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Oxide dispersion strengthened (ODS) steels are promising structural materials for the next generation
nuclear reactors, as well as fusion facilities. The detailed understanding of the mechanisms involved
in the precipitation of nano-oxides during ODS steel production would strongly contribute to the
improvement of the mechanical properties and the optimization of manufacturing of ODS steels, with
a potentially strong economic impact for their industrialization. A useful tool for the experimental
study of nano-oxide precipitation is ion implantation, a technique that is widely used to synthesize
precipitate nanostructures in well-controlled conditions. Earlier, we have demonstrated the feasibility
of synthesizing aluminum-oxide particles in the high purity Fe-10Cr alloy by consecutive implanta-
tion with Al and O ions at room temperature. This paper describes the effects of high-temperature
annealing after the ion implantation stage on the development of the aluminum based oxide nanopar-
ticle system. Using transmission electron microscopy and atom probe tomography experiments, we
demonstrate that post-implantation heat treatment induces the growth of the nano-sized oxides in the
implanted region and nucleation of new oxide precipitates behind the implantation zone as a result of
the diffusion driven broadening of implant profiles. A tentative scenario for the development of
metal-oxide nano-particles at both ion implantation and heat treatment stages is suggested based on
the experimental observations. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982756]

I. INTRODUCTION

Oxide dispersion strengthened (ODS) steels, which are
steels reinforced with dispersions of nanosize metal oxides,
are promising structural materials for future nuclear and
fusion reactors. The detailed understanding of the mechanisms
involved in the precipitation of these nano-oxides would
strongly contribute to the improvement of the mechanical
properties and the optimization of manufacturing of ODS
steels, with a potentially strong economic impact for their
commercialization.

There is a growing body of evidence that the formation
of metal-oxide particles (even of the most thermally stable
oxides, such as Y,03) during the standard ODS steel fabrica-
tion route involves the enrichment of the steel powder with
alloying metal and oxygen at the powder milling stage, fol-
lowed by co-precipitation of the dissolved metal and oxygen
atoms during subsequent high-temperature/high-pressure
powder sintering." However, many details of precipitation
kinetics remain unclear. Although some authors correlate the
nucleation of oxide particles with their core/shell structure
(e.g., Refs. 2 and 3), the others suggest particle nucleation to
be initiated by substitutional oxygen atoms captured on
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vacancies.™” There is a strong demand for experimental stud-
ies oriented on the elucidation of the mechanisms of oxide
precipitation, in contrast to much more common works
devoted to characterizations of ODS probes obtained with
that or other technological approach.

With this in mind, we initiated recently a series of inves-
tigations devoted to the clarification of microstructural
mechanisms of oxide particle nucleation and growth.®” In
order to have a clear picture of the precipitation kinetics, we
deliberately eliminate many secondary factors that substan-
tially complicate both experimental observations and their
interpretation. First of all, instead of the standard techniques
of ODS steel fabrication, we use a much more straightfor-
ward and well controlled approach of ion beam synthesis
(IBS) that combines ion implantation at room temperature
with a subsequent annealing at high enough temperatures to
promote the precipitation of implanted species. The tech-
nique is widely used to synthesize precipitate nanostructures
in well-controlled conditions, especially in microelectronics
research and industry. As applied to metal-oxide particles in
steels, the first attempt to create oxide particles by IBS seems
to be the study by Sakuma er al.,* who have demonstrated
the feasibility of creating yttrium-oxide nanoparticles by
sequential implantation of yttrium and oxygen ions into
unspecified ferritic alloys. Even though looking quite differ-
ent from the conventional ODS steel fabrication techniques,
ion implantation reproduces the relevant conditions, such as

Published by AIP Publishing.
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the production of high vacancy concentrations. Second, even
though yttrium and titanium are the metallic elements chosen
nowadays to form metal-oxide particles, we prefer to deal
with aluminum. In many aspects, Al,O3 precipitation is simi-
lar to that of yttrium oxide, but does not require so high tem-
peratures to promote precipitation as Y,0;. Moreover,
precipitation of aluminum oxides is of interest for a number
of commercial ODS steels (e.g., MA956,” MA957,'® and
PM2000'") that contain Al as an important alloying element.
Finally, we use for experiments a high-purity model Fe-Cr
alloy, thus eliminating complicating effects from minor
alloying elements (such as vanadium) that are contained in
real steels and actively intervene in the initial stages of oxide
precipitation.

Transmission electron microscopy (TEM) investigations
revealed that the aluminum-based oxides appear in the Fe-
10Cr matrix already upon ion implantation at room tempera-
ture.®” This is quite uncommon for the ion beam synthesis
approach, where high-temperature processing is typically
applied after ion implantation to develop the nanoparticle
ensemble. Among the other peculiar features were the meta-
stable (cubic) crystal structure of precipitated particles and
the clear orientational relation between crystal lattices of the
particles and the host matrix. The detailed chemical analysis
of particles indicated them to be a mixed (AlLCr) oxide with
a variable Al/Cr ratio, as revealed by the variations in the
particle lattice parameters. The fact that the particles were
able to precipitate at room temperature was rationalized in
terms of radiation-accelerated mass transfer, which promoted
the diffusion of the implanted Al and O ions.

Although Refs. 6 and 7 were focused on the investigation
of the particle microstructure formed as a result of ion implan-
tation, it was reasonable to expect that post-implantation
annealing would promote the nucleation and growth of nano-
precipitates. Moreover, it remained completely unclear, how
annealing would influence the properties of nanoparticles,
such as their crystal structure. This paper describes the results
of our study on the development of aluminum-based oxide
nanoparticle ensemble formed by ion implantation during
subsequent annealing at 500 °C. We also report some earlier
unpublished observations for as-implanted samples, the
importance of which became clear for the proper treatment of
the annealing results. Finally, we formulate a conceptual
model of the oxide nucleation in IBS conditions that allows us
to give a non-contradictory explanation of all our up-to-date
experimental observations.

Il. EXPERIMENTAL DETAILS

The as-received bulk material was a high-purity Fe-Cr
alloy supplied by Ecole Nationale Supérieure des Mines,
Saint-Etienne, France. Concentrations of major elements,
according to the supplier’s report, were 90.14 wt. % (89.46
at. %) for Fe and 9.86 wt. % (10.54 at. %) for Cr, respec-
tively. Minor impurities, such as carbon, nitrogen, oxygen,
and sulphur, were claimed to constitute less than 0.001 wt.
%. Both Energy Dispersive X-ray spectroscopy (EDX) and
Electron Energy Loss Spectrometry (EELS) were applied to
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verify chemical composition of the as-received material and
confirm the high purity of this alloy.

The ion implantation procedure and measurement tech-
niques were described in detail in Ref. 6 and are only briefly
summarized here. Ion implantation was carried out at Centre
de Sciences Nucléaires et de Sciences de la Matiére
(CSNSM/JANNuS-Orsay, France) with the Implanteur pour
la Recherche en Métallurgie et en Astrophysique (IRMA)
190kV ion implanter. Two-stage ion implantation was car-
ried out, at room temperature, first with 70 keV Al ions to
the fluence of 2 x 10'®cm™2 and then with 37keV O™ ions
to the fluence of 3x10°cm 2 The ion flux was
6.8 x 10"?cm 2 s ! for both A" and O™ implantations. The
ion energies were chosen using the SRIM software'? 5o as to
obtain ion distribution with a maximum implantation peak at
50 nm. The nominal (i.e., without the account of the diffu-
sional broadening) peak concentrations, as estimated by
SRIM, were 3.5 at. % for Al and 6.4 at. % for O atoms. The
calculated damage production rates in the damage peak (at
~25nm distance from the surface) are 1.027 x 1072 and
535x 1072 dpa s~ for AI™ and O ions, respectively,
assuming the iron displacement threshold of 40eV.'? The
specimen holder was inclined perpendicularly to the ion
beam. In addition to the two-stage implantation experiment,
a separate implantation with only Al ion beam under the
same conditions as in the two-beam experiment was under-
taken in order to clarify whether the cluster formation starts
already during the first implantation stage.

Transmission electron microscopes at CSNSM/
JANNuS-Orsay and CEA-SRMA (Saclay) were used to per-
form the characterizations of nano-particles in both as-
implanted and annealed specimens, using both conventional
and analytical methods such as energy-filtered TEM
(EFTEM) and high resolution TEM (HRTEM). The energy-
filtered images were recorded using a binning of 2 x 2, thus
resulting in 512 x 512 pixels. Elemental maps were acquired
by using both three-window and jump-ratio methods, which
are complementary to each other. For the three-window
method, the parameters can be found in Ref. 6. For the jump-
ratio method, the relevant iron peak in the low-loss region
was 54eV (Fe-M,;3). Correspondingly, the window for the
pre-edge acquisition started at 44 eV and the window for the
post-edge acquisition started at 60eV. For chromium, the
relevant peak in the low-loss region is 42eV (Cr-M;3), so
the window for the pre-edge acquisition started at 32 eV and
that for the post-edge acquisition—at 48 eV. For aluminum,
which has the peak at 73eV (Al-L,3), the window for the
pre-edge acquisition started at 63 eV and that for the post-
edge acquisition—at 78 eV. The used window widths were
8 eV for iron and chromium and 10eV for aluminum.

The TEM thin foils were prepared by two methods: by a
conventional mechanical and electrolytic polishing before
ion implantation, as described in Ref. 6, and by the focused
ion beam (FIB) using a standard cross-section preparation
using an FEI Helios SEM/FIB dual beam microscope.'*
Both thin foil preparation methods produce similar results in
terms of densities and sizes of nano-oxide particles.'*

Thermal annealing was carried out inside the micro-
scope at CSNSM using the FEI TEM heating specimen
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holder. The annealing temperature was kept at 500 °C, and
the total annealing time was 3 h, with TEM images taken in
the middle of annealing at ~1 h after the annealing start. The
initial heating ramp was at the rate of approximately 100 °C
per minute. The vacuum condition inside the column of
TEM was 1.2 x 10> Pa.

Atom Probe Tomography (APT) measurements were
carried out using an atom probe (LEAP 3000™ XHR,
Imago Scientific Instruments) operated in the pulsed laser
mode at IM2NP in Marseille, France. The tips were pro-
duced by an in-situ lift-out method using an FEI Helios 600
NanoLab 2-30kV FIB. Prior to FIB tip preparation, a thin
capping layer of sputter-coated nickel was deposited on the
sample surface to prevent the tip damage by gallium ion
beam. During the analysis, the specimen base temperature
was maintained between 53 and 87 K in ultra-high vacuum
conditions (<1.7 x 10~ "' Torr). The laser energy varied
from 0.5 to 1.2 nJ under a laser pulsing mode. Only runs
exceeding 107 ions were considered in order to reduce the
statistical error. The three-dimensional reconstruction of the
sharp tip from APT data was done according to the method-
ology described in Refs. 15 and 16, using a commercial soft-
ware (IVAS™) and an evaporation field close to the one of
Fe (around 30eV/nm). In order to characterize the nature
(size, number density, distribution, and chemical composi-
tions) of precipitates prior to and after thermal annealing, the
cluster analysis technique suggested in Refs. 17 and 18 was
applied with the parameter set d,.x = 1.25nm, N, = 30,
Lon,=1.25nm, and d,,,4. = 1 nm (for the meaning of param-
eters, see the cited papers). Since the observed clusters are
often of rather irregular form, the “size” of each individual
cluster is determined in terms of the “effective” radius, Rg,
defined in the IVAS software as

5 Y _ 5
Ro=,|=—> |R,—R[,
o=\ R

where N is the number of atoms in the cluster, R,,—the mea-
sured radius-vector of the n-th atom, and R—the average
over all atom radius-vectors in the cluster (the cluster’s cen-
ter position). The cluster size determined in this way is
known to be comparable with the size estimated by other
analysis techniques such as the TEM characterization.'® The
mass spectra in the annealed APT sample were obtained
directly during APT measurements, being extracted from the
raw data by selecting the considered species.

lll. RESULTS

As already said, the ion beam synthesis is typically done
in two sequential stages, that is, room temperature ion
implantation and subsequent high-temperature thermal
annealing. In the current experiment, the oxide precipitation
started already during the ion implantation stage. Because
many results concerning the precipitate ensemble characteri-
zation after ion implantation (including cluster crystal struc-
ture, lattice alignment, and chemical composition) have
already been published,®” in Sec. IIl A, we restrict ourselves
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to the description of only new results that were obtained by
more thorough inspection of as-implanted samples when the
above-mentioned papers were already in press. The effects
of annealing on the oxide particle system are described sepa-
rately in Sec. III B.

A. The characterization of nano-particles in the
as-implanted samples

1. Correlation of particle precipitation with the
extended defects

The formation of (ALCr) oxide particles at the ion
implantation stage cannot be explained without assuming
relatively high room temperature mobility of Al and O
atoms, well above the thermal one. Theoretical estimates
indicated that the necessary rate of impurity transfer can be
reasonably explained in terms of radiation-enhanced diffu-
sion (RED), but it were important to find also experimental
indications of fast implant mass transfer. A definite indica-
tion for the efficient element transfer was the EFTEM obser-
vation of the radiation-induced segregation (RIS) on a grain-
boundary in as-implanted specimens.” A more detailed study
has confirmed the presence of RIS at different grain bound-
aries, as evidenced by EFTEM elemental maps in Fig. 1. The
dark contrast on Fe-L, 3 edge elemental maps, see Figs. 1(a)
and 1(d), indicates local Fe deficiency at grain boundaries.
Cr-L, ; edge and Al-K edge elemental maps (Figs. 1(b) and
1(c)) reveal the enrichment of Cr and Al at the same grain
boundary. Oxygen and aluminum atoms are found to
agglomerate at another grain boundary according to the O-K
and Al-K elemental maps (Figs. 1(e) and 1(f)).

Having in mind the segregation of aluminum and oxy-
gen atoms at extended defects, it is natural to expect the pref-
erential nucleation of precipitates at sinks. Indeed, the
precipitation of Al-rich clusters at grain boundaries was
observed already after the Al implantation stage in the sup-
plementary experiment without subsequent oxygen implanta-
tion; see Fig. 2. Unfortunately, due to relatively large grains
in the implanted sample (>5 um), we could not locate an
appropriate grain boundary decorated with precipitates in the
samples studied immediately after two-stage Al + O implan-
tation, but there is little doubt that the Al-rich clusters at
grain boundaries convert into oxide particles upon oxygen
implantation.

Having in mind that RIS can occur at different kinds of
sinks, conventional TEM observations were also applied to
dislocation lines and loops, which were much easier to
detect in as-implanted specimens after the two-beam
implantation that grain boundaries. Fig. 3(a) shows a bright
field (BF) TEM micrograph where large portions of disloca-
tion lines are clearly visible. The corresponding dark field
(DF) TEM micrograph (Fig. 3(c)), taken on the S1 diffrac-
tion spot circled in Fig. 3(b), shows exactly the same region
of the as-implanted TEM thin foil as in Fig. 3(a). The pre-
cipitates, having the bright contrast, are clearly visible in
Fig. 3(c) and in the zoom shown in Fig. 3(d). Their diame-
ters vary from 3 to 15nm, with the mean size of 5.5nm.
Remarkably, the precipitates are found to be located at the
dislocation lines.
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Cr enrichment
at GB

O enrichment
at GB

FIG. 1. EFTEM characterization at grain boundaries: (a)—(c) Fe, Cr, and Al three-window elemental maps acquired at one grain boundary, showing correlation
between Fe depletion and Al-Cr enrichment. (d)—(f) Fe, Al, and O three-window elemental maps acquired at another grain boundary, showing correlation
between Fe depletion and Al-O enrichment. The colors indicate the elements as marked in the legend.

In order to obtain better contrast for observing dislocation
loops, the specimen was tilted to satisfy two-beam condition
and studied by TEM, as shown in Fig. 4. The upper left panel
shows a bright field TEM micrograph in which numerous dis-
location loops can be noticed. The diffraction pattern in the
inset confirms that the matrix is oriented along a (111) direc-
tion and the two-beam condition is fulfilled, enabling the white
contrast of precipitates in the corresponding dark field TEM
micrograph, shown in the lower left panel. Fig. 4 presents also
enlarged bright- and dark-field images of four selected regions
marked in the bright field TEM micrograph. The size of dislo-
cation loops observed in these four regions is quite different,
from 150nm (regions 1, 2, and 3) down to 20 nm (region 4).
The common feature is that precipitates decorate the

dislocation loops. The precipitate sizes are typically very small
(<5 nm) with only several slightly larger ones.

2. Chemical composition of nano-size oxide particles

a. EFTEM analysis. Precipitate chemical analysis has
been performed using EFTEM imaging. The detailed
EFTEM parameters used are described in Ref. 6. Before
each EFTEM investigations, the foil thicknesses were calcu-
lated from EFTEM thickness maps by using the log-ratio
method.?® The inelastic mean free path of electrons was esti-
mated from the equation derived by Malis.?'

The typical outcome of EFTEM measurements per-
formed in as-implanted thin foils is shown in Fig. 5. Fig. 5(a)

FIG. 2. The observation of precipitates
at in the grain bulk and at grain bound-
ary in the Al-only implanted sample.
(a) Bright-field image. (b) Dark-field
image. The arrows indicate the grain
boundary and precipitates (shown as
white dots in panel (b)), as explained
in the legend.
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is a bright field TEM image of a FIB lamina, which shows a
typical spatial distribution of precipitates in the matrix. The
dark contrasts are supposed to be precipitates and some of
them are highlighted in panels (b)—(d) with white rectangles.
The Fe-M, ; elemental map in Fig. 5(b) shows the local Fe
depletion at the dark contrast areas in Fig. 5(a), whereas the

1 ] 9] FeCr bce
[1 0 1] particle fce
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FIG. 3. TEM micrographs showing
agglomeration of nano-particles on
large portion of dislocation lines: (a)
Bright field TEM micrograph in which
some dislocation lines are clearly visi-
ble. (b) Electron diffraction pattern
(negative level) for the region corre-
sponding to (a). The particular zone
axis orientation adopted for indexing
the diffraction spots is specified in the
legend. (c) Corresponding dark filed
TEM micrograph obtained by taking
the spot S1 in (b). (d) Detailed view of
nano-particles.

enrichment in Al and Cr in the same areas is evidenced by
bright areas in Figs. 5(c) and 5(d). An important conclusion
from these observations is a substantially different role of Fe
and Cr in the oxide precipitation. Chromium, in contrast to
iron, is not evacuated from precipitate volume by accumulat-
ing Al and O atoms, remaining a constituent of the newly

R

FIG. 4. TEM micrographs showing precipitation of nano-particles on dislocation loops. The upper row (from left to right): bright field TEM micrographs of
the global view and zoom view of four different selected regions. The lower row: corresponding dark field TEM micrographs. The inserted diffraction pattern
showing the specimen was tilted to satisfy two-beam condition (s ~ 0).
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FIG. 5. EFTEM characterization of nano-particles: (a) bright field TEM image of the region of interest for the characterization. EFTEM jump ratio images
acquired on Fe-M, 3 (b), Al-L, 3 (c), and Cr-M, 5 (d) edges. The comparison among jump ratio images showing correlation between Fe depletion (e) and Al-
Cr-O enrichment (f)—(h). The colors indicate the elements as marked in the legend.

formed precipitates. Moreover, the brighter contrast of Cr
elemental map on the dark-contrast areas of Fe map indicates
some chromium enrichment in precipitates as compared to
the matrix (where its average content is ~10 at. %), possibly
as a result of local Cr transfer from the precipitate periphery.
In order to better demonstrate the spatial relationships in the
element distributions, Figs. 5(f)-5(h) present the “false col-
or” Cr-M, 3, Al-L, 3, and O-K elemental maps superimposed
over the Fe-M, ; map (Fig. 5(e), which is just a color version
of Fig. 5(b)), as suggested in Ref. 22.

To be more quantitative, Fig. 6 shows the EFTEM scan
of two nearby precipitates shown on a BF TEM image in
panel (a). The intensity profiles reveal both Cr and Al enrich-
ment in the particles. The O profile measurement (not
shown) was less conclusive due to too high noise level
induced, most probably by the oxidized sample surface. The
sizes of precipitates measured from the intensity profiles are
approximately 9 and 11nm, respectively. It can be easily
noticed that Cr and Al signal steps occur simultaneously,
indicating the uniformity of Cr and Al distribution over the
particles and the absence of the core-shell structure with Cr-
rich outer shell, as is often reported for ODS particles.
Another interesting feature is that the intensity step heights
inside the precipitates for the Cr profile are essentially the
same, whereas the Al signal intensity is clearly different.
This provides an additional indication of the variability of
Al/Cr ratio in precipitates.

Summing up, the EFTEM results justify our earlier
suggestion’ that the precipitates formed in as-implanted
samples are (Al, Cr)-rich oxides with a variable Al/Cr
ratio, rather than pure aluminum oxides, even if their chem-
ical compositions are hard to determine quantitatively by
EFTEM analyses.

b. APT measurements. More detailed conclusions con-
cerning the relative contents of different precipitate constitu-
ents can be deduced from the reported below in-depth
analysis of the APT measurements, already partly described
in our earlier publication.® In brief, segregations of Al and O
have been found in tips cut by the Focused Ion Beam (FIB)
technique from relatively thick parts of an implanted TEM
sample at the periphery of the beam spot. These segregations
were too small (<2nm in diameter) to be visible by TEM
and were considered to correspond to the very early stages of
oxide precipitation.

Elemental compositions were estimated for altogether
151 particles located at different depths in the range from 10
to 90 nm from the sample surface facing the beam. For all
the studied clusters, the detected content of iron in the clus-
ters was lower than the average iron content in the matrix at
the same depth. On the other hand, the contents of Al and O
in all the clusters are significantly higher than those in the
matrix; see Fig. 7. The Cr content in precipitates fluctuates
mostly within =2 at. % around the average Cr value in the
bulk, with ~70% of the clusters having content of Cr higher
than in the matrix.

The cluster enrichment in Al, Cr, and O, together with
the depletion in Fe, is consistent with the results obtained in
the as-implanted samples by EFTEM. In addition, the ele-
mental composition of the clusters in the studied probe
seems to be insensitive to the depth.

In spite of the evident cluster depletion in iron, the APT
measurements indicate that iron remains the major constitu-
ent of the clusters identified in the as-implanted sample.
However, the earlier studies”'? evidence that the level of
iron in oxide particles, as measured by APT, can be strongly
overestimated as a result of iron ion trajectory aberrations,
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FIG. 6. (a) BF image of two precipitates in the as-implanted FIB lamina.
(b), (c) Energy-filtered TEM scan through along the direction of the white
arrow, showing the Cr and Al intensity profiles across the precipitates.

caused by the difference in the ionization field needed to
evaporate the oxide particles and the surrounding matrix.*’
Indeed, distortions induced by trajectory aberrations were
causing the reposition of matrix atoms up to several nano-
meters inwards of the particle/matrix interface even when
particles were iron-free oxides.'” In order to compensate for
the aberration effects, the amount of Fe in clusters was
forced to zero, whereas the relative content of other elements
in the particles was corrected by calculating the likely pro-
portion of these elements present together with iron in the
matrix and removing this number from the raw cluster com-
positions, using the relation®'?**
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FIG. 7. The element contents in the matrix (oscillating solid lines) and in the
analyzed clusters (crosses) as a function of the depth location of clusters.
Colors for different elements are explained in the legend. The depth is mea-
sured from the interface between the sample and Ni capping layer used for
the APT sample preparation by FIB.

Cl? = Cj — (CFe/CFe)C

where ¢; and cp. are the uncorrected contents of species i
(i=Al, Cr, O) and iron in the cluster, respectively, whereas
C; and Cg. are the elemental contents in the matrix, respec-
tively. The resulting values ¢{ are referred to below as
matrix-corrected compositions.

The matrix-corrected compositions were estimated for
all analyzed clusters, using the measured overall elemental
content in the matrix, namely, 86.78 =0.03 at. % Fe,
10.06 = 0.09 at. % Cr, 0.47 £0.09 at. % Al, and 2.69 = 0.09
at. % O. The average values for the elemental content in
clusters before and after the matrix-correction are listed in
Table I.

In order to study the sensitivity of the Al/Cr ratio in
clusters to the cluster size, the clusters in the as-implanted
tip were sorted in the increase of their effective radius in the
range from 1.6 to 4.4nm with the bin width of 0.4 nm. The
Al/Cr ratio in the as-implanted sample is weakly sensitive to
cluster size both prior and after applying data correction, as
shown in Figs. 8(a) and 8(b). However, the Al/Cr ratio has
increased from 0.2 to 1.53 after the correction; see Table 1.
Even having in mind the very rough assumptions used in the
correction procedure, it gives an indication that the ion tra-
jectory aberrations in APT can strongly influence the estima-
tion of the true contents of different metals in clusters. On
the other hand, even though the ratio of oxygen to metal
atoms in clusters has increased by the matrix correction from
~0.41 to ~0.83, the content of oxygen in small clusters
detected by APT is well below the expected stoichiometry
for an equilibrium (Al,Cr),O3 compound.

3. Precipitate crystal structure

As already noticed earlier,®” the crystallographic struc-
ture of the nano-oxide particles exhibits cubic symmetry,
which does not correspond to the most stable (corundum)
phase of either alumina, or (Al,Cr) oxide. This result has
now been consistently reproduced using HRTEM on several
tens of particles with sizes ranging from 3 to 15nm. Three
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TABLE I. The measured and matrix-corrected nanocluster compositions (at. %) in the investigated sub-volumes of the as-implanted and annealed specimens.
The last two columns summarize the corresponding Al/Cr and O/(Al + Cr) ratios in the clusters.

Fe Cr (0] Al/Cr O/(Al + Cr)
As-implanted (Al 4 O) sample
Uncorr. 82.64 £0.11 10.25+0.24 2.10+0.25 5.01 £0.25 0.21 0.41
Corr. 22.52 +0.35 34.5+0.57 42.98 £0.59 1.53 0.83
After 3 h of annealing at 500 °C
Uncorr. 80.15 £ 0.09 12.44 £0.19 3.98 +0.20 3.43+0.20 0.32 0.21
Corr. 28.00 +0.30 41.06 £0.32 30.93 +0.31 1.47 0.45

typical examples of HRTEM images taken along [110],
[001], and [111] axes are shown in Fig. 9. The lattice of the
particles is interpreted as fcc (or based on the fcc pattern)
with a lattice parameter varying in the range from 3.8 to
42A. Presumably, the variations in the lattice parameter
reflect the different ratios of Al and Cr atoms on the metallic
sublattice of oxide particles, being thus indicative of the vari-
ability of elemental content in precipitated particles.

The unusual lattice symmetry gives a hint that the precip-
itation of the aluminum and oxygen is strongly sensitive to the
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constraints imposed by the surrounding Fe-Cr alloy lattice.
Additional evidence in favor of this conclusion is the visible
correlation of the particle lattice orientation with the bulk lat-
tice. An example of orientation relationship between the parti-
cle and the matrix can be inferred from Fig. 10(a), which
shows the HRTEM image of a particle and the Fe-10Cr alloy
matrix viewed along the same (110) direction, as identified
from the Fast Fourier Transform (FFT) pattern in the upper
right corner of Fig. 10(a). The distances and the orientation
drawn in the lower right corner of Fig. 10(a) indicate that
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FIG. 8. The measured and matrix-corrected elemental contents in the clusters in (a), (b) the as-implanted APT tip and (c), (d) the annealed APT tip.
Histograms are functions of the cluster effective radius. The columns in all panels correspond to the mesh of 0.4 nm, the gaps between columns are added to
improve visibility. The average values of Al/Cr ratio in each size range are marked with red crosses. The blue dash lines are trend lines to guide the eye.
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FIG. 9. Crystallographic structure of nano-particles: HRTEM images of
three different nanoparticles along (a) [110], (b) [001], and (c) [111] axes.
The corresponding fast Fourier transform (FFT) and magnified views of the
nanoparticle HRTEM image are inserted in each case.

[002] el [[110]g, and [220].4.]|[002]k,. Furthermore, the
interplanar distances in the particle lattice are equal to those
of the matrix in these directions. Both the particle and the
matrix share zone axis (110) and appear to display a “cube on
cube” orientation relationship, as schematically shown in Fig.
10(b). Note that such oxide lattice orientation with respect to
the host lattice is very similar to that observed earlier for
yttrium oxide particles in ODS steels.”> >’

In order to get a better feeling concerning the possible
crystal structure of the oxide particles, we have performed
HRTEM simulations for some known cubic structures of alu-
minum and chromium oxide, trying to reproduce the HRTEM

J. Appl. Phys. 121, 174305 (2017)
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FIG. 10. Structure and coherency of nanoparticles: (a) HRTEM image of a
nanoparticle along the [110] axis including a high-resolution detailed view
of the interface and the corresponding fast Fourier transform (FFT). (b)
Orientation relationships between matrix and nanoparticle.

patterns shown on the right-hand side panels of Figs.
9(a)-9(c) by adjusting TEM defocusing parameter within rea-
sonable limits and considering the foil thicknesses below
20nm. The simulations were done using the software package
JEMS.? In particular, we tried spinel (which is commonly
ascribed to cubic modifications of alumina®®), perovskite,
bixbyite, rocksalt, and a rocksalt-based structure suggested
earlier for cubic Cr,05.*® The selection of defocus parameter,
allowing the reproduction of experimental pattern for images
along the (100) direction, was relatively simple for all consid-
ered structures. However, we were unable to reasonably repro-
duce the observed HRTEM pattern along the (110) direction
for spinel, see Fig. 11(a), giving serious doubt that the particle
crystal structure is that of spinel. Such conclusion is in agree-
ment with the earlier experimental observations of cubic
(Cr,Al),0;,>' where the spinel structure was definitely
excluded. For the remaining studied structures, the (110)
patterns are generally in agreement with that shown in
Fig. 9(a), see Figs. 11(b)-11(e), though the fitting for perov-
skite is somewhat less perfect than for other structures. The
first-principles calculations®® demonstrate that the perovskite
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FIG. 11. Simulated HRTEM images along the (110) direction for different
crystal structures: (a) spinel; (b) perovskite; (c) rocksalt; (d) bixbyite; (e), (f)
rocksalt-based cubic structure suggested for cubic Cr,0O5 in Ref. 30. The lat-
ter structure has one special (110) orientation with an HRTEM image look-
ing as shown in panel (d).

structure for cubic (ALCr) oxide is not very energy profitable,
at least as compared to the tentative rocksalt-based structure
from Ref. 30, though this is not a sufficient ground to exclude
it completely. The other three structures reproduce (110)
images well. The only problem one meets with the rocksalt-
based structure from Ref. 30 is its remarkable anisotropy in
terms of metal atom positioning in the unit cell. As a result,
one of six possible (110) directions (the one along the ordered
rows of vacancies in the metal sublattice) gives the HRTEM
pattern very different from the experimental one; see Fig.
11(f). Although such an anisotropy can be reasonable in a pla-
nar structure grown one-dimensionally, as was the case in the
cited paper, it is hard to imagine how it arises in nanoclusters
grown essentially three-dimensionally. Finally, although all
the studied structures correctly predict the hexagonal spot pat-
tern in the (111) direction HRTEM image, none of them could
reproduce the periodic intensity variation of bright spot rows
seen in the right panel of Fig. 9(c). Hence, it cannot be

Grain boundary
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excluded that the crystal structure of the oxide particles is dif-
ferent from any of the structures considered in this work.
Summing up, Fig. 11 demonstrates that the most obvious
guesses for the crystal structure of precipitates do not give sat-
isfactory agreement with the observations and more studies
are needed to unequivocally identify it.

There may be different reasons for the crystal structure
of observed particles to differ from the common cubic ses-
quioxide structures. First of all, there is no a priori guarantee
that a perfect 2:3 ratio between metal and oxygen atoms is
maintained in clusters, when they are only several nanometer
large. Indeed, if the reasoning in Sec. IIIA2b is close to
reality, the oxygen content in the nuclei of oxide precipitates
would be typically at the level of 40-50 at. %. Having also
in mind that the particles are quite rich in chromium, it is
plausible that the small particle structure would be similar to
that of CrO, which is known to be rocksalt.>®> And even for
the stoichiometric (Al;_1Cr,),0O3 structures, several studies in
the recent years reported the observation of cubic (Al, Cr)
oxides with a rocksalt-based crystal structure®'~*>® and
studied their stability and properties theoretically.’*~’
Remarkably, a cubic phase (Al;Cry),O5 grew during the
thin film epitaxial deposition at moderate temperatures
(<600°C) on cubic lattice substrates. In other words, the
constraints imposed on the growing film from the substrate
stabilize cubic structure, even though the latter is predicted
to be less energetically favorable than the hexagonal corun-
dum phase.37 A similar situation takes place in our experi-
ments, where the growth of precipitates is strongly
constrained by the surrounding Fe-Cr alloy matrix. The lat-
tice parameter of the cubic oxide phase observed in the
above-mentioned experimental studies was slightly above
4 A, also quite similar to our observations.

B. The evolution of the nano-particle ensemble under
thermal annealing at 500°C

The thermal annealing of implanted Fe-10Cr alloy sam-
ples at 500 °C in vacuum visibly modified the oxide particle
nanostructure. An example TEM micrograph of the sample
after 1 h annealing is shown in Fig. 12. A clear trend for
oxide particle alignment in the grain bulk is visible, in agree-
ment with the observed preferential precipitation at disloca-
tions in as-implanted samples. One can also notice multiple
precipitates at the grain boundary, though these are not much
different in size from those in the bulk.

FIG. 12. (a) Bright field and (b) dark-
field TEM micrographs of the sample
implanted by Al and O ions at RT and
subsequently annealed for 1 h at
500°C. Precipitates are visible as
white dots in panel (b). One can notice
multiple precipitates at the grain
boundary (marked by bracketing two
red lines).
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1. Diffusion acceleration of implanted atoms at 500° C

An immediate consequence of the temperature increase
should be the acceleration of diffusion of both aluminum and
oxygen, leading to a broadening of the implanted ion depth
profiles. Such broadening was indeed detected in the APT tip
prepared from the annealed sample. Fig. 13(a) shows an
example of the reconstructed elemental distribution for CrO
fragments that are indicative of all internal oxides containing
Cr, whereas Fig. 13(b) presents the measured depth-
dependent concentration profiles for Al and O after the three
hours annealing. As can be noticed in both panels, the outer
sample surface was strongly oxidized during the annealing,
with the large oxide clusters lying immediately under the
oxidized surface, which were identified by diffraction meas-
urements as the iron-chromium oxide.

For the purpose of comparison, the “as-implanted” pro-
files of Al and O calculated using the SRIM code are super-
imposed over Fig. 11(b). The superposition should be
considered, however, with certain care. First of all, the depth
coordinate reconstruction from APT results is sensitive to
the measurement parameters. We believe that due to the use
of classical parameters and the iron evaporation field, the
reconstruction error is not large, but there are no exact crite-
ria to verify the accuracy of the obtained depth scale.
Second, due to the surface oxidation, the volume expansion
takes place, which can be characterized by the so-called
Pilling—Bedworth ratio (i.e., the ratio of the volume of the
elementary cell of a metal oxide to the volume of the

(b)

APT (ann.)

Concentration (at.%)
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FIG. 13. (a) The reconstructed distribution of CrO fragments from APT ana-
lyzed tip cut from the annealed sample. Dash lines limit the zone used for
cluster analysis. (b) The depth dependencies of 1-D concentration profiles
for Al (red lines) and O (blue lines) obtained by the APT analysis in the
annealed tip (solid lines) and from the SRIM simulation (dash lines). The
inset shows the mass spectra measured in the range of 300 to 400 nm, dem-
onstrating the presence of the Al peak and the absence of O at depths well
behind the annealed profile.

J. Appl. Phys. 121, 174305 (2017)

elementary cell of the corresponding metal).*® Assuming the
oxide layer to be magnetite (cubic spinel with unit cell

Fe,3044 and lattice parameter 11.87 A), it is easy to estimate
the Pilling-Bedworth ratio to be close to 3. In other words,
the original sample surface (prior to oxidation) was located
at the depth of ~2/3 of the visible oxide thickness. So, with
the observed oxide thickness of 20-25 nm, the SRIM profiles
in Fig. 13(b) are shifted by ~15nm from the interface
“capping layer—oxide” deeper into the sample in order to
compensate for the oxidation-induced volume expansion.
With these considerations in mind, we can say that the
depths of profile maxima for Al and O remain in place after
the annealing. But the profile peak heights decrease after the
annealing and the long profile tails extending till the end of
the tip appear. The visible broadening of the implant profiles
indicates that after the implantation stage, a large share of
implanted aluminum and oxygen atoms remain dissolved in
the matrix rather than consumed in precipitates formed at the
ion implantation stage. These dissolved atoms are free to
promote the growth of the existing particles and the nucle-
ation of new oxide clusters at the annealing stage. An inter-
esting feature observed in Fig. 13(b) is the correlated pick on
both aluminum and oxygen profiles at 190 nm, which is
clearly above the background (several similar, though less
pronounced correlated peaks can also be seen at depths
between 130 and 190nm). The correlated peaks are most
probably caused by small (Al,O)-rich clusters intercepted by
the thin (10nm in diameter) cylindrical region used to
extract the element concentration profiles from APT data.
The observed broadening of aluminum and oxygen con-
centration profiles can be used to roughly estimate the
“apparent” mobility of aluminum and oxygen atoms at the
annealing stage. For this purpose, the concentrations profiles,
C(z), were approximated by Gaussian functions of the form

C(z) = Cpexp(—(z — R,)?/40%),

where z is the depth coordinate, R), is the profile peak loca-
tion, ¢ is the variance, and C, are the value of implant con-
centration in the peak. For the concentration profiles after
annealing, only the profile parts lying to the right of the pro-
file maxima in Fig. 13 were used for fitting because they are
not influenced by outer surface effects, in particular, thermal
oxidation. Knowing the variation of the variance parameter
as a function of time, ¢, one can determine the diffusion coef-
ficient, D, from the known relation

a*(t) = of + 4Dt,

where o, is the variance at time =0. In our case g is
assumed to be that for depth distribution predicted by SRIM.

The estimated variances for concentration profiles
shown in Fig. 13 are 690=20.15nm and ¢(3h) =29 nm for
aluminum and ¢y = 15.4nm and ¢(3h) =33 nm for oxygen.
This gives for the “apparent” diffusion coefficients

Dal =3.8 x 107'%m?/s and Do = 6.3 x 10~ '%cm?/s.

It should be kept in mind, however, that the implant profile
broadening is affected by the aluminum and oxygen capture
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at extended defects and by the oxide particle nucleation. So,
it is instructive to compare the estimated “apparent” diffu-
sion coefficients with those expected for aluminum and oxy-
gen from the known literature data. The diffusion
coefficients are commonly described in terms of Arrhenius
relation

D = Dgexp (—E,/kT),

where D is a numerical prefactor, E,, is the migration bar-
rier, k is the Boltzmann constant, and T is the absolute tem-
perature. Table II below summarizes available information
on the Al and O diffusion in iron and the measured or extrap-
olated values of their diffusion coefficients at 500 °C.

The migration barriers for Al atoms, where reported, are
close to the self-diffusion energy barrier in iron. This is usual
for substitutional impurities whose thermal diffusion is medi-
ated by vacancies. Assuming that the presence of ~10wt. %
Cr only weakly affects the mobility of thermal vacancies, we
expect that the aluminum diffusion coefficient in our case is
close to that in pure iron. As can be seen, the literature data
for the most cases predict the Al diffusion coefficient at
500°C to be of the order of 107'® cm?/s, very similar to the
value deduced from the Al profile broadening during the
annealing.

On the other hand, two studies predict the Al diffusivity
to be either much faster,43 or much slower*! than the value
deduced in our experiment. Remarkably, both papers used an
approach very similar to that of our study, that is ion implan-
tation followed by annealing at high temperatures. Although
the much lower value is definitely inconsistent with our
observations, the accelerated Al diffusion in Ref. 43 was
directly measured rather than extrapolated from higher tem-
peratures and is most probably not an artifact. In fact, some
indications of the fast diffusion of Al can also be observed in
our case, because low, but reliably identifiable concentration
of Al was found far behind the thermally broadened
Gaussian profile in the annealed samples by APT measure-
ments; see Fig. 13(b). Our earlier observations of the sup-
pression of metal-oxide cluster precipitation in thicker parts
of TEM samples can also be reasonably explained by the
radiation-accelerated diffusion of Al already at the first stage
of implantation (for a detailed discussion, see Ref. 6).

J. Appl. Phys. 121, 174305 (2017)

For O diffusion, several data sets are collected in Table
IL. In spite of different assumed oxygen mobility modes (as
an interstitial or in an oxygen-vacancy complex) and quite
different estimated diffusion coefficients at 500 °C, the pre-
dicted oxygen mobility is orders of magnitude larger than
that estimated from the O profile broadening in the annealed
sample. Moreover, in contrast to Al, no oxygen or O-related
molecular ions are found on the mass-spectra measured by
APT at depths well behind the annealed profile (see insert in
Fig. 13(b)). Hence, it looks like the oxygen profile broaden-
ing at the annealing stage is limited not by the oxygen diffu-
sion, but by some other processes at the nanolevel. Taking
into account very similar depth dependences of oxygen and
aluminum in Fig. 13, it may be tentatively suggested that the
oxygen propagation into the sample is controlled rather by
the oxygen trapping on the aluminum-vacancy and/or
chromium-vacancy complexes that might further develop
into oxide nanoclusters.

2. Precipitate size variation during thermal annealing

The thermal annealing leads to the visible ripening of
oxide precipitates formed at the ion-implantation stage, as
can be noticed in Fig. 14. The histograms presented in Figs.
14(e) and 14(f) highlight the precipitate size distribution
changes after 1 and 3 h of annealing at 500 °C, respectively,
as compared to the particle size distribution in the as-
implanted sample. Although the average precipitate diame-
ter, (d), in the as-implanted sample was measured to be
~4.3 nm, the 1 h annealing causes the increase of the average
diameter to ~6.5nm; after 3 h the average size further
increases to ~7.7 nm, indicating the slowing down of parti-
cle growth with the annealing time. Assuming the power law
kinetics for the precipitate size as a function of time ¢,
(dyxt”, this would roughly correspond to n~0.4. The
growth of the average particle size is accompanied with the
broadening of the size distribution as the annealing time
increases.

In contrast to the precipitate size, the number density of
precipitates in the areas where precipitates were observed in
the as-implanted samples changes little during the annealing.
Using the measured surface number density of precipitates
and assuming the TEM sample thickness of 100nm, the

TABLE II. The diffusion parameters (prefactor D and migration energy E,,) for aluminum and oxygen, as well as the measured or extrapolated values for the

diffusion coefficients at 500 °C.

Dy (cm?/s) E, (eV) Temperature range (°C) Evaluation technique D (500°C) (cm?/s) References
Aluminum
800-1050 In-diffusion from liquid Al 1.3x 10716 39
50-100 2.67 8001100 Al vapor in-diffusion 3.6x 1071 40
1.6 3.17 775-900 40keV Al ion implantation + annealing 3x 1072 41
300-500 25keV Al ion implantation + annealing 25%x107 43
5.5 2.55 12x1071° 42
Oxygen
0.4 1.73 700-850 Internal oxidation 6.2x 1077 44
2% 1073 0.95 750-850 Internal oxidation 25x 107 45
I 1.55 Below Curie temperature (770 °C) First-principles calculations 7.5%x 107" 4

*An arbitrary value used to make the estimate in the fifth column
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FIG. 14. (a) Bright field TEM micrograph of the as-implanted TEM thin foil. (b) Corresponding dark field TEM micrograph. (c) Bright field TEM micrograph
of the annealed (3 h at 500 °C) TEM thin foil. (d) Corresponding dark field TEM micrograph. Panels (e) and (f) show histograms of the size distributions for

nano-particles identified from images (b) and (d), respectively.

number density of precipitates in the as-implanted sample
was estimated to be (1 + 0.3) x 10*>m 3, whereas that in the
sample annealed for 3 h was ~(7 = 2) x 10*' m . Having in
mind that the TEM images used for the estimation corre-
spond to different sample locations with very probably
somewhat different thicknesses, we can conclude that there
seems to be no substantial effect of the annealing on the pre-
cipitate number density. It is clear, however, that no strong
nucleation of new oxide particles during the annealing took
place.

Similar to as-implanted samples, one observes a trend
for the oxide precipitates to be associated with the point
defect sinks. The size of precipitates at dislocation loops
increases significantly as compared to those in as-implanted
specimens. An example of dislocation loop decoration with
oxide particles in the annealed sample is given in Fig. 15.

3. Particle chemical composition after annealing

a. EFTEM analysis. In order to clarify the possible com-
positional variations associated with the particle growth dur-
ing the thermal annealing, the EFTEM investigation was
applied to a relatively large precipitate (d=20nm) of pre-
sumably cubic shape, shown in Fig. 16(a). The precipitate
was located in the zone, where the thickness L of the foil
was sufficiently small (appr. 35nm, as deduced from the
measured ratio L/4~ 0.32 and the inelastic mean free path .
of ~110nm). The resulting gray scale energy-filtered images
for Fe, Cr, and Al edges are presented in Figs. 16(b)—16(d).

Similar to Fig. 5, the color images of element distribution
on top of iron are given in the second row of Fig. 16. The
dark contrast on the Fe-M, 3 elemental map, see Figs. 16(b)
and 16(e), evidences the local Fe depletion, enabling clear
positioning of the precipitate in the matrix. The element dis-
tribution maps acquired by the filtering of the Cr-M, 3 and
Al-L, 5 edges exhibit the spots of bright contrast that coin-
cide with the dark area in the Fe elemental map. A similar
result is observed for O-K edge in Fig. 16(h). All these
observations suggest that the precipitates remain (Al,Cr)
oxides after thermal annealing.

b. APT measurements. In order to clarify the effect of
annealing on the chemical composition of newly created
clusters, the atomic probe tomography analysis was under-
taken on several tips cut from the annealed sample. Due to
the relatively small tip diameter, the analyzed volumes con-
tain mostly small clusters (with the size of only several nano-
meters), which are present at large enough concentrations
and provide information about the depth distribution and
chemical composition of these clusters. Here the cluster
analysis was applied to a sub-volume of approximately 40 x
40 x 110nm’, located at depths between 90 and 230nm
from the TEM sample surface (or, more precisely, from the
tip interface with the Ni capping layer), as shown in Fig.
13(a). The subvolume was selected sufficiently deep under
the TEM foil surface not to be influenced by the noticeable
surface oxidation that took place during the annealing, as
evidenced both by the strong sub-surface oxygen enrichment
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(measured on the same APT tip) and by the presence of large
metal-oxide fragments (identified by diffraction measure-
ments and APT 3D reconstruction as magnetite or chromite)
in TEM foil under the surface oxide layer; see Fig. 13. At
intermediate thickness (30-100 nm), the clusters were inter-
connected and it was not possible to identify them. Looking
at Fig. 13, one can notice that the studied volume is located
behind the ion implantation profile peaks and becomes
noticeably enriched in both Al and O already as a result of
annealing. Hence, it can be expected that the clusters
observed in this area had been mainly nucleated at the
annealing stage.

The measured mass spectrum of sputtered atoms demon-
strates numerous peaks corresponding not only to single ele-
ments (Fe, Cr, Al, and O), but also to small metal-oxygen
fragments (FeO, Fe,0, CrO, CrO,, AlO, and AlO,). The dis-
tributions of evaporated elemental species (Fe, Cr, Al, and
O) and molecular ions corresponding to oxides (CrO and
AlO) in the studied sub-volume are shown in Fig. 17. The
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FIG. 15. TEM micrographs showing
the precipitation at dislocation loops
after the thermal annealing. (a) BF
TEM micrograph; (b) corresponding
DF TEM micrograph.

overall elemental content was found to be 87.41 = 0.06 at. %
Fe, 10.37 £0.09 at. % Cr, 0.59 £0.06 at. % Al, and
1.49 = 0.09 at. % O. The distributions of iron and chromium
are almost uniform over the volume, similar to the as-
implanted tip, allowing no indication of cluster-related Fe
and Cr variations at this background. But precipitates can be
observed clearly in the charts for CrO and Al 4 O + AlO; see
Fig. 17. Therefore, the cluster analysis algorithm was applied
considering only elemental species (Al, O) and molecular
fragments corresponding to aluminum oxide contribution
(A0, AlO, and O,).

Altogether 165 clusters were identified in the studied
sub-volume, corresponding to the cluster number density of
~4.9 x 1073 m*3, much larger than the number of clusters
visible in TEM. The depth distribution of clusters is pro-
nouncedly non-uniform, see Fig. 18(a), with the peak at the
depth of ~130nm, well behind the implanted ion profiles.
The clusters are quite small, with the average size (defined in
terms of effective radius) equal to ~3.4 nm; see Fig. 18(b).

FIG. 16. EFTEM characterization of nano-particles: (a) bright field TEM image of the region of interest for the characterization. A possible nano-particle is
surrounded by the square. EFTEM jump ratio images acquired on Fe-M, 3 (b), Cr-M, 3 (c), and Al-L, 5 (d) edges. The comparison among jump ratio images
showing correlation between Fe depletion (e) and Al-Cr-O enrichment (f)—(h) after thermal annealing. The colors indicate the elements as marked in the

legend.
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FIG. 17. 3D APT reconstruction from the annealed tip showing the distribution of evaporated elements and molecular fragments.

The level of Fe measured in the clusters varies from
70% to 87%, indicating more pronounced iron depletion in
cluster areas as compared to the as-implanted case. The over-
all elemental content in the selected sub-volume matrix was
found to be 88.94 = 0.03 at. % Fe, 10.51 =£0.09 at. % Cr,
0.17 = 0.06 at. % Al, and 0.38 = 0.06 at. % O; however, the
overall element content in all studied clusters is listed in
Table I. The concentrations of core elements Al and O are,
respectively, 23.5 and 9 times higher than those measured
from the matrix. The concentration of Cr in the clusters is
20% higher than that measured from the matrix.

The Cr, Al, and O contents for each of 165 studied clus-
ters are shown in Fig. 19. The contents of Al and O in all clus-
ters are significantly higher than those in the matrix. However,
this is not always the case for the Cr content in the clusters and
~10% of the clusters have a lower Cr content than the matrix.
However, in most clusters, the enrichment in Cr is more pro-
nounced, as compared to the as-implanted sample. The effect
is especially pronounced at depths behind the zone of intensive
cluster nucleation (i.e., at depths >160nm), where the Cr con-
tent in clusters can reach as much as 20 at. % The reason for
this effect is currently unclear. Moreover, the Cr content in the
clusters increases as the depth from the surface increases.

In summary, the APT results indicate that the small clus-
ters formed at the annealing stage are rich in Al, Cr, and O,
which is consistent with the results obtained in annealed thin
foils by EFTEM.

As already discussed in Section III A2b, a large part of
matrix element content observed by APT in the oxide

clusters can be artificial due to trajectory aberration effects.
Hence, similar to as-implanted samples, the matrix correc-
tion procedure was applied to the clusters selected in the
annealed sample.

The histograms of measured and matrix-corrected ele-
mental content in the clusters identified in the analyzed area
of the annealed tip are shown in Figs. 8(c) and 8(d) as a func-
tion of the cluster effective radius. In contrast to the as-
implanted sample shown in Fig. 8(b), the Al/Cr ratio after
the correction has a trend to increase from 0.8 to 3.27 as the
cluster size grows from 1 to 3 nm, suggesting that the cluster
growth is caused preferentially by Al accumulation.

IV. DISCUSSION

The experiments on ion beam synthesis of oxide par-
ticles in the iron-chromium alloy have revealed a number of
unexpected observations. First of all, quite unusual was the
nucleation of oxide clusters already at the ion implantation
stage. In a common scheme of ion beam synthesis, an addi-
tional post-implantation heat treatment is applied in order to
develop the implant-based precipitate ensembles. Also in our
experiment, the application of post-implantation annealing at
500 °C has led to remarkable development of the oxide pre-
cipitate system. However, the main mode of precipitate
ensemble development was the precipitate coarsening, rather
than the nucleation of new precipitates. The new particle pre-
cipitation was pronounced only at the periphery of the
implanted element profiles, where both Al and O appeared as
a result of diffusion already at the annealing stage.

60 1 1 1 1 1 1 25
ann. 500°C 3 hrs ann. 500°C 3 hrs
(a) 165 clusters (b) 165 clusters
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FIG. 18. (a) The depth distribution of
cluster center positions in the studied
volume of APT sample. (b) The size
distribution of identified clusters in the
same area.
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FIG. 19. The evolution of cluster elemental contents as a function of the
cluster depth position (measured from the tip interface with the capping
layer). Cross symbols with different colors mark atomic compositions of Cr,
Al, and O in the clusters, as specified in the legend. Elemental compositions
in the matrix are shown with solid color lines.

Another unusual feature was the observed crystal struc-
ture of the oxide precipitates. Although the ground state of
(ALCr),035 is the hexagonal corundum structure, the electron
diffraction pattern from the precipitates corresponded to a
cubic structure (most probably, fcc). Whereas several meta-
stable cubic modifications of alumina are known, the spinel-
based structure, traditionally assigned to these modifications,
is not compatible with the HRTEM observations. On the
other hand, the observed HRTEM images do not contradict
to several other known cubic structures of metal sesquiox-
ides, though none of those considered in this paper were able
to fully describe all the details. These results indicate that the
nucleation of oxide particles under and after ion implantation
is influenced by geometrical restrictions imposed by the host
Fe-Cr matrix. This conclusion is strongly supported by the
discovered orientational correlations of oxide and matrix
lattices.

In order to explain these observations, we suggest a ten-
tative set of mechanisms that can provide a consistent picture
of the (Al,Cr) oxide particle synthesis in our experimental
setup.

First of all, the precipitation of impurities introduced in
the material by ion implantation requires sufficiently high
rates of mass transport. The fast thermally activated diffusion
of both Al and O atoms at the annealing stage could be
expected and was indeed directly confirmed by APT meas-
urements. The observation of cluster formation at the ion
implantation stage at room temperature also implies suffi-
ciently fast transport of both implanted components, which
is, evidently, provided by primary radiation defects that are
abundantly produced by ion implantation (several hundreds
of Frenkel pairs per implanted ion, according to SRIM-based
estimates). Indeed, according to our earlier estimates,® the
mobility of created point defects should be sufficient to allow
the Al atom transport to the newly formed clusters.

The two-stage implantation scheme in our experiments
was such that Al atoms were implanted first. It was natural to
ask whether cluster precipitation occurred already at this
stage or is postponed until the oxygen is implanted. The
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experiment with the implantation of only Al ions clearly evi-
dences the formation of precipitates (see Fig. 2). These pre-
cipitates demonstrate fcc-like reflections on the electron
diffraction images and are tentatively interpreted either as
pure aluminum clusters or, more probably, as the intermetal-
lic Fe-Al phase (the exact identification requires additional
analysis to be reported elsewhere).

The fact that the precipitation starts already at the first
implantation stage is a key to understanding why the precipi-
tation is preferentially observed at such microstructural fea-
tures as dislocations and grain boundaries. Indeed, Al is
known to be soluble in pure iron at concentration up to
1720 at. %,46 whereas the concentration of Al atoms even
in the peak of implantation profile was <5 at. %. Hence, it is
hard to expect Al precipitation in the bulk. On the other
hand, the radiation-enhanced diffusion often promotes segre-
gation of impurities to point defect sinks, especially to grain
boundaries;*’ observations of radiation-induced segregation
in ferritic/martensitic steels under both ion and neutron irra-
diation are frequently reported in the literature (e.g., Refs.
48-50). The local enrichment of Al at extended defects in
our case was indeed observed and confirmed by EFTEM.
This enrichment seems to be sufficient to promote the precip-
itation of Al-enriched phase (presumably DO; modification
of Fe;Al phase with fcc Al sublattice) at these point defect
sinks. The precipitation of a new phase can be accelerated by
the presence of large numbers of radiation-induced vacancies
because the formation of small Al-vacancy clusters is highly
profitable in terms of the energy gain.”!

Correspondingly, the correlated distribution of oxide
particles along dislocations and grain boundaries implies that
oxygen implanted at the second implantation stage is cap-
tured preferentially by already formed Al-enriched clusters.
Indeed, Al-enriched clusters should capture sufficiently large
numbers of vacancies because the vacancy formation energy
at the iron sublattice in Fe3Al is notably lower than that in
the bulk.’> An additional indication in the same direction
comes from first principle simulations’' indicating that small
Al-vacancy clusters (with at least up to four Al atoms and/or
vacancies) prefer to have compact form with Al atom located
on iron lattice positions following the fcc pattern and with
vacancies in between the Al atoms, so that no iron is left
inside the clusters. The vacancies in the Al-enriched clusters
are natural traps for oxygen atoms and promote oxygen accu-
mulation in clusters that results in the conversion of interme-
tallic clusters into oxides. In fact, one might expect that the
conversion can occur gradually either as a result of the
vacancy accumulation on the iron sites in the intermetallic
phase, followed by filling the captured vacancies with oxy-
gen atoms, or by simultaneous acquisition of vacancies and
oxygen atoms by capturing vacancy-oxygen pairs that,
according to Ref. 4, provide the fastest oxygen diffusion
mode in iron below the Curie temperature.

While needing confirmation by further experimental
studies and quantitative modeling, the suggested scenario of
oxide cluster formation gives a natural explanation of the
unusual features summarized in the starting paragraphs of
this section.
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1) The particle lattice alignment with the host lattice is
simply a consequence of Al sublattice in the interme-
tallic phase being formed “on top” of the iron lattice.

(ii))  The fcc-based cubic structure of the oxide results
from the fact that it is inherited from the Al skeleton
in the original intermetallic phase. Even though this
cubic phase is not thermodynamically stable, it cannot
spontaneously transform into hexagonal corundum
because of both the relatively low temperature in our
experiments (the transformation of cubic (Al,Cr),0;
to corundum requires heating to at least 900 °C (Refs.
34 and 35)) and the necessity to accommodate rela-
tively large lattice strains accompanying the transfor-
mation from cubic to hcp oxide modification.

(iii))  The relatively high share of iron in the composition of
very small Al-enriched clusters observed by APT can
be explained, apart from aberration effects discussed
in Sec. I A2b, by the fact that iron is eliminated
from clusters only gradually, as a result of vacancy
accumulation and their subsequent filling with
oxygen.

(iv)  One can also speculate that the particle enrichment in
Cr, which persists even after the high-temperature
annealing, is caused by the energetics of vacancy
accumulation in the intermetallic Al-enriched phase.
Indeed, in our experiments, the matrix already con-
tains ~10 at. % Cr. As revealed by APT measure-
ments, the absolute content of Cr in small precipitates
remains at about the same level as it was in the
matrix. It may well be that the vacancies that accumu-
late in Al-enriched clusters preferentially eliminate Fe
atoms from the cluster volume, leaving Cr atoms in
place, or forcing them to incorporate into the fcc Al
sublattice.

V. CONCLUSIONS

@) Some interesting features of clusters in the as-
annealed samples have been found in addition to
those reported earlier.’” In particular, the important
role of structural imperfections (dislocations and
grain boundaries) in the formation of oxide particles
has been demonstrated.

(i)  The unusual cubic lattice structure of the oxide pre-
cipitates was studied in detail using HRTEM and the
obtained HRTEM images were compared with those
simulated for a number of potentially possible struc-
tures of aluminum or chromium oxides. The compari-
son shows that the particle crystal structure is most
probably different from that of spinel, which is com-
monly ascribed to the known cubic polymorphs of
aluminum oxide. Among the other tested lattice struc-
tures, the most close fit to experimental images gave
rocksalt (as for CrO) and rocksalt-based configura-
tions, though none was able to reproduce all the
observed fine HRTEM features.

(iii)) The study has elucidated the effects of high-
temperature annealing on the development of the
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metal-oxide precipitate system created by consecutive
implantation of aluminum and oxygen ions into the
pure alloy Fe-10%Cr. It was found that the precipi-
tates formed at the ion implantation stage mostly
grow, whereas new oxide precipitates nucleate at
sample depths well behind the implanted ion profiles.
This nucleation is ascribed to the thermal diffusion of
aluminum and oxygen atoms. The clusters are found
to be (Cr,Al) oxides with varying Al to Cr content
ratios.

(iv) A qualitative scenario of metal-oxide precipitation
during and after ion implantation has been suggested
that allows us to non-contradictory explain practically
all the unusual effects accompanying the development
of oxide clusters in out experiment.
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