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Abstract The very early stages of the oxidation of an Fe20Cr2Al alloy, unmodified
and ion-implanted by aluminium, yttrium and a combination of both elements, Al
and Y, were studied at 1100 °C in oxygen using two-stage-oxidation exposures with
'80, as a tracer and subsequent characterisation of the scales using SIMS analyses
of distribution of oxygen isotopes and oxide-related negative ion clusters, SEM
observations of the surface morphology and photoluminescence spectroscopy
analysis of the phase composition. The scales formed in all cases, except for the Al-
implanted alloy, exhibited layered structures, with the outer part comprising Fe- and
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Cr-rich oxide, and the inner part being Al,O3, which grew due to a mixed outward—
inward mechanism . The alumina sub-layers contained the transient oxides and o-
Al,O5. Implanted Al significantly affected the mechanism of the scale growth,
providing that the scale consisted essentially of a-Al,O3, and grew via a mixed
inward-outward mechanism typical for scales on alumina formers.

Keywords Low-Al FeCrAl alloys - Oxidation mechanism - Ion implantation -
Two-stage oxidation

Introduction

Among the currently applied materials, the FeCr-based materials are extensively
studied, e.g. [1, 2]. Only some of them, containing sufficient amounts of Al, belong
to the group of alumina formers. The research on Fe-xCr-yAl involves mainly: (1)
early and late oxidation stages for high-Al alloys, which should lead to either
controlled development of the protective a-Al,O3 scale or the mitigation of the Al
depletion; and (2) optimising the corrosion resistance of low-Al nominally chromia-
forming alloys through bulk or surface additions and/or dedicated procedures,
including pre-oxidation ones [3—14]. The latter is frequently based on the so-called
third-element-effect [15], which although known for many years, is still not fully
understood [16].

Previous oxidation studies of the Fe20Cr2Al alloy (composition of alloys given
in weight per cent, unless otherwise noted) surface engineered by ion implantation
of Al and Y showed that this procedure may result in improved oxidation behaviour
[3, 6]. This is illustrated in Fig. 1 by comparing the oxidation kinetic results of non-
implanted and Al-implanted Fe20Cr and Fe20Cr2Al alloys. The alloyed Al addition
brought about tremendous lowering of the oxidation rate. However, additional
surface-applied implanted Al caused a further decrease of the observed weight
changes, by factor of about 2. Moreover, the implanted Al-related effect is
substantial from the very beginning of the exposure. Hence, whether implanted Al
induces the change of the phase composition of the scale or retards the scale growth
without altering its composition needs to be investigated.

This query was the major motivation for the research presented in this paper
which reports on the effect of ion-implanted additions on the very early stages of
scale development during oxidation of the Fe20Cr2Al alloy at 1100 °C. The
additions were Al, Y and a combination of Al and Y. Because of the scales were
expected to be multi-layered, the efficient, reliable and relatively fast experimental
procedure was elaborated and tested towards providing the mechanistic information
concerning development of very thin oxide layers having complex structure.
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Fig. 1 Oxidation kinetics of non-implanted Al-ion-implanted Fe20Cr and Fe20Cr2Al alloys at 1100 °C
in air (partially from [6])

Experimental Procedures

The Fe20Cr2Al alloy was produced by the INCO Ltd. company and made available
for research thanks to the courtesy of Prof. W. J. Quadakkers (Forschungszentrum
Jiillich, Germany). Standard sample preparation procedures were used to make
I-mm-thick discs with a diameter of about 15 mm, and subsequently polished down
to 1-pm diamond paste and ultrasonically degreased in acetone.

The following dedicated experimental approach was conceived:

1. ion implantation of aluminium, yttrium and a combination of yttrium and
aluminium ions using a beam energy of 70 keV and dose of ions of 2 x 10'® ions/
cm?; the individual specimen was divided into four regions (quarters): non-
implanted, implanted with Y, implanted with Al and implanted with (Y+Al).
Under such conditions, the penetration depth of implanted additions, estimated
according to the LSS-theory [17], should be about 30-50 nm, while the average
concentration should be 6-8 at.%, depending on the implanted species and
procedure. This information is considered as reliable and sufficient, because of:
(1) the close correspondence between the estimation based on LSS-theory and the
experimental RBS-profiles obtained for very similar alloys [18]; and (2) the fast
formation of scales substantially thicker than the implanted layers during applied
oxidation exposures;

2. the two-stage-oxidation experiment at 1373 K, i.e. sequential exposure in '°O,
for 2 min. and, subsequently, for 45 s in an 1802—rich atmosphere (=50 vol%
of '®0,) with the cold sample quickly inserted into the hot zone of the furnace,
pre-heated to the reaction temperature, and with no cooling between the stages
(the reacting gas composition was changed through fast pumping away of the
first oxidant and filling the reaction chamber with the second oxidant) and rapid
cooling down to room temperature by removing it from the high temperature
zone after exposure;
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3. observations of the scale surface morphology by means of SEM (and EDX for
composition analysis, if necessary),

4. determination of the elemental distribution profiles using High-Spatial-Resolu-
tion SIMS (HSR-SIMS) with spatial resolution down to approximately 0.3 um,
using the following procedure described elsewhere [19, 20]: (i) analysing the in-
depth distribution profiles of negative and positive ions by tracking not only the
oxygen isotopes but also the ion clusters related to oxides (negative ions) and the
major alloy elements and those applied as implanted surface additions; (ii)
special treatment of the oxygen isotopic profiles that resulted in normalised
profiles on which is based further interpretation; the raw data obtained for
oxygen isotopes were recalculated into so-called normalised in-depth distribu-
tion profiles, which corresponded to the ‘ideal’ atmosphere consisting of the
100 vol% '°0, during the first stage of exposure and 100 vol% '®0, during the
second stage of exposure; (iii) careful interpretation of the results, taking into
account that the SIMS method does not give quantitative results in terms of
elemental concentrations; however, its qualitative outcome might lead to
important conclusions after appropriate treatment;

5. the photoluminescence spectroscopy (PLS) using Horiba-Jobin equipment (at
La Rochelle University) with lateral resolution of approximately 1 pm was
applied to determine and distinguish the alumina phases in the oxide scales. The
PLS analytical procedure and interpretation of the PLS spectra, based on the
procedure described elsewhere [21] in which the doublets related to cr3t were
detected.

Results

The scale surface morphology (SEM), isotopic in-depth distributions as well as those
of negative ion clusters and positive ions (SIMS) and PLS spectra are shown in
Figs. 2,3, 4, 5 for non-implanted, Al-implanted, Y-implanted and (Y+Al)-implanted
parts of the sample, respectively. The following should be noted concerning SIMS-
results-related plots: (1) in ‘E’ parts of all figures, the open symbols correspond to the
ions associated with the second oxidation stage (in 1802), while the filled one, with
the first oxidation stage (in 1602); and (2) the distribution of the 1°0" was analysed
together with positive metallic ions (parts ‘D’ in all figures) in order to mark the
scale—substrate interface better; and (iii) the normalised in-depth distribution profiles
of oxygen isotopes were interpreted as described elsewhere [19, 20, 22].

The following should be pointed out concerning the obtained results:

1. The scale surface morphology consisted of either blocky, well-developed grains,
on non-implanted, Y-implanted and (Y+Al)-implanted alloys (Figs. 2, 4, 5,
parts A and B), or less-developed fine grains, on Al-implanted alloy
(Fig. 3A, B).

2. The normalised in-depth distribution profiles of the oxygen isotopes in the
scales indicate a complex (outward 4 inward) growth mechanism of oxide
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Fig. 2 (A, B) Surface morphology of the scale formed on non-implanted Fe20Cr2Al alloy oxidised at
1100 °C for 2 min. 45 s. in oxygen (SEM micrographs); (C-E) SIMS results: normalised distribution of
oxygen isotopes (C), in-depth distribution profile of positive ions (D), in-depth distribution profile of
negative oxide-related ion clusters (E) and (F) the representative photoluminescence spectra (PLS results)
(two different regions marked in A)

layers formed on all alloys, which is manifested in the '®0 isotope prevailing
over the 'O~ one at both interfaces—scale-substrate and scale-gas, and
opposite relationship in the inner part of the scale (Figs. 2, 3 4, 5, parts C).

3. The distribution of negative ion clusters and positive ions across the scales on
non-implanted, Y-implanted and (Y-+Al)-implanted alloys (Figs. 2, 4, 5, parts
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Fig. 3 (A, B) Surface morphology of the scale formed on Al-implanted Fe20Cr2Al alloy oxidised at
1100 °C for 2 min. 45 s. in oxygen (SEM micrographs); (C-E) SIMS results: normalised distribution of
oxygen isotopes (C), in-depth distribution profile of positive ions (D), in-depth distribution profile of
negative oxide-related ion clusters (E) and (F) the representative photoluminescence spectrum (PLS
results)

D and E) indicate the following: (1) the sequence of oxides comprising Fe-rich,
Cr-rich, and Al-rich ones, from the scale-gas to the scale—substrate interface; (2)
the internal structure of the distribution of isotopes in alumina, corresponding to
the combination of the inward and outward growth mechanisms; (3) the
formation of Fe-rich and Cr-rich oxides during the second oxidation stage, as
demonstrated by open symbols corresponding to the (Me'®0)~ ion clusters (Me =
Fe or Cr); (4) non-uniform intensity of 10" across the scales, which might be
associated with different contents of the '°O, in reacting atmospheres during the
consecutive exposure stages; 100 vol% during the first stage and =50 vol%
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Fig. 4 (A, B) Surface morphology of the scale formed on Y-implanted Fe20Cr2Al alloy oxidised at
1100 °C for 2 min. 45 s. in oxygen (SEM micrographs); (C-E) SIMS results: normalised distribution of
oxygen isotopes (C), in-depth distribution profile of positive ions (D), in-depth distribution profile of
negative oxide-related ion clusters (E) and (F) the representative photoluminescence spectrum (PLS
results)

during the second stage, and/or with the SIMS analysis-related so-called matrix-
effect, relying on the dependence of the yield of secondary ions emission on the
target material [23], which manifests itself in different intensities of individual
secondary ions sputtered from various oxide sub-layers in the scale; and (5)
incorporation of the implanted yttrium into the scales, mainly the alumina sub-
layers, and exhibited maximum of its in-depth concentration profiles close to
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Fig. 5 (A, B) Surface morphology of the scale formed on (Y+4Al)-implanted Fe20Cr2Al alloy oxidised
at 1100 °C for 2 min. 45 s. in oxygen (SEM micrographs); (C-E) SIMS results: normalised distribution
of oxygen isotopes (C), in-depth distribution profile of positive ions (D), in-depth distribution profile of
negative oxide-related ion clusters (E) and (F) the representative photoluminescence spectrum (PLS
results)

the interface between the inner alumina sub-layer and the Cr- and Fe-rich top
sub-layer.

4. The distribution of negative ion clusters and positive ions across the scales on
the Al-implanted alloy (Fig. 3D, E) indicated that: (1) only alumina was present
in the scale (no sub-layers of Fe-rich and Cr-rich oxides were found); (2)
enrichments in Fe>™ and Cr’ " ions at the outer part of the scale demonstrated
the non-uniform distribution of both elements appearing as dopants in the
alumina scale; they might be the remnants of the earlier-formed and already-
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disappeared iron oxide and chromia, which should achieve more uniform
distribution upon further oxidation.

5. The Cr*" PLS-maxima typical for a-Al,O5 were found in scales formed on all
alloys (Figs. 2, 3, 4, 5, part F). However, (1) only on the Al-implanted alloy, it
was the only aluminium oxide found; (2) in scales formed on yttrium-implanted
and (Y+Al)-implanted alloys simultaneously, the Cr’ " PLS-maxima typical for
0-Al,03 were also observed (spectra usually consisted of two doublets); and
(iii) in scales formed on the non-implanted alloy, two types of spectra were
observed—those containing only a doublet related to a-Al,O3, and those
containing simultaneously both doublets (from o- and 0-Al,03).

Discussion

The obtained results indicate that on all the alloys the alumina was present, but only
in the case of Al-implanted alloy did the scale consist essentially of a-Al,O3 (parts F
of Figs. 2, 3, 4, 5). The scales growing on other alloys exhibited multilayer
configurations, and the outermost parts comprised Fe- and Cr-rich oxides, whereas
alumina constituted the inner parts, adjacent to the scale—substrate interface.
Moreover, usually the alumina contained both: transient polymorphs, represented in
photoluminescence spectra by 8-Al,05; and a-Al,O5. Thus, the effect of implanted
aluminium was twofold: it practically eliminated the formation of Fe- and Cr-
containing oxides from the very beginning of oxidation and shortened the period of
appearance of transient aluminium oxides. Because all the mentioned oxides grow
much faster than a-Al,O3, the implanted Al-induced decrease of the oxidation rate
begins at very early exposure stages. Early formation of alumina appears to result
from the surface enrichment of the substrate in Al caused by the implantation
process. Hence, the surface-saturated with aluminium Al-implanted Fe20Cr2Al
alloy at initial oxidation stages was converted into strong alumina former comparing
with bare Fe20Cr2Al alloy. The counter-current growth mechanism—inward +
outward—of a-Al,O3 scale on Al-implanted Fe-20Cr-2Al alloy is consistent with
the reported results obtained for alumina forming FeCrAl alloys that do not contain
reactive elements [24-26]. Such a combined mechanism can be associated with the
following processes that occur in the scale at grain boundaries of a-Al,O5 [27]: (1)
inward oxygen transport (inward component) and (2) ‘dislocation climbing’ towards
the scale-gas interface—the mechanism described elsewhere [28] (outward
component). It should be noted that in the case of all other alloys, the development
of iron and chromium oxides might contribute to the outward growth component, as
supported by distribution of the relevant oxide-related ion clusters shown in
Figs. 2E ,4E and 5E.

Implanted yttrium did not appear to affect substantially the oxide formation
under studied conditions. However, (1) it is known to retard the phase transfor-
mation of transient aluminium oxides into a-Al,O3, as recently demonstrated for the
Fe20Cr2Al alloy from the same manufacturer [24], and (2) no benefits found for the
implanted Al were observed for the combined implantation of Al and Y. Therefore,
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it is rather clear that yttrium should be considered as the addition that detrimentally
affects the possibility of transition from non-alumina former to alumina former of
the low-Al FeCrAl-based alloys, despite its highly beneficial influence on the
resistance to spallation of the protective chromia and alumina scales [29-31]. This
effect may be attributed to what has been reported elsewhere, e.g. [32, 33]: the
tendency of yttrium to tie Al in Y-Al oxides having a perovskite or garnet structure,
YAIO; or Y3Al50,,, respectively. Thus, yttrium may considerably reduce or even
eliminate the efficiency of the implanted Al in fostering the formation of alumina.

Regarding the effect of implanted elements on the phase transformation of
transient aluminium oxides (y-, 8- and/or 6- Al,O3) into o-Al,Os, it appears that
implanted yttrium retarded, while implanted aluminium accelerated this process.
However, it should be emphasised that the present study was concerned with the
very initial stages of the scale formation, during which the scale significantly
evolved and the alloy composition did not provide the exclusive formation of
alumina. On the contrary, with the exception of the Al-implanted alloy, alumina
constituted only one—the innermost—sub-layer of the scale. Therefore, above-
mentioned delayed scale evolution caused by implanted yttrium and accelerated
brought about by the implanted aluminium might manifest itself in later or earlier
development of a-Al,Oj3, respectively. On the other hand, yttrium was reported to
retard the phase transformation by either chemical or mechanical effects, related to
doping of transient aluminium oxides, as described elsewhere [30, 34-37]: it may
decrease the concentration of defects required for transformation to occur
(‘chemical effect’) or decrease in driving force for the transformation related to
enhancement of the strain energy caused by large yttrium cations (‘mechanical
effect’). All in all, superposition of both effects, on the scale evolution and on phase
transformation in alumina, might lead to the observed results, and at present, it is
impossible to verify whether any of them was predominant.

It should be noted that: (1) previous research indicates that ion implantation, with
the applied parameters (energy, dose) as well as the expected, slightly non-uniform
distribution of implanted elements and implantation-induced surface damage of the
substrate material, do not noticeably affect the scale development mechanism and,
therefore, may be considered as the surface elemental doping tool only
[6, 24, 38-40]; (2) cracks in scale observed in Fig. 4 indicate mechanical effects,
during cooling from the reaction temperature to the room temperature rather than at
the reaction temperature, but they cannot be thoroughly interpreted since such
effects were not studied in detail; and (3) only because of the application of the
elaborated systematic experimental procedure was it possible to obtain such results.

Conclusions

The obtained results indicate that at very early stages of the oxidation exposure
(2 min. 45 s at 1373 K, oxygen):

1. The growth mechanism of the scales on non-modified, yttrium-implanted and
(Yttrium + Aluminium)-implanted Fe20Cr2Al alloys is complex. The scales
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exhibit the layered structures—the outer part comprising Fe- and Cr-rich oxide,
and the inner part being Al,O3, which grows due to a mixed outward-inward
mechanism. The alumina sub-layer contains the transient oxides and a-Al,Os.
Implanted yttrium incorporated the scale and was preferentially distributed in
alumina, with a maximum close to its outer part at the interface with the outer
(Fe+Cr)-rich sub-layer.

Implanted Al appears to significantly affect the mechanism of the scale growth
by virtue of the effect on its phase composition, providing that the scale consists
essentially of a-Al,Os. It exhibits a mixed inward-outward growth mechanism,
typical for scale on such alumina formers.

It should be noted that gaining insight into the scale development process was
possible because of the application of a carefully planned comprehensive
experimental approach, and taking advantage of the capability of SIMS and
PLS analytical techniques. In particular, it is worth noting that important
information was obtained by analysing the in-depth distribution profiles of
oxide-related ion clusters of (MeO) -type and of positive ions associated with
oxide-forming elements (Me = Fe, Cr and/or Al).
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