneously at
room temperature.
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EXPERIMENTAL

The chemical composition of the AISI 304 stainless-steel
investigated is (wt.%); 18.2 Cr, 9.4 Ni, 1.5 Mn, 0.4 Si,
0.2 Mo, 0.2 Cu, 0.1 Co, 0.047 C, 0.027 P, 0.005 N, 0.003
S, 0.003 Ti, 0.002 Al and remainder Fe. The AISI 304
samples were implanted using an accelerating potential
of 150 keV up to ion doses of (ions cm�2) 1ð 1015 Si,
1ð1014 Mo and 1ð1014 Ce. Oxidation of both implanted
and non-implanted specimens was carried out in a muffle
furnace at 1173 K and at atmospheric pressure of air for
different times up to 144 h.

The AISI stainless-steel samples were studied as-
received and after Mo, Ce and Si ionic implantation,
both before and after high-temperature oxidation. As ref-
erence materials, Fe, Cr and Ni pure metal polycrystalline
samples, as well as FeO, oxidized Fe and oxidized Cr sam-
ples, were also investigated. The pure metal samples were
scrapedin situ in the ultrahigh vacuum (UHV) chamber
with a diamond file. Both Fe and Cr oxidized samples
were produced by air exposure, generating spontaneously
a native oxide layer on each sample surface. The FeO was
also scrapedin situ in the UHV chamber with a diamond
file to remove surface contaminants.

The XAS measurements were carried out at the SX700/I
soft x-ray monochromator at the Berliner Elektronenspe-
icherring f̈ur Synchrotronstrahlung (BESSY). The XAS
spectra were obtained by recording the total yield of sec-
ondary electrons from the sample surfaces. The base pres-
sure in the UHV chamber during measurements was better
than 2ð 10�10 mbar.

RESULTS

Figure 1(a) represents the Fe 2p soft x-ray absorption
spectra of all AISI 304 stainless-steel samples as-received
and after Si, Mo and Ce ionic implantation, as well as Fe
metal and FeO for comparison. The different peak shapes
obtained for the AISI 304 samples indicate that the ionic
implantation process produces chemical changes in the
outer region of the material. The Fe 2p spectrum of the
as-received AISI 304 sample is similar to that of FeO
except for the presence of a shoulder at¾708 eV. This
effect can be assigned to a small amount of Fe2O3, as
can be deduced by comparing with the Fe2O3 spectrum of
previous works.11 This would increase the spectral weight
at ¾708 eV. Because FeO evolves towards Fe2O3 in
contact with oxygen, its presence is limited to the internal
region of the passive layer, at the interface between it
and the metallic substrate. The Fe 2p spectrum of the Si-
implanted AISI 304 sample, however, exhibits the typical
features of Fe metal, suggesting that the Fe signal is
coming mainly from the substrate and that no Fe oxides
are present in the passive layer. On the other hand, the
shape of the Fe 2p Mo-implanted AISI 304 signal is rather
different to the other AISI 304 samples. This shape is
typical of Fe3O4,11 suggesting the formation of this oxide
in the passive layer. Finally, the Fe 2p Ce-implanted AISI
304 spectrum exhibits mainly the presence of Fe metal
coming from the substrate, as can be deduced from its
similarity with the Fe metal signal. However, the peak
shape is slightly broader with a more pronounced spectral
feature at¾708 eV, which may be assigned to a small
amount of Fe oxide.

Figure 1. (a) Iron 2p soft x-ray absorption spectra of as-received AISI 304 stainless-steel, Si-, Mo-, and Ce-implanted AISI 304
stainless-steel, Fe metal and FeO. (b) Chromium 2p soft x-ray absorption spectra of as-received AISI 304 stainless-steel, Si-, Mo-, and
Ce-implanted AISI 304 stainless-steel, oxidized Cr and Cr metal.
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Figure 1(b) shows the Cr 2p soft x-ray absorption spec-
tra of all AISI 304 stainless-steel samples as well as
oxidized Cr and metallic Cr for comparison. The typical
shape of the Cr2O3 soft x-ray absorption spectrum exhibits
in the 2p3/2 region a main peak at¾576.5 eV and a distinc-
tive shoulder located at¾575.5 eV.11 The spectrum of Cr
metal has a different shape to that of Cr2O3, with a main
peak located at¾575.5 eV. The oxidized Cr spectrum that
corresponds to the native oxide film shows a mixture of
metallic chromium and Cr2O3. As the metallic contribu-
tion increases, the intensity of the shoulder at¾575.5 eV
also increases. The spectrum of the Si-implanted AISI 304
sample exhibits the spectral feature corresponding to the
shoulder at¾575.5 eV more clearly defined than all other
samples. This indicates that the spectral width of both
peaks—shoulder and main structure—is smaller for the
Si-implanted AISI 304 sample than for the other samples,
suggesting that in this case the structure of the Cr2O3

is not modified.11 On the other hand, the Cr 2p signal
of the Mo-implanted, Ce-implanted and as-received AISI
304 samples has broader structures. This result suggests
a modification of the primary Cr2O3 oxide structure in
these samples. The Cr 2p Mo-implanted AISI 304 spec-
trum shows the broadest 2p3/2 structure with the highest
shoulder intensity. The latter indicates a higher metallic
content, which can be associated with a thinner passive
layer compared to all other AISI 304 samples.

Owing to the high interest in stainless steels for inter-
mediate and high-temperature applications, it is important
to characterize the outer layer of these materials after per-
forming a heat treatment. Figure 2 shows the composition
percentage corresponding to the as-received, Si-implanted,
Ce-implanted and Mo-implanted AISI 304 stainless steels
after oxidation at 1173 K for 32 h. The values repre-
sented in this graph were obtained from the XAS spectra
corresponding to the different absorption edges. The high-
temperature oxidation leads to Cr and Mn enrichment in
the oxide scale, which suggests the formation of Cr–Mn
oxides. This result agrees with conventional x-ray diffrac-
tion data, as shown in Fig. 3, where Mn1.5Cr1.5O4 spinel-
type oxides were identified together with some amount of
Cr1.3Fe0.7O3 oxides.

An important parameter in determining the corrosion
resistance of steels is the Cr/Fe ratio in the oxide layer,
because a higher value of this parameter is associated
with a higher oxidation resistance. In Fig. 4, the values
of the Cr/Fe ratio for all samples both before and after

Figure 2. Chemical composition (in at.%) of the surface region
of as-received and ion-implanted AISI 304 stainless-steel after
oxidation at 1173 K for 32 h, obtained from the XAS spectra
corresponding to the different absorption edges.

Figure 3. X-ray diffractogram obtained after 32 h of oxidation in
air at 1173 K on the Si-implanted AISI 304 stainless-steel sample.

Figure 4. The Cr/Fe ratio derived from the corresponding XAS
spectra of as-received and ion-implanted samples both before
and after oxidation at 1173 K for 32 h.

high-temperatureoxidation are shown. In the first case,
all implantedspecimenspresenta higherCr/Feratio than
the as-receivedsteel sample,suggestinga higher corro-
sion resistance.However, the oxidized specimensshow
a different trend.As can be observedin Fig. 4, the Mo-
implantedsamplehasa lower Cr/Fe ratio than all other
samples,even the non-implantedsample.Consequently,
Mo implantationon steelscan lead to a linear oxidation
behaviourat high temperatures(1173 K). On the other
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hand, Si-implanted samples show the highest Cr/Fe ratio,
whereas Ce-implanted samples achieve a similar value to
non-implanted steel. These results emphasize the differ-
ent corrosion resistance of the different materials at room
temperature and at elevated temperatures.

The results shown in Fig. 4 are confirmed by the oxida-
tion kinetics curves plotted in Fig. 5. It can be seen readily
that the Mo-implanted steel undergoes approximately lin-
ear kinetics upon oxidation in air at 1173 K, probably due
to the formation of volatile molybdenum oxides such as
MoO2 and MoO3 at high temperatures.12 A larger grain
size and an open morphology are the main features of the
Mo-implanted AISI 304 oxide scale after 144 h of expo-
sure compared to that observed on the Ce-implanted steel
(Fig. 6). This leads to catastrophic oxidation of the steel
because the mass gain increases linearly with time. The
higher Cr/Fe ratio found for the Si-implanted steel explains
its higher mass gain at the first stages of oxidation, giving
rise to the formation of a protective oxide scale composed
of (Cr,Fe)2O3 and (Mn,Cr)2O4 (see Fig. 3). Once this oxide

scale is established, the kinetics change dramatically from
linear to parabolic. Although this Cr/Fe ratio is similar for
both the as-received and the Ce-implanted steels, the mass
gain of the implanted specimens is higher due to the fact
that, as mentioned above, cerium is oxidized very rapidly.
After a short time, cerium might play a key role in the
oxide scale grown at high temperature.

From our results, the effects of ion implantation are
different for different temperatures. At room tempera-
ture, ion implantation increases the chromium content of
the passive layer in all cases (Si, Mo, and Ce), which
will result in an improvement of the corrosion perfor-
mance. This enrichment in chromium will, accordingly,
enhance the protective behaviour of the oxide scales
after high-temperature oxidation in the case of Si and
Ce implantation. In the case of Mo implantation, the
volatile character of molybdenum oxides at temperature
above 873 K will result in the formation of less-protective
oxides, rich in Fe3O4, which in turn will not be able to
support high-temperature oxidation resistance.

Figure 5. Experimental and kinetic laws, obtained by a least-squares fit, of non-implanted and implanted AISI 304 stainless steel after
144 h of oxidation in air at 1173 K.

Figure 6. Scanning electron microscopy images of the oxide scales of the Mo-implanted sample (a) and the Ce-implanted sample (b)
after oxidation at 1173 K for 32 h.
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