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The role of metal vacancies during high-temperature oxidation

of alloys

Richard P. Oleksak (', Monica Kapoor (', Daniel. E. Perea(®?, Gordon R. Holcomb @' and Omer N. Dogan

An improved understanding of high-temperature alloy oxidation is key to the design of structural materials for next-generation
energy conversion technologies. An often overlooked, yet fundamental aspect of this oxidation process concerns the fate of the
metal vacancies created when metal atoms are ionized and enter the growing oxide layer. In this work, we provide direct
experimental evidence showing that these metal vacancies can be inseparably linked to the oxidation process beginning at the
very early stages. The coalescence of metal vacancies at the oxide/alloy interface results initially in the formation of low-density
metal and eventually in nm-sized voids. The simultaneous and subsequent oxidation of these regions fills the vacated space and
promotes adhesion between the growing oxide and the alloy substrate. These structural transformations represent an important
deviation from conventional metal oxidation theory, and this improved understanding will aid in the development of new

structural alloys with enhanced oxidation resistance.
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INTRODUCTION

The oxidation behavior of structural alloys at high temperatures is
central to the function of power plants, aircrafts, and many other
high-temperature applications.' During exposure to these harsh
environments, an oxide layer is formed on the alloy surface, which
protects the metal below from further degradation. Often this
occurs by the diffusion of metal cations from the oxide/alloy
interface to the oxide surface, where an equal number of metal
vacancies are created at the oxide/alloy interface. The behavior of
these vacancies is not considered in conventional metal oxidation
theory,> which effectively assumes that they are constantly
annihilated at the oxide/alloy interface. This is equivalent to the
alloy shrinking in volume as oxidation proceeds, resulting in a
moving interface, which is structurally unchanged throughout the
oxidation process. If the vacancies are not all so annihilated, then
they may be transferred into the underlying alloy in a process
known as vacancy injection.

Although initially a controversial topic,” it is now well
established that vacancy injection occurs during high-
temperature oxidation in many alloy systems.>”” There have been
several hypotheses as to the fate of these vacancies and the
proposed mechanisms can largely be separated into two
categories. The first is vacancy annihilation; if vacancies are not
annihilated at the oxide/alloy interface, then they may instead be
annihilated at suitable sinks in the alloy such as dislocations?
grain boundaries,® or free surfaces not covered with an oxide.” The
second is vacancy condensation; during this process, vacancies
coalesce and precipitate as voids at the oxide/alloy interface,”'°
at grain boundaries,"’ or elsewhere in the alloy. For the case of
voids formed at the oxide/alloy interface the process is analogous
to void formation by the Kirkendall effect,'> where different
countercurrent diffusion rates result in a net flux of vacancies
across an interface.'® This phenomenon has been used, for

example, to produce hollow metal oxide nanoparticles'*'® and

while these studies do confirm that void formation can occur by
vacancy injection, it is difficult to relate results to the oxidation
behavior of a structural alloy component in service. This is because
considerable differences exist for the two systems, most notably
the boundary conditions for diffusion. In general, attempts at
quantifying the extent of vacancy condensation in systems that
resemble an oxidizing structural alloy have shown that it accounts
for only a small fraction of the vacancies theoretically generated
during oxidation.%'” The fate of most of the vacancies, and thus
their role in the oxidation process, remains largely unknown.

The extent of vacancy condensation has important implications
related to the growth stresses associated with oxidation. For
example, volume expansion that accompanies internal oxidation
of an alloy matrix or of secondary phases such as metal carbides'®
is generally assumed to create stresses in the alloy. However, no
such stresses need arise if this oxidation serves to fill the space
created by vacancy condensation. On the contrary, this could
prevent growth of large voids near the oxide/alloy interface which
might otherwise lead to oxide delamination. Thus, the volume
change associated with oxidation relative to that made available
by vacancy condensation is an important parameter in consider-
ing the stability of a growing oxide layer.

Difficulties in investigating the behavior of injected metal
vacancies is partly related to the short time- and length-scales at
which vacancy formation and migration occur. This is especially
true of the early stages of oxidation, which can be difficult to
capture experimentally, and requires instrumentation capable of
resolving and visualizing structural and compositional changes
approaching the atomic scale.'® Nevertheless, it is during these
early stages that oxide growth is fastest and the ensuing vacancy
generation at a maximum. In this contribution, we present insights
into this behavior by assessing the surface of a structural alloy
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during the early stages of oxidation. Alloy 617 was selected for the
study, as representative of a class of solution-strengthened Ni
superalloys, which are used for many applications requiring
exceptional mechanical strength and oxidation resistance at high
temperatures.?® From an oxidation perspective, Alloy 617 is
generally considered to be a Ni-Cr-Al alloy, where long-term
exposure results in the formation of a continuous external layer of
Cr,0; and internal precipitates of Al,O3.2" The oxidized alloy was
evaluated in detail following a short exposure to high-temperature
CO, and results reveal the important role of the metal vacancies
formed during this process.

RESULTS

Following exposure (details provided in the methods section
below), the material was analyzed by cross-sectional scanning
transmission electron microscopy (STEM) using a high-angle
annular dark-field (HAADF) detector. To distinguish the general
features present at the oxide/alloy interface, a high-magnification
STEM image showing a region representative of most of the
oxidized surface is presented in Fig. 1. From bottom to top, the
image shows the alloy substrate, the oxide formed during
exposure, and a layer of Pt deposited on the sample surface to
prevent ion beam damage during preparation of the specimen. In
this STEM image, regions of light contrast represent higher
average atomic mass and/or higher density relative to darker
regions (see methods section below). Thus, the alloy substrate
appears lighter in contrast while the oxide appears darker. The
oxide layer is = 10-20 nm thick (taken from several regions across
the surface), indicating that the sample represents an early stage
in the oxidation pathway of the alloy. The oxide is generally well-
adhered to the alloy substrate, however, close inspection reveals
regions of varying contrast at the oxide/alloy interface indicating a
possible difference in the composition and/or density in these
regions. Most notably, regions of intermediate contrast are
observed immediately below the oxide to a depth of =10nm
into the alloy substrate. The origin of this contrast variation is
revisited below.

Although the majority of the oxidized surface appeared similar
to that shown Fig. 1, relatively large regions of dark contrast were
also observed sporadically across the oxide/alloy interface® such
as that shown in Fig. 2a. This region extends =200 nm across the
oxide/alloy interface and = 20 nm into the alloy substrate. Energy
dispersive X-ray spectroscopy (EDS) mapping (Fig. 2b-e) shows
that no X-ray signal is detected for the areas of darkest contrast in
this region (indicated with solid arrows in Fig. 2). This suggests
these areas are voids that have formed during oxidation. This is
consistent with previous observations, where nm-sized voids were
observed periodically across the oxide/alloy interface.?” Additional
regions of interfacial voiding are shown in the supplementary
information (Fig. S1). Figure 2 also reveals that the oxide layer is
Cr-rich and contains no Ni.

The existence of voids at the oxide/alloy interface at such an
early stage is compelling evidence for vacancy injection, and
would be difficult to rationalize by alternative explanations

alloy
substrate

10 nm intermediate contrast

Fig. 1 STEM cross-sectional image of a region characteristic of most
of the oxidized surface
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involving growth stresses, particle dissociation, etc.”® Further, Cr
diffuses faster than Ni in Ni-Cr alloys** and any vacancy flux arising
from countercurrent diffusion in the alloy (i.e., Kirkendall effect)
would be directed downward and not expected to accumulate at
the oxide/alloy interface. Thus, vacancies generated during the
selective oxidation of Cr were injected into the alloy and coalesced
to form voids near the oxide/alloy interface. A small amount of
material is also observed throughout the dark contrast region
adjacent to the voids (indicated with dashed arrows in Fig. 2), and
EDS mapping reveals it is predominantly Al-oxide. This Al-oxide
network is dispersed throughout an otherwise voided zone, and
together these features comprise the region of dark contrast
observed in Fig. 2a. It should be noted that O observed in the alloy
substrate (Fig. 2d) is most likely an artifact of imperfect peak
deconvolution of the X-ray spectra leading to partial misassign-
ment of Cr (Cr La =573 eV) as O (O Ka = 525 eV). This also has the
effect of diluting the O signal arising from the porous Al-oxide
network, as the maps are presented as non-normalized raw counts
(see methods section below).

To gain insight into the intermediate contrast regions present at
the oxide/alloy interface, a higher magnification EDS map was
acquired at another region along the sample surface as shown in
Fig. 3. The regions of intermediate contrast present at the oxide/
alloy interface are seen to contain Al-oxide and, in some areas, Cr-
oxide. Surprisingly, the same regions are also seen to contain Ni.
We showed previously that Ni in the sample was present nearly
exclusively in the metallic state.?” Thus, it appears that clusters of
Al-oxide (and to some extent, Cr-oxide), which were too small to
be resolved by the STEM analysis, have formed that are dispersed
in what remains of the surface of the Ni alloy substrate, to a depth
on the order of 10 nm below the oxide layer. An additional feature
of interest is also observed: a portion of the oxide layer is seen to
protrude downward into the alloy substrate near the middle of
Fig. 3a, as illustrated by similarities in contrast (Fig. 3a) and Cr
content (Fig. 3¢) relative to the rest of the oxide layer. Although
this could be related to a microstructural feature or groove
present at the sample surface prior to oxidation, analysis of an
unexposed sample®? revealed a very smooth surface, suggesting
that the oxide has in fact grown inward in this region. Further, a
region of darker contrast (defined by the white dashed circle in
Fig. 3) is observed in the STEM image near the right side of this
inward-growing oxide. The same region corresponds to low X-ray
counts for all elements, suggesting it is lower in density. Finally,
the presence of a Cr-depleted region in the top =15 nm of the
alloy confirms that oxide growth has proceeded in part by the
outward diffusion of Cr ions, consistent with the creation of metal
vacancies in the alloy.

Although the above STEM/EDS results provide some evidence
into the behavior of the metal vacancies generated during
oxidation, the projection effect inherent in the two-dimensional
nature of the analysis makes precise interpretation difficult.
Further, artifacts created during ion beam thinning of the
specimen (which could, for example, preferentially attack certain
regions of the sample resulting in density variations) cannot be
ruled out. Therefore, to provide further insight into the structure
and composition of the oxide/alloy interface at the atomic scale,
atom probe tomography (APT) was used. An APT reconstruction of
an ionized specimen which captures the oxide/alloy interface is
presented in Fig. 4. Maps are shown for all ions, Ni ions, Cr and Cr-
containing oxide (Cr,O,) ions, O ions, and Al and Al-containing
oxide (Al,Oy) ions in a selected 3-nm thick sliced region extracted
from the APT reconstruction. Because Ni in the alloy has
participated only minimally in the oxidation process*? the
distribution of Ni ions can be used to visualize what remains of
the alloy substrate. Maps showing the distribution of O, Cr+
Cr,0,, and Al+4 ALO, in the APT reconstruction reveal several
features that are consistent with the STEM results. The surface
oxide layer is Cr-rich, a region of Cr-depletion is observed = 15 nm
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Fig. 2 STEM cross-sectional analysis of the oxidized surface. a STEM image of an area containing a dark contrast region at the oxide/alloy

interface. b—e EDS maps of the area shown in a

into the alloy substrate, and Al-oxide exists as a continuous layer
at the oxide/alloy interface. Further, an inward-growing oxide that
contains both Al and Cr extends to the bottom of the Cr-depleted
region, similar to that observed by STEM analysis (Fig. 3).
Analogous to the low-density region seen near the inward-
growing oxide in the STEM image (Fig. 3a), a region containing
fewer ions is clearly observed below the oxide/alloy interface in
the APT maps showing all ions and Ni ions. Thus, a region of low
density is observed in the alloy to a depth of = 5-10 nm below the
oxide layer.

It should be noted that trajectory aberrations arising from
differences in evaporation field can lead to spatial overlap and
therefore to artificial density variations in the APT reconstruction
that are not characteristic of actual density variations in the
material.?> This is especially true for the interfaces of materials
with significantly different evaporation fields, such as those
between metals and oxides as in our study. Therefore, it is not
possible to quantify density variations using APT. However, many
studies have shown that it is possible to identify the existence of
voids and other low-density regions, for example, by using iso-
density (atoms/nm?) surfaces.?*"?° We used a similar analysis to
confirm the presence of low-density regions in this study, as
discussed further below.

To gain insight into the low-density regions and to visualize
their relationship with the surrounding oxidation processes in
three dimensions, iso-composition surfaces (sometimes referred to
as iso-concentration surfaces) were generated in a 10-nm thick
slice of the same region of APT reconstruction as shown in Fig. 4.
Figure 5a, b shows surfaces corresponding to > 55 at% Ni ions and
>21 at% (Al+0) ions, which delineate the low-density and
inward-growing oxide regions observed in Fig. 4. In addition to
the single low-density region observable in the ion maps (Fig. 4),
the Ni iso-composition surface reveals additional regions of low
density not observable in the ions maps, which are located in the
top =10nm of the alloy in the vicinity of the inward-growing
oxide. An iso-density surface®® of Ni for this same volume (shown
in Fig. S2 of the supplementary information) confirms that the
regions of low at% Ni are indeed also lower in atomic density (i.e.,
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fewer atoms per volume). The co-location of the Ni and (Al + O)
iso-composition surfaces in Fig. 5a, b reveals that regions of high
Ni content correspond precisely with regions of Al-oxide. Thus,
regions consisting of residual alloy and Al-oxide clusters are
observed in the vicinity of low-density regions in the substrate.
The location of the iso-composition surfaces (in the alloy substrate
immediately below the oxide layer) and the co-existence of Ni-
metal and Al-oxide in the same region, is in good agreement with
STEM analysis (Fig. 3a, b, e). This suggests that these features are
responsible for the intermediate contrast regions observed by
STEM imaging, which were present across most of the oxide/alloy
interface (Fig. 1).

To further investigate the relationship between the low-density
and adjacent oxidized regions, a one-dimensional atom count
profile was obtained through the inward-growing oxide region as
shown in Fig. 5c. lons present in the volume defined by the 3-nm
diameter cylinder shown in Fig. 5¢ were used to generate the line
profile (a 1-nm bin width was used). Thus, the profile presents the
number of detected atoms of each element as a function of
position. As described above, this analysis does not provide a
quantitative assessment of the density, however qualitative
variations are revealed. For clarity, Ni ions are shown, whereas
the other relatively high-concentration alloying elements that
participated minimally in the oxidation process (Co and Mo) are
omitted. These elements followed the Ni trace at values close to
what is expected for the bulk alloy (shown in Fig. S3 of the
supplementary information) and thus the Ni trace is representative
of what remains of the alloy substrate following oxidation. As with
the iso-composition surfaces (Fig. 5a, b), the Ni-rich region of the
line profile is correlated with the oxidized region, which contains
both Al and Cr. On both sides of the oxidized region, the total
number of atoms decreases considerably. This is in part owing to
the lack of oxide in these regions. However, a decrease in the
number of Ni atoms is also clearly observed from =200 in the
oxidized region to = 80 and = 160 on the left and right side of the
oxidized region, respectively. There is no compensating increase
in the number of other atoms in these regions. This confirms the
existence of regions of decreased density within the partially
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Fig. 3 STEM cross-sectional analysis of the oxidized surface. a STEM image of a region containing areas of various contrast at the oxide/alloy
interface. b-e EDS maps of the area shown in a
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Fig. 4 APT ion maps of the oxide/alloy interface. Maps corresponding to a 3-nm thick slice of the APT reconstruction show all ions, Ni ions, Cr
and Cr-containing oxide (Cr,0,) ions, O ions, and Al and Al-containing oxide (Al,O,) ions
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Fig. 5 APT compositional analysis of the oxide/alloy interface shown in Fig. 4. a-b Iso-composition surfaces of a region in the alloy
immediately below the oxide layer. These surfaces define regions that contain > 55 at% Ni and > 21 at% (Al + O). ¢ A one-dimensional profile
taken through the inward-growing oxide and the adjacent low-density regions. The profile shows the detected total number of atoms and the
number of Ni, O, Al, and Cr atoms as a function of distance in the volume defined by the 3-nm diameter cylinder (a 1-nm bin width was used).

Error bars represent the square root of the number of detected atoms

oxidized surface of the residual alloy substrate. As expected, the
low-density regions, which are located in the Cr-depleted surface
of the alloy, are seen to contain considerably less Cr (at% Cr/Ni=
0.06) relative to the bulk alloy (at% Cr/Ni=0.5). These APT
observations of low-density regions near the inward-growing
oxide are consistent with the STEM analysis shown in Fig. 3.

As mentioned above, possible reconstruction artifacts must be
considered when interpreting the APT results. Specifically, the
lower evaporation field of the oxidized regions could lead to
artificial density decreases in adjacent metal regions. Despite this,
several features and their consistency with STEM observations
point to the existence of real density variations in the material. For
example, previous work modeling the effect of evaporation field
on spatial overlap found that such overlaps are only expected over
relatively short distances (=3 nm or less) across varying-field
interfaces3%3' For instance, an overlap of 0.1nm would be
expected for a field difference of 10%, and an overlap of 0.3 nm
for a field difference of 20%.3" In our study, we observed the low-
density regions over much longer distances (>10 nm). In addition,
as the degree of overlap depends on the difference in evaporation
field, one would expect the composition profile (Fig. 5¢c) to reveal
local variations based on the different evaporation fields of the
elements constituting the alloy. On the contrary, the primary
alloying elements Ni, Co, and Mo are observed in the low-density
regions at ratios close to what is expected for the bulk alloy (Fig.
S3). Although the complex nature of the sample does complicate
this observation, it is still further evidence that spatial overlaps
have not contributed significantly in these regions. In short,
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although the precise density variation and spatial distribution of
such regions cannot be determined, these observations cannot be
explained by artifacts alone and do suggest real density decreases
in the material.

DISCUSSION

In considering the STEM and APT results collectively, we now
propose the process by which oxide growth has occurred. This
process is illustrated schematically in Fig. 6. The selective oxidation
of Cr results in the outward diffusion of Cr ions (Cr*") and the
creation of metal vacancies (V%) at the oxide/alloy interface.
Many of these vacancies are not annihilated, but instead coalesce
to form vacancy clusters, leading to low-density regions near the
surface of the alloy substrate. During this vacancy coalescence, the
modified surface of the alloy substrate becomes oxidized by the
oxygen potential established at the oxide/alloy interface. Although
this does not necessarily require the inward diffusion of oxygen,
the apparent void-filling behavior suggests that some inward
diffusion of oxygen has occurred in parallel with the outward
diffusion of Cr**3? This might occur by diffusion of O*~ as shown
in Fig. 6, or by diffusion of molecular oxidant. Such molecular
diffusion might occur along grain boundaries® or through
transient nanopores, which form preferentially at the grain
boundaries.>*** Because Al is stable at the lowest oxygen
potential among the alloying elements,® it is selectively oxidized
in these regions. The oxide formed by this inward growth fills
some of the space made available by the departing metal atoms,

npj Materials Degradation (2018) 25
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and this results in regions of low-density that contain both Ni-
metal and Al-oxide on the near-atomic scale (Figs 3 and 5).

The above processes likely occur in parallel—as vacancies
coalesce, Al is oxidized at the free surfaces formed in the alloy, and
new Al-oxide in turn provides interfacial sinks for continued
coalescence of vacancies. This results in the accumulation of
vacancies and thus decrease in density near the oxidized regions,
as observed in Fig. 5¢c. As this process proceeds, a moderate level
of vacancy coalescence leads to the intermediate contrast regions
observed by STEM imaging (Figs 1 and 3) along most of the oxide/
alloy interface: Al-oxide inside and adjacent to regions of low-
density metal in the alloy substrate. As vacancies continue to
coalesce and Ni (and other elements not participating in
oxidation) diffuse down into the alloy substrate, voids that are
large enough to observe in the TEM cross-section are eventually
formed adjacent to the Al-oxide. This results ultimately in an Al-
oxide network inside an otherwise voided region—precisely what
is observed in Fig. 2e. Further, we have observed similar voids and
porous Al-oxide networks near the oxide/alloy interface for this
alloy after much longer exposures (0.5-500 h), where the oxide
thickness ranged from = 0.1-1 um.?” After each exposure, the size
of these features was always proportional to the thickness of the
oxide. This confirms that these features are related to the
oxidation process, and provides further evidence that our results
have not arisen simply from artifacts inherent to TEM and APT
analysis. Finally, this suggests the mechanism proposed here
persists for much longer exposure times, and is thus highly
relevant to the long-term stability of the alloy.

By the processes described above, voids or other low-density
regions can become incorporated into the growing oxide layer.
This is illustrated by the inward-growing oxide regions observed
by both STEM (Fig. 3) and APT (Fig. 4), which are seen to contain
Cr-oxide in addition to Al-oxide. Simultaneous internal and
external oxidation of Cr is not expected for these conditions>2
and thus these regions cannot be explained simply by an internal
oxidation process. These perhaps originated as regions of low-
density, which were subsequently filled by the inward diffusion of
oxygen. Because regions of vacancy accumulation become at least
partially filled with oxide, it is difficult to determine by the ex situ
analyses shown here precisely what portion of the vacancies have
participated. However, the extent of the subsurface features
described above suggests that a considerable fraction of the metal
vacancies generated during oxidation have indeed contributed to
these processes. These results provide direct experimental
evidence in support of the Available Space Model,*® which has
been hypothesized to describe the growth of two-layer oxide

2080 > 2Cr3* + 6~ +2V0>

Fig. 6 An annotated version of the STEM image shown in Fig. 1,
which summarizes the proposed oxide growth process

structures commonly observed on Fe-Cr*®™** and other** alloys. In

the proposed model, the outer oxide layer is formed by the
outward diffusion of metal cations. The metal vacancies left in the
alloy condense to form voids at the oxide/alloy interface, and the
inward transport of oxidant fills the voids via oxidation to form the
inner oxide layer.

To summarize, we have shown that a considerable fraction of
the atomic vacancies generated during high-temperature oxida-
tion can be transferred into the underlying alloy beginning at the
very early stages. Contrary to the commonly held belief that such
vacancies are primarily annihilated, we show that significant
vacancy coalescence can occur that results in a variation in density
below the oxide layer ranging from that of the bulk alloy to fully
voided regions. These voids and other low-density regions are
subsequently oxidized or otherwise incorporated into the growing
oxide layer and thus the metal vacancies are shown to have a
central role in the oxidation pathway of the alloy.

METHODS

Alloy preparation and exposure conditions

The detailed experimental conditions were reported previously.?? In short,
Inconel® alloy 617 (UNS NO06617) was obtained in the solution-
strengthened state (average grain size =90 um) and exposure samples
were cut from the as-received material. The alloy composition provided by
the manufacturer is shown in Table 1. The samples were polished to a
colloidal silica finish. Optical profilometry measurements of alloys with this
finish suggested a surface roughness (Sa) of 11 £ 2 nm averaged over large
areas (=1mm?). However, the local roughness determined by STEM
imaging of an unexposed sample was considerably smaller,? confirming
that the sample features discussed in this paper were not simply an effect
of surface finishing. The sample was exposed to 99.999% CO, gas at 1 atm
and 700 °C for 300s using an infrared-heated high-temperature furnace.
The heating rate was = 5 °C/s from room temperature to 700 °C. At the end
of exposure, the sample was quenched using He gas resulting in a cooling
rate of =8°C/s from 700 to 500°C and =4°C/s from 500 to 100 °C. No
effect of carbon was observed for exposure to these conditions®* and thus
the experiment may be regarded as a short duration exposure in a mildly
oxidizing environment.

TEM characterization

Following exposure, samples were prepared for cross-sectional STEM by
the focused ion beam method using an FEI Helios NanoLab or FEI Quanta
3D DualBeam scanning electron microscope. STEM images and EDS maps
were acquired with an FEI Titan TEM operating at 200 or 300 kV using a
HAADF detector and equipped with a chemiSTEM EDS detection system.
This imaging mode contains minimal interference effects and is highly
sensitive to density variations, where lower density regions appear darker
in contrast.*® The STEM images were modified using a nonlinear (gamma)
correction to highlight regions of intermediate contrast, which were not
easily observable in the uncorrected image. EDS maps are presented as
raw counts (i.e., not normalized/quantified) to show regions of decreased
X-ray intensity corresponding to low-density and/or voided areas. As such,
only qualitative comparisons should be made when comparing element
distributions from the EDS maps.

APT characterization

APT is a field-evaporation microscopy technique wherein needle-shaped
specimens with < 100 nm radius are field evaporated. Each atom from the
surface is evaporated and reconstructed in three dimensions. The details of
the technique can be found in the reference.'® APT was used to study the
oxide/alloy interface using a Cameca local electrode atom probe (LEAP®)
4000X HR. The atom probe samples were made in an FEI Helios NanoLab
650 using a lift-out and annular-milling sharpening procedure followed by

Table 1. Composition of Alloy 617 test material
Element Ni Cr Co Mo Al Fe Ti C Si Mn Cu B P S
at% 52.98 25.15 11.35 5.85 2.44 1.14 0.41 0.44 0.12 0.05 0.05 0.011 0.002 0.002
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a low-energy clean-up to minimize Ga implantation as discussed in the
reference.*® APT experimental run parameters were optimized by a set of
careful experiments. Laser pulsing was done using a UV laser with A=
355 nm, a pulse repetition rate of 125 kHz, and a pulse energy of 100 pJ/
pulse. An evaporation rate of 0.1% was used. The sample base temperature
was maintained at a setpoint of 40 K (—233 °C) for all measurements. The
atom probe data were analyzed using Image Visualization and Analysis
Software (IVASTM) 3.6.12 package. Three specimens were studied and each
of them showed similar microstructure features.

Data availability

All relevant data that support this study are available from the
corresponding author upon request.
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