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Surface modification of ion-implanted AlSI 304 stainless steel after
oxidation process: X-ray absorption spectroscopy analysis
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Abstract

The influence of implanted Si, Mo and Ce vs. the as-received austenitic AISI 304 stainless steel has been studied aftel
isothermal oxidation in air at 900C for 32 h. The oxide layer formed was characterised by means of conventional X-ray
diffraction, scanning electron microscofsnergy-dispersion spectroscopy and X-ray absorption spectro$@@dy) techniques.

The projected ranges of the implantation were calculated usingr#ine code. The results obtained by the most sensitive
technique, XAS, show slight differences in the chemical composition of the oxide layer of the different ion-implanted samples.
However, these chemical differences could determine a threshold between acceptable and non-acceptable oxidation behaviol
The evolution of the chemical composition from the oxide—metal interface to the oxide surface has also been studied. XAS
spectra show that Cu diffusion is favoured in the oxide layer for the non-implanted sample, which does not occur for implanted
samples. Both Si and Ce ion implantation promotes active diffusion of Cr and Mn from the parent steel to form a protective
oxide layer, whereas Mo implantation induces major participation of Fe in the oxide scale. This may have been caused becaus
of volatilisation of molybdenum oxides.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction One of the current trendsn research and productidn

is to slightly modify the surface of different metals and
' alloys in order to take advantage of their known manu-
rfacturing techniques. lon implantation offers the unique
possibility to introduce a controlled concentration of an
element to a thin surface layer. In addition, this tech-
nigue induces changes in the surface due to radiation
damage7—9 without changing the original dimensions
of the part to be treated. Small amounts of the so-called
reactive element6RE) added to the outer surface of the
metals, and alloys have been reported to decrease the
oxidation rate and improve the scale adhereiidg11],
leading to an overall beneficial effect.

The successful application of surface modification
techniques also involves characterisation of the implant.
To investigate the influence of ion implantation on the
oxidation behaviour of AISI 304 stainless steel, it is

Alloy steels with adequate high-temperature strength
such as those commonly employed in petrochemical o
electric power plants, etc., have poor oxidation, sulfi-
dation and hot corrosion resistanfd. Steels designed
to withstand these oxidising or sulfidising environments
rely on the formation of Gr @ or Al @ scald2-4].
Specifically, the finishing sections of the tubing and the
pipes that take steam to the high-pressure turbine in
fossil-fuel-fired boilers are typically manufactured either
in Cr—Mo ferritic steels or in the austenitic AlISI 304
stainless sted5]. These stainless steels are designed to
develop a protective Gr © oxide scale upon oxidising
conditions up to approximately 90T, at which tem-
perature further oxidation into volatile CgO species
takes placd6].
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Table 1 as-received AISI 304 stainless steel sampl®; Fe and
Projectgd ran_ge(st) of the implanted ions calculated byim com- Cr pure metal samples, in the form of polycrystalline
puter simulation . . . .
material (these samples were abraded in situ in the
Si-implanted  Mo-implanted  Ce-implanted UHV chamber with a diamond file to measure the clean
metal surfaces and(c) FeO, oxidised Fe, and oxidised
Cr samples. Oxidised samples of Fe and Cr were
produced by exposure of the metal samples in air,
techniques was found to be X-ray absorption spectros-spontaneously generating the specific oxide layer on
copy (XAS) due to its sampling depth. XAS is an each sample surface. The FeO sample consisted of a
analytical technique that measures the effect where anpressed pellet of FeO powder, which was also subse-
electron is promoted from a core-level state to an empty, quently abraded in situ in the UHV chamber with a
excited electronic state. When XAS is used in the total diamond file to remove surface contaminants.
electron-yield mode, all escaping electrons are recorded. The XAS measurements were carried out at a PM-1
In this case, the probe depth 70-100 A for the soft X-ray monochromator at the Berliner Elektronen-
transition metal 2p edgeld2,13, which is larger than  speicherring fur Synchrotronstrahluf@ESSY). XAS
that of XPS and AES =20 A). XAS is thus a powerful  spectra were obtained at the transition metal 2p absorp-
tool for obtaining information on the chemical compo- tion threshold<Cr, Fe, Ni, Cu and My, and at the Mo
sition of materialg{14-14. 3p, Ce 3d and oxygen 1s absorption thresholds by
This work investigates the influence of ion implanta- recording the total yield of secondary electrons from the
tion of different elements on the chemical composition sample surfaces, i.e. in TEY mode. The base pressure
of the oxide scale grown on a commercial AISI 304 in the UHV chamber during the measurements was
stainless steel after having been isothermally oxidised atbetter than X 10~1° mbar. In order to provide in-depth
1173 K for 32 h under atmospheric pressure of air. Mass information on the oxidised states of the elements of
gains and X-ray diffractiofXRD), as well as scanning interest, diamond abrasion of the outermost oxide layers
electron microscopienergy-dispersive spectroscopy was also performed in the UHV chamber, disregarding
(SEM/EDS), were used to characterise the bulk oxide ion sputtering so as to avoid the likely reduction of the
scales, whereas XAS studies were carried out to char-metallic oxides.
acterise the specific features of the main oxide.

Rp+ARp (A)  982+397 358+ 113 308+ 78

3. Results and discussion
2. Experimental
The differences in the Rp values arise from the

Specimens of austenitic AISI 304 stainless st&D) relation between the accelerating voltage, the incidence
measuring 1%3.5x1 mnm? with a nominal chemical angle, the type of substrate atoms and their binding
composition of(wt.%): 18.2 Cr; 9.4 Ni; 1.5 Mn; 0.4  energy, and the type of incident atofh7]. Since only
Si; 0.2 Mo; 0.2 Cu; 0.1 Co; 0.047 C; 0.027 P; 0.005 N; the latter parameter was varied, the heavier ions resulted
0.003 S; 0.003 Ti; and 0.002 Albalance Fg were in a lower implantation depth, which is in agreement
investigated. Before testing, the samples were mechani-with the results shown in Table 1.

cally polished with SiC emery paper up #600, and The results of the overall mass gain per surface unit

then ultrasonically degreased in acetone. after 32 h of isothermal oxidation are shown in Fig. 1.
Si, Mo and Ce ion implantation was carried out at an It can be readily observed that the Ce-implanted speci-

energy of 150 keV with ion doses ofx110*® Si/cm?, mens undergo the least oxidation, followed by the non-

1x10"* Mo/cm? and 1xX10'* Ce/cm2 Table 1 shows implanted steel. The Si-implanted steel showed the
the projected range@Rp) and their standard deviations smallest weight increase. However, the results for Mo-
(ARp) for the different implanted ions. These Gaussian implanted steel show a different trend of mass loss,
distributions were calculated by computer simulation indicative of oxide scale spallation. Since all the differ-
using theTriM code, assuming a 50-A-thick passive ent specimens tested have undergone the same heat
layer on the stainless steel. treatment, the extent of spallation could be indicative of
The implanted and non-implanted specimens were a different oxide-scale morphology afw nature on
oxidised in a muffle furnace under atmospheric pressureeach sample. The as-received AlSI 304 steel did not
of air for periods of up to 32 h. Conventional XRD was suffer any spalling of the oxide scale, whereas the Si-
performed in a Philips X'Pert instrument using CuK and Ce-implanted samples showed small spalled areas
radiation. The morphology of the scales was observedafter cooling in air. This could be explained in terms of
by SEM and analysed by EDS in a JEOL ISM 35C at the relaxation of the stresses induced by the implantation
20 kV with a coupled Kevex 7077 microanalyser. process. Spallation was more significant in the Mo-
For comparative purposes and as reference materialsimplanted samples, giving rise to an overall mass loss.
the following samples were also studied by XA&) Such extensive spallation could be related to the for-
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mation of molybdenum oxides, such as MpO and Table 2
MoO,, which may become volatile at temperatures XRD species identified after oxidation of the specimens in air at 900
' °C for 32 h
above 600°C [189].
The oxidised species were identified by X-ray diffrac- material Species
tion, as shown in Table 2, in which the species are

: . ; As-received , a, CryoF , Mn, sCr; <O
presented by order of importan€ey peak intensity and Sis_irrﬁsgxfed M f‘/ CE:F:;& Mﬂi'zcgzoj
width). The f.c.c. austenitdy) peak is identified in  Mo-implanted v, &, (FEsClod Do MN, L1, 0 4
both the as-received and Mo-implanted steel as theCe-implanted a, v, CrysFe 705, My 5Cry 50,

major species. This is in contrast to the b.c.c. fertitg
phase identified as the most important species in the Si-
and Ce-implanted specimens. This could indicate thation implantation induces defects, such as voids or
enhanced oxidation of Cr takes place, which induced astressed areas on the implanted material, and thus
v (f.c.c) >« (b.c.c) transformation by diffusion from  diffusion of the alloying elements is subsequently
the bulk alloy to the oxide layer. It is well known that enhanced upon high-temperature exposure. It can be
chromium can stabilise the ferrite phase. It can also beobserved that the scales are very compact with a very
observed that the main oxidised compound is small crystal size, which may in turn impede anion And
Cr,sFe,,0; in all species, except for the case of the or cation diffusion. However, the Mo-implanted steel
Mo-implanted steel, for which an Fe-rich oxide of shows cavities in the compact oxide scale. The origin
composition (Fe, sCl, ) O 5 is formed. This fact may of these cavities could be the formation of volatile
imply that Mo may hinder outward cation diffusion to molybdenum oxides, which may be able to break the
a certain extent, or that XRD provides information about oxide scale during vaporisation at high temperature.
the oxide phases grown at the original oxide sgtale These cavities could act as diffusion paths through which
substrate interface before spallation, as is further dis-oxidation may proceed. As a result, the Mo-implanted
cussed below. An interesting point is that all oxidised specimens may degrade more rapidly than the remaining
specimens have developed a spinel-like oxide enrichedsamples upon further oxidation. The surface EDS micro-
in Mn (Mn, Cr, 0. The presence of these spinels has analysis showed the same spectra, with Cr and Mn
previously been observed on the same stainless steeenrichment on the oxide scale grown on the as-received
exposed for longer oxidation time$00 h at 900°C and all implanted specimens. This confirms the identi-
[19]. Such spinels were reported to have grown at the fication of the spinel-like oxides observed by means of
outermost part of the oxide scale, where this type of XRD.
compound gives the most protective effects. Fig. 3 shows the Cr 2p soft X-ray absorption spectra
The high-magnification SEM surface morphology of of all AISI 304 stainless steel samples after the oxidation
all oxidised specimens, showing differences between theprocess, as well as oxidised Cr and non-oxidised Cr for
compact oxide scales, is shown in Fig. 2. It can be comparison. All spectra present two broad peaks sepa-
observed that all the oxide scales have grown following rated by the spin-orbit splitting of the Cr 2p core hole.
the ridges and valleys marked from the surface finish The soft X-ray absorption spectrum of Cr O exhibits a
(SiC#600) of the metal substrate. As is well known, peak at=576.5 eV in the 2p, region and a distinctive

1.5x10™

o 1.0x10%

5.0x107°

Mo-implanted

0.0 t + +
as-received Si-implanted Ce-implanted

AM/sup, g-cm”

-5.0x10° -

Fig. 1. Mass variations after oxidation in air at 900 for up to 32 h of both implanted and non-implanted materials.
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Fig. 2. SEM surface morphology of the oxide scale growth after 32 h of oxidation af®@0(@a) as-received materialb) Si-implanted steel;
(c) Mo-implanted steel; andd) Ce-implanted steel.

shoulder at =575 eV, as can be observed in the samples, indicating a higher proportion of Fe compounds
literature. The spectrum of Cr metal has a different in the outer layers of these heat-treated steels. The
shape than that of Gr O , with a peak located=a75 intensity of the Si- and Ce-implanted samples is much
eV. The oxidised Cr spectrum that corresponds to the lower, producing a lower signahoise ratio and making
oxide film is a mixture of metallic chromium and any analysis of the |, signal difficult. Concerning the
Cr,0;, since the XAS technique analyses depths of 70—-L,, signal, the Fe 2p spectral shape is quite similar for
100 A. As the metallic contribution increases, so does all samples and corresponds to,Fe O , as can be deduced
the intensity of the shoulder at575 eV. The Cr 2p by comparison with the Be O spectra of a previous
spectra of all oxidised AlISI 304 samples correspond to study [20]. Again, the presence of metallic Fe in the
Cr,04, as can be deduced by comparison with the Cr oxidised layer is not observed, as can be deduced by
2p spectrum of Gr @ obtained in previous wdikQ]. comparing with the Fe metal spectrum.
This result indicates that the presence of Cr in the The absorption spectra of all the AISI 304 stainless
oxidised layer formed on the surface of the samples is steel main constituentd=e, Cr, Ni and Mn, as well as
in the form of Cr. Since the probe depth of the XAS of the implanted elements, were measured. However, for
technique is smaller than the thickness of the oxidised reasons of space, only the most relevant, i.e. Cr 2p and
layer (=100 A), no metallic Cr was expected. Fe 2p, are shown. From the analysis of the XAS spectra,
Fig. 4 shows the Fe 2p soft X-ray absorption spectra not only the chemical state can be obtained, but also
for all the AISI 304 stainless steels, i.e. the as-received,the composition percentage of the outer layer. Fig. 5
and the Si-, Mo- and Ce-implanted samples, after the represents the percentage composition corresponding to
oxidation process. Spectra of Fe metal and FeO are alscsuch main constituents at the external surface of the
shown for comparison. All spectra consist of two broad AISI 304 stainless steel samples, calculated from the
peaks, which are separated, to a first approximation, by XAS spectra. In order to obtain information on the
the spin-orbit splitting of the Fe 2p core hole. The percentage composition of the central and innermost
differences observed in the background slope and thezones of the oxidised layer, the samples were abraded
statistical data dispersion are due to the different sijgnal with a diamond file until approximately 5910 and
noise ratio of the different samples. The Fe 2p emission 80+ 10% of the original oxide layer had been removed.
intensity is higher for the as-received and Mo-implanted Therefore, thesurface, middle and nearinterface data
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Fig. 3. Cr 2p soft X-ray absorption spectra of all heat-treated AlSI

304 stainless steel samples: as-received and after Si, Mo and Ce ion

implantation, and oxidised Cr and Cr metal samples for comparison.

represent the results obtained for non-abraded samples

approximately half of the oxidised layer abraded and

abraded to reach the oxide—metal interface, respectively.

For all samples, Fig. 5 shows a surface with Cr and Mn
as main constituents of the oxidised layer. This result
suggests that, during the thermal treatment, Cr and Mn
are the elements most prone to react with oxygen to

form the oxide phases at the external surface. Conven-

tional XRD showed the presence of Mn Gr ,O spinel

oxides, whereas EDS analyses also demonstrated Cr and

Mn enrichment at the oxide scale surface. Thus, the
XAS results are in agreement with the findings obtained
by conventional XRD, as well as with the EDS micro-
analysis. However, Fig. 5 exhibits a poor Fe signal for
all samples, increasing with depth to become the largest

FJ. Pérez et al. / Thin Solid Films 415 (2002) 258-265

superseded by that of Cr or Mn. In fact, this figure also
shows that the oxide layer mostly consists of MnO and
Cr,0; at the surfac€or a solid solution of the9e and
decreasing depth of the oxide shows decreasing amounts
of iron and nickel oxides. This can be explained by the
variation in phase composition with increasing depth,
with the subsequent decrease in oxygen poteh#il.

In fact, in the oxide layer all cationic species diffuse
according to the chemical potential at that level.

It can be also observed that the Mo-implanted sample
has the largest amount of Fe and Ni in all the regions:
surface, middle and interface, and the smallest amount
of Cr and Mn. This result is in agreement with a
previous study[22] on the oxidation kinetics of these
samples, where the Mo-implanted sample exhibited the
worst oxidation resistance. This is probably due to the
formation of volatile molybdenum oxides, such as
MoO, and MoQ, at high temperatures, leading to
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Mo-implanted
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Fe metal

PRI [T T Y WO NN T W YO N Y T T T O U T W O U TR WO O WO SO WO O A

700 705 710 715 720 725 730
Photon Energy (eV)

component I!’1 the mt_erface reglon. The,refore’ an Impor- Fig. 4. Fe 2p soft X-ray absorption spectra of all heat-treated AlSI
tant ConC|US|_0n obtained from Fig. 5 is .that_' although 304 stainless steel samples: as-received and after Si, Mo and Ce ion
Fe is the main component of AISI 304, its diffusion is implantation, and FeO and Fe metal samples for comparison.
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Fig. 5. Element composition percentage corresponding to Fe, Cr, Mn and Ni, for the heat-treated AISI 304 stainless steel, as-received and after
Si, Mo and Ce ion implantation. Surface, middle and interface correspond to different regions in the oxidsdaytx}.
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Fig. 6. Element composition percentage corresponding to Si and Cu,
for the heat-treated AISI 304 stainless steel, as-received and after Si,

Mo and Ce ion implantation.

catastrophic oxidation of the materidl8]. In this case

the oxide layer obtained after the thermal treatment is
less homogeneous than in the other samples. Finally, the
presence of Ni is mainly observed in the interface region,
gradually decreasing until its signal disappears at the
surface region. This result suggests that no Ni diffusion

from the metal to the surface during oxidation takes
place.

Fig. 6 shows the values of the percentage composition _
corresponding to the Si and Cu XAS signals that were

found in minor proportions. Both signals were obtained
in an appreciable quantity only in the surface of the

oxide scale. In Figs. 5 and 6 the percentage values of _
Ce and Mo do not appear, because their XAS signals
were negligible. However, as the average depth of the

implanted elements is larger than the XAS probing

depth, no XAS emission for these implanted elements

exposure, due to different implant profiles and surface
damage on the material surface.

4. Conclusions

— TRIM calculations have shown that the final distribu-
tion of each implanted ion on the AISI 304 steel
substrate depends on the specific ion. Such final
implanted distribution may account for the subsequent
oxidation behaviour, i.e. the lowest penetration of Ce
ions promotes the formation of a more protective
oxide layer in comparison with that of Si. However,
the presence of Mo induces a negative effect, proba-
bly due to the volatilisation of molybdenum oxides.

— By comparing the oxidised specimens, EDS analysis

has also shown that Si and Ce ion implantation

induces Cr and Mn enrichment. Transformation from
the austenite matrix phase into a ferrite phase is
probably due to Cr as a ferrite stabiliser. Mo implan-

tation, however, promotes the formation of Fe-

enriched oxides, leading to poorer oxidation

behaviour. SEM showed compact oxide layers in all
specimens, except in the case of Mo implantation. It
seems that volatilisation of the molybdenum oxides
may again account for this.

The XAS spectra show Cr and Mn as main constitu-

ents of the outermost oxidised layer. This result is in

agreement with conventional XRD, where the pres-
ence of Cr—Mn spinel oxides was observed.

The poor Fe XAS signal in the outermost region of

the oxidised layer indicates less favoured Fe diffusion

compared to that of Cr or Mn, probably due to
variation in the chemical potential of oxygen through
the oxide layer.

was expected. This result also indicates that, during _ An appreciable Cu signal was detected by XAS in

oxidation, diffusion of implanted Ce and Mo from the
metal to the oxide—metal interface or to the oxide layer

does not occur. Assuming that Ce and Mo remain at the

metal—oxide interface, the diffusing specid€3",
Feet, Fé+ , Nit and Mé&") migrate according to their

relative concentration in the oxide, at a rate determined

by the chemical potential and the value of the diffusion
coefficient, showing a possible transition from internal
to external oxidatior{23]. The case of the Si signal is,

however, different, because Si is a constituent of AISI

304 stainless steel and because of a higher implantation

dose.
Fig. 6 shows an appreciable Cu content only in the

case of the non-implanted sample. This result suggests

Cu diffusion from the metal to the oxide layer during
the oxidation process, which takes place only for the
non-implanted sample. However, this Cu diffusion is

less evident in the case of the implanted samples,

suggesting the formation of a barrier by the ion implan-

tation process. Moreover, implanted samples probably

resulted in different oxide-layer thickness for equivalent

the non-implanted and oxidised steel, which was not
present in any of the implanted and oxidised speci-
mens. This result suggests that the implantation pro-
cess itself modifies the diffusion mechanisms upon
high-temperature oxidation.
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