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The microstructural evolution and chemistry of the ferrite phase (a), which transforms from the parent
austenite phase (g) of 316L stainless steel during gallium (Ga) ion beam implantation in Focused Ion
Beam (FIB) instrument was systematically studied as a function of Gaþ ion dose and g grain orientations.
The propensity for initiation of g / a phase transformation was observed to be strongly dependent on
the orientation of the g grain with respect to the ion beam direction and correlates well with the ion
channelling differences in the g orientations studied. Several a variants formed within a single g

orientation and the sputtering rate of the material, after the g / a transformation, is governed by the
orientation of a variants. With increased ion dose, there is an evolution of orientation of the a variants
towards a variant of higher Gaþ channelling. Unique topographical features were observed within each
specific g orientation that can be attributed to the orientation of defects formed during the ion im-
plantation. In most cases, g and a were related by either Kurdjumov-Sachs (KS) or Nishiyama-
Wassermann (NW) orientation relationship (OR) while in few, no known OR's were identified. While
our results are consistent with gallium enrichment being the cause for the g / a phase transformation,
some observations also suggest that the strain associated with the presence of gallium atoms in the
lattice has a far field stress effect that promotes the phase transformation ahead of gallium penetration.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Focussed ion beam (FIB) instruments are widely used for the
preparation of samples for microstructural characterization as well
as for various micro mechanical tests [1]. However, it has been
observed in some materials that this technique, though widely
accepted and in regular use, does introduce artefacts during sample
preparation. Specifically, features which can strongly affect the
microstructural and mechanical characterization such as hydride
formation in titanium [2], amorphization of surface layers in silicon
[3e6], formation of new phases and texture development in copper
[7], and g / a phase transformation in various steels [8e11], have
been reported in literature.

As Gaþ ions can potentially alter the sample microstructure, it is
important to not only understand those changes but also the con-
ditions such as beam current, energy, effect of grain orientation etc.,
under which the changes occur. A thorough understanding of such
microstructural alterations assumes considerable significance
(M. Preuss).

lsevier Ltd. This is an open access
particularly in nuclear materials research for several reasons.
First, in the case of irradiated materials, the specific activity of

the samples, which needs to be low in order to limit personnel
exposure, necessitates the volume of material that can be analysed
to be very small, making the use of FIB for extracting small speci-
mens inevitable. Secondly, systematic high energy ion beam
bombardment experiments have been shown to successfully cap-
ture the effects of neutron irradiation in structural materials [12]. In
such a case, though FIB is an attractive instrument to prepare site-
specific specimens from ion-implanted samples, the nature of the
artefacts produced if any, in virgin samples prepared via FIB needs
to be properly understood and characterized a priori so as to un-
derstand the effects due only to the ions used to simulate neutron
damage, and eliminate the effects that occur due to the sample
preparation using FIB.

There are two publications on the g / a phase transformation
in different grades of stainless steels implanted with Gaþ ions in
FIB, performed primarily to understand the nature of this phase
change [8,9]. Knipling et al. mainly considered the differences in the
propensity of such phase transformation across alloys of varying
austenitic stability [8], while Basa et al. studied the phase change in
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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a duplex stainless steel [9]. Both of the studies suggest that the
transformation is driven by the chemical change in the target
material. Specifically, it is claimed that the g / a transformation
occurs because of the local enrichment of gallium, which is a ferrite
stabilizer.

Phase transformations have also been observed in steels of
various starting crystal structures when implanted with different
types of ions [13e19]. Phosphorous and antimony ion implanta-
tions have been observed to induce g / a transformation in
stainless steel [16e18,20,21]. This transformationwas also detected
in neutron-irradiated and helium-implanted austenitic stainless
steel [22]. It was seen that the martensite structure, which formed
after deformation, transformed to ferrite phase after neutron irra-
diation [23]. All of these observations suggest that such trans-
formation is primarily related to a relief mechanism of stresses
developed by the accumulation of irradiation damage. A reverse
transformation was also observed when the ferrite phase was
bombarded with nickel or nitrogen ions [23], suggesting the role of
chemical changes and related diffusion mechanisms in such a
phase transformation.

Within the context of understanding the g / a transformation
in austenitic steels occurring due to Gaþ ions during FIB milling,
previous studies have focussed on characterizing the surface of the
transformed region using the electron backscatter diffraction
(EBSD) technique [8,9]. Although the absence of orientation gra-
dients, i.e. strains, in the EBSD maps shown in Ref. [9] suggests that
the transformation is chemically driven, it is necessary to map the
spatial distribution of gallium along the thickness of the trans-
formed layer to demonstrate the validity of that theory. Without
such analysis it is difficult to state with certainty the reason for this
transformation, as earlier studies on austenitic stainless steels
implanted with ions that do not stabilize ferrite, also exhibited
similar transformation [13e19], which supports the strain argu-
ments for the origin of the transformation.

The g/ a phase transformation in 316L specimens prepared via
FIB has not been reported in open literature either because of a
much higher stability of g than in other grades of austenitic steel,
and hence the transformation occurs under severe milling condi-
tions under which FIB specimens are usually not prepared, or
because it has not been systematically studied, albeit observed to
occur. The primary motivation of the current work is to understand
the origin of the g / a phase transformation in this material. In
addition, the effect of g orientation on propensity of the trans-
formation, variant selection in a and their evolution, and the effect
of sputtering rate and topographical evolution have also been
studied systematically.

2. Experimental methods

The material used in this study is a forged 316L austenitic
stainless steel. Two specimens, A and B were considered for this
study. Specimen A had an initial grain size of ~ 10 mm while spec-
imen B had an initial grain size of 50 mm. Since we needed a larger
grain size for making many FIB implantations in the same grain,
specimen B was annealed for 66 h at 1100 �C under ambient at-
mosphere, which resulted in most grains having a size >500 mm.
The samples were then ground and polished using standard
metallographic preparation techniques for Gaþ ion implantation
and Electron Backscatter Diffraction (EBSD) examination.

Focussed ion beam (FIB) was used to implant Gaþ ions with 1 nA
and 7 nA currents at 30 kV on the sample surface using an FEI
Quanta 3D dual beam FIB. Microstructures were characterized us-
ing different techniques. Initially, orientation imaging using EBSD
technique and Scanning Electron Microscopy (SEM) were per-
formed on the implanted regions using a FEI Quanta 650 at 20 kV
operating voltage. In order to identify any transformed regions after
Gaþ implantation, maps with a step size of 1 mm were recorded
while local misorientations in the transformed regions in specimen
B were obtained using a step size of 100 nm.

Specimens for cross sectional transmission electron microscopy
(TEM) analysis were prepared from implanted regions of the grain
covering both implanted and unaffected material, with FEI Quanta
3D dual beam FIB using the standard cross section preparation
method with a final cleaning step at low keV ion beam [24]. TEM
images were acquired along with orientation mapping using
Nanomegas ASTAR Precession Electron Diffraction - Orientation
Imaging Microscopy (PED-OIM) on a FEI Tecnai F30 Transmission
Electron Microscope (TEM). A step size of 2.5 nm was used for
acquiring the OIM maps. Spatial distribution of gallium along the
transformed layer thickness was analysed using Energy Dispersive
Spectroscopy (EDS) with Scanning TEM (STEM) in probe spherical
aberration corrected FEI ChemiSTEM™ Titan operated at 200 keV
and 0.6 nA. STEM High Angle Annular Dark Field (HAADF) images
were obtained from the same instrument. The inherent assumption
in using electron beam based probing techniques (SEM, TEM) for
analysing the implanted samples is that there will be very less
diffusion of atoms during the electron beam exposure. This is valid
since the amount of energy transferred to the material during
electron beam exposure is relatively less and the amount of local
heating is very less in bulk samples compared to the ion beam
exposure. The depth profile of implanted regions was analysed
using Keyence VK X 210 series Laser confocal microscope.

3. Gallium ion penetration depth modelling

The penetration of gallium ions in 316L steel was modelled us-
ing SRIM [25] and MDRANGE [26]. In both these codes, an inter-
atomic potential, V(r), describes the interactions between the
atoms in the target albeit the models used for ion-solid interactions
are different. Calculations in SRIM are performed by the binary
collision approximation where in the interactions are treated as a
series of two-body collisions. The scattering integral, which takes
into account the impact parameter, is solved for each collision.
Since the impact parameter is chosen from a probability distribu-
tion (based on the composition and atomic density of the target
material) rather than from the crystal structure of the target, the
calculations are performed in amorphous materials. For the ion
range calculations of 30 keV Gaþ ions in 316L austenitic steel using
SRIM, 10,000 ions were bombarded normally (at 90� to the surface)
into the sample with a composition consisting of 73% Fe,17% Cr, and
10% Ni (in weight %), with a density of 7.9 gm/cc. The interactions
between the atoms are described by the Ziegler-Biersack-Littmark
(ZBL) interatomic potential.

In MDRANGE, molecular dynamics (MD) algorithms are used to
calculate ion ranges in a variety of target structures (crystalline,
amorphous, polycrystalline, and more). In MD method, the time
evolution of an ensemble of atoms is calculated by numerically
solving the equations of motion of all atoms in the simulation cell.
The atoms are first initialized to have random displacements from
their lattice positions in the specified crystal structure. The motion
of the atoms is determined from both ion-ion interactions (using
interatomic potential) and ion-electron interactions (electronic
stopping). For the range calculations in MDRANGE, a variable time
step is used to increase the speed. The code uses a translation
method rather than periodic boundary conditions to keep the di-
mensions of the simulation cell at minimum while ensuring the
recoil atom to be present in an unaffected region of the cell. For
simulating the interaction of Gaþ ions in 316LL steel, both FCC
(austenite) and BCC (ferrite) crystals with lattice constants of 3.66 Å
and 2.87 Å respectively, and with a composition of 73% Fe, 17% Cr,
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and 10% Ni (in weight %) were used as target structures.
In order to calculate Gaþ ion ranges in different crystallographic

directions (in other words, ion ranges in channelling conditions),
the initial direction of each incident Gaþ ion was changed by
choosing specific azimuthal and polar angles. Specifically, for these
calculations, the crystal orientation was kept constant while the
beam direction was changed by specifying the azimuthal and polar
angles with respect to the crystal x and z axes. For example, the
azimuthal and polar angles for the ion range calculation in a crystal
with the [212] surface normal were set to 26.56� and 48.2�,
respectively. For all orientations, 5000 Gaþ ions were bombarded in
order to obtain better statistical values. The ion range profiles in
various FCC and BCC crystal orientations were calculated as pro-
jected range in the implantation direction. Random displacements
were given to the atoms at room temperature using the Debye
model at 460 K (Debye temperature for Fe). The ZBL interatomic
potential was used while the electronic stopping values were ob-
tained from SRIM.
4. Results

On a polished surface of specimen A, Gaþ ionswere implanted in
an area of 200 � 200 mm2 with 7 nA at 30 kV for 3 min. The
resulting microstructure depicting the phase map, orientation map
in inverse pole figure, and band contrast map acquired using
orientation-imaging microscopy with EBSD technique, is shown in
Fig. 1. In Fig. 1A, the red areas indicate the austenite phase and
yellow regions the ferrite phase. It can be seen that the ferrite re-
gions are the result of phase transformation due to the Gaþ ion
bombardment. A close observation of Fig. 1A and B reveals that
there are grains that have completely transformed to ferrite, a few
have partially transformed with speckles of austenite-phase, and
there are some grains that have not transformed. There are few
heavily damaged grains compared to the general trend, as seen by
the poor indexing of EBSD pattern resulting inwhite speckles in the
IPF map.

Fig. 1 shows a difference in the response of different austenite
grain orientations in terms of likelihood for the phase trans-
formation. For a systematic study of the propensity of different
parent austenite orientations for ion beam induced phase trans-
formation, Gaþ ion beam implantations were carried out on sample
B with large grains. Grains with specific surface-normal
Fig. 1. A) Phase map showing transformed region (yellow) in the milled area (200 x 200) mm
B) Inverse pole figure (IPF) map of the same region showing surface normal orientations of
orientations shown in (B), with markings of the low index (red circles) and high index orie
colour in this figure legend, the reader is referred to the web version of this article.)
orientations of austenite phase marked in the IPF-legend in Fig. 1D
were selected for this purpose. The chosen austenite grains were
identified to have orientations close to [001], [101], [111] (i.e., with
low Miller indices) and [102], [112], [212] (i.e., with high Miller
indices). In these grains, different areas of 20 � 20 mm2 were milled
with Gaþ ion beam by implanting for 10, 30, 60 and 120 s, using
1 nA and 7 nA currents at 30 kV. The implanted areas were made
with a separation distance of a minimum of 20 mm such that the ion
bombardment in one area would not influence the area next to it.

Fig. 2 shows the regions studied systematically where the
surface-normal orientation is indicated on the left of each group of
images. These patterns are made with 1 nA and 7 nA currents, as
shown in phase maps and IPF maps with different axes (i.e., IPF-X,
Y, and Z). In the phase map and the IPF map, the areas corre-
sponding to 10, 30, 60 and 120 s (shown as A, B, C, D in the phase
map) of ion beam bombardment are in clockwise order starting
with the area implanted for 10 s at the top left corner. From the
phase map, it can be seen that no g / a phase transformation for
any grain orientation takes place for 10 s of Gaþ ion beam exposure
at 1 nA. After 30 s of exposure, [101] and [112] orientations are
partly transformed and [111], [102], and [212] orientations undergo
more or complete transformation, whereas [001] orientation does
not show considerable transformation within the resolution limit.

All orientations showed complete transformation after 60 s of
implantation. With 7 nA, all of the implanted regions, regardless of
the duration of the exposure, exhibit complete phase trans-
formation as the minimum amount of gallium implanted at this
current (i.e., for 10 s exposure) will be higher than that for 60 s
exposure at 1 nA. The g / a phase transformation shows a strong
variant selection as evidenced by the specific choice of a variants
for any specific g orientation. This can be seen from the IPF-X, Y, and
Zmaps shown in Fig. 2. Note that there are grain boundaries seen in
IPF-X and Ymaps, whereas in IPF-Z the implanted region is of single
orientation. The aim of the experiment is to have constant normal
crystallographic orientation to maintain same beam direction
across different doses. With increase in dose levels, it is seen that
the a variants evolve and approach one or more stable variants
specific to any g orientation. For example, in the case of [101]
austenite orientation, the ferrite variants have different orienta-
tions (shown in pink, blue, and red in IPF-Z), but with further im-
plantation they tend to have a higher fraction of a specific variant,
which in this case is blue in colour (i.e., close to [111] orientation) in
2 with 7 nA at 30 kV for 3 min. The austenite phase is shown red while ferrite in yellow.
grains of both phases. C) Band contrast map of the same region. D) IPF legend for the
ntations (black circles) studied systematically. (For interpretation of the references to



Fig. 2. Austenite grains with low index and high index normal orientations ([001], [101], [111], [102], [112], [212]) and their response to FIB milling at different beam current and
time. Phase map shows ferrite (yellow) and austenite (red) phases. IPF maps in Z, Y and X directions are shown for clear view of the ferrite variants. Among the low index ori-
entations, the [111] transforms more readily than [101], which is followed by [001]. The trend in high index orientations is [102] and [212] followed by [112]. It is seen that in a g

orientation, specific a orientations form indicating variant selection. In most cases, we see that the transformation progresses towards some stable variants. The black regions are
the non-indexed pixels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. MDRANGE simulation showing the channelling effect of Gaþ ions along
different crystallographic directions of austenite phase. [101]-orientation has most
channelling followed by [001] and [112]. The orientation [212] has least channelling
followed by [111] and [102]. These trends match well with the experimental data
shown in Fig. 2, assuming that the orientations with the lowest channelling can easily
transform. Penetration depth calculated by SRIM is also shown.
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IPF-Z. From the above observations it can be concluded that
different parent austenite orientations show different propensities
to the phase transformation, which could be related to a difference
in their interaction with the Gaþ ions.

Gallium ion penetration in the austenite was calculated with
SRIM-2013 program, which is generally used for calculating the
range of the implanted ions and the damage created by them in
terms of displacements per atom (dpa). The program assumes no
crystallographic information of the target, and thus the calculations
are performed for an amorphous material. Since our aim is to
calculate the difference in penetration of gallium for different
surface-normal austenite orientations, we have also used
MDRANGE program, which considers crystal orientation. The
normal orientations considered for the range calculations were the
same orientations shown in Fig. 2 (i.e., [001], [101], [111], [102],
[112], [212]). The penetration depth of Gaþ ions calculated with
MDRANGE and SRIM are shown in the same plot of Fig. 3.

The SRIM calculation shows the peak gallium concentration is at
10 nm below the metal surface, whereas the concentration be-
comes zero at 35 nm depth. The results of MDRANGE calculations
show that Gaþ ions have much deeper penetration in [101]-type
orientations and marginally less penetration (compared to [101])
in [001] and [112]-type orientations possibly due to the lower
channelling in these orientations. Other orientations result in an
accumulation of most of the Gaþ ions at a depth of about 10 nm and
have a very shallow penetration depth due to lower channelling. All
orientations show a peak gallium concentration at about 10 nm
depth, which is in good agreement with SRIM calculation. Variation
in the penetration depth of gallium for different austenite grain
orientations strongly suggests a possible difference in the thickness
of the transformed ferrite layer and the rate of sputtering of the
material from the surface.

To investigate the effect of penetration depth of gallium on the
thickness of the transformed ferrite layer, cross sections of the
damaged surfaces for different orientations exposed to Gaþ ions at
7 nA for 120 s in FIB were prepared with FIB for TEM analysis. The
Gaþ ion implanted surface was protected with a platinum layer
deposited first with the electron beam (5 kV, 4 nA, 1 mm thick) and
then with the ion beam (30 kV, 0.1 nA, 1 mm thick). The TEM cross
section sample preparation was carefully undertaken to avoid any
further damage to the sample surface or interior regions by
lowering the energy and flux of Gaþ ions used for the final cleaning
operations of the TEM foil.

Three representative TEM bright field images of transformed



Fig. 5. MDRANGE simulation showing the channelling effect of Gaþ ions along
different crystallographic directions of ferrite phase. [001] orientation has highest
channelling followed by [111] and [101] orientations. The [102] orientation has lowest
channelling, followed by [112], [122] and [133].
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ferrite layer thickness in the austenite grains with [101] surface
normal orientation (to the gallium implantation direction) are
shown in Fig. 4. These micrographs reveal that the thickness of the
ferrite layer is not constant for any specifically oriented parent
austenite grain. For a specific austenite orientation, the penetration
depth of gallium should be within a defined range, as seen from the
MDRANGE calculations. If the increase in gallium concentration is
assumed to be the sole reason for the phase transformation, the
thickness variation could be due to any variation of gallium pene-
tration through the transformed ferrite layer. It could also be
affected by the surface topography of the sample.

In order to understand the possible difference in the penetration
of Gaþ ions through different daughter ferrite variants, MDRANGE
simulations were carried out with different crystal planes facing
the implanted surface. The orientations considered were [001],
[101], [111], [102], [112], [122] and [133]. These were the major
daughter ferrite variants observed in different austenite grains
using orientation-imaging analysis. The results are shown in Fig. 5,
where [001] orientation has the highest channelling, followed by
[111] and [101]. The [102] orientation has lowest channelling fol-
lowed by [112], [122] and [133] orientations. This dependence of
Gaþ ion penetration on the ferrite orientation can affect the
thickness of each variant and the rate of their sputtering. It can be
deduced that during the incipient g/ a transformation, the parent
g orientation controls the depth of penetration of Gaþ ions; once
transformed to a, the depth of penetration is controlled by the
daughter orientations of a.

As it is expected that the rate of sputtering is dependent on the
orientation of daughter ferrite, an example of such dependence is
shown in EBSD orientation imaging with IPF-X map (Fig. 6) of a
region with [102] parent austenite oriented grain implanted with
30 keV Gaþ ions at 7 nA current for 60 s in a 20 � 20 mm2 area. The
same region was examined in a confocal laser microscope in order
to assess the depth at each ferrite variant. The figure and the table
therein give the orientation of different ferrite variants and their
depth in nm from the unaffected surface of the sample. From the
table it can be observed that, among the variants observed, the
[001] and [111] normal orientations experience lower sputtering,
suggesting that these orientations allow higher channelling which
is reflected in the gallium penetration observed in these orienta-
tions calculated with MDRANGE, shown in Fig. 5. It has been pre-
viously reported that higher channelling results in lower sputtering
and vice versa [27]. Also, the orientations with [102] and [112]
Fig. 4. Non-uniformity in the thickness of transformed layer observed in TEM bright field im
different locations of the sample, with line markers showing thickness of Pt layer (dashed ar
austenite substrate (white arrow).
surface-normal exhibit higher sputtering, which is again in accord
with MDRANGE results, which indicate shallow penetration depth
of gallium ions in these surface-normal orientations.

In addition to this preferential selection of variants, there are
many crevices seen on the surface of the implanted sample. This is
also seen in the TEM cross-sections, where small part of the sample
surface has been sputtered more than the adjoining region,
resulting in crevice. The ASTAR IPF-X and BF TEM images, displayed
in Fig. 7A and B, respectively, show one such example with the
higher sputtering region having a different ferrite variant compared
to the neighbouring regions. In this image, a dashed line is drawn to
denote the surface closely parallel to the original sample surface.
Such fast sputtering variants result in the removal of more material
in that location and result in deeper crevices. These regions show
very poor Kikuchi patterns and will be difficult to index with SEM-
EBSD analysis. Such variants cannot be detected in the EBSD anal-
ysis at higher dose levels.

Hence there are effectively three different types of variants,
resulting in three different rates of sputtering. The first type is the
ages from the grainwith [101] austenite surface orientation. Images A, B, and C are from
row), ferrite layer (black arrow) and the interface region with strain contrast within the



Fig. 6. High resolution IPF-X map of the region with [102] austenite surface-normal orientation implanted with 30 keV Gaþ ions with 7 nA current for 60 s, showing phase-
transformed ferrite grains of different variants. Within the grains, the variants have considerable misorientation. The amount sputtered at different locations of different ferrite
variants is shown in terms of depth measured from the unaffected surface with confocal laser microscopy. The orientations and corresponding depth are listed in the adjacent table.

Fig. 7. TEM bright field (A) and ASTAR-OIM IPF-Z map (B) of cross section of [111]
orientation showing the transformed layer. It is seen that the depth from surface is
more for the purple variant compared to the blue variant, which is indicative of higher
rate of sputtering. The rate of sputtering is controlled by the a variant. Note that the
amorphous Pt layer is misindexed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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variant with a very fast rate of sputtering resulting in crevices on
the sample surface. This could be due to the lower channelling of
Gaþ ions in the specific variant and accumulation of more gallium
close to the sample surface and thus increasing the strain of matrix.
The second type is the variant having intermediate sputtering rate,
resulting in the stabilization of such variant. This is due to the
balance achieved between the amount of implanted Gaþ ions and
the layer removed as sputtering progresses, resulting in dynamic
accommodation of strain associated with the presence of gallium in
the matrix just below the sample surface. The third type of variant
is that which has slow sputtering due to the higher channelling of
ions into the matrix below, resulting in much less strain in the
matrix close to the sample surface.

The surface of the implanted sample has a specific morphology
corresponding to the variation of sputtering yield for different
variants of ferrite formed. In addition to the role of the variants in
determining the thickness of the ferrite layer in different regions of
the implanted surface, there are specific microstructural features
that cannot be explained with the existence of variants alone. Fig. 8
shows the SEM SE images and IPF maps of same regions implanted
at different conditions (orientation, beam current, and time). The
orientation of parent and the dominant daughter variant is also
noted in the figure. A close look at the implanted regions shows that
the microstructural features (i.e., topography) are unique to the
condition considered. The surface morphology of specific g orien-
tation at different implantation conditions has some similarities
and tends to evolve with implantation time. The formation of
similar surface features were also observed with ion beam im-
plantation on Cu single crystal surfaces [28].

As the phase transformations occurring during ion-
implantation are non-equilibrium processes, the ferrite variants
formed as a result of g/ a transformation, in the present case, can
be expected to have random orientation relationships (OR) with the
parent austenite. From literature, the common OR's for austenite
and ferrite reported are Kurdjumov-Sachs (KS) [29] and Nishiyama-
Wassermann's (NW) [30,31]. Representative images in Fig. 9A and B
shows austenite and ferrite regions in cross section TEM e ASTAR
IPF-X maps. At the g � a interface, the above-mentioned OR's were
fitted for a deviation of different angles from the ideal OR condition.
The fit for a deviation of 5� for NW and KS OR's across the whole
interface are shown in this figure.

Any of the two OR's (i.e., KS or NW) alone did not satisfy the
entire interface at any deviation angle. Parts of the interface satis-
fied specific OR, where as other parts satisfied a different OR, as
seen in Fig. 9A and B. In some regions, the OR's are complementary
in nature. However, some regions across the interface shown in
Fig. 9A and B, are not related by the above-mentioned OR's and the
ferrite seems to follow a randomORwith the parent austenite. Such
interface regions are indicated with black arrows in Fig. 9A and B.
These observations suggest that although the phase transformation
process under heavy ion implantation is a non-equilibrium process,
most of the g � a interfaces assume either NW or KS OR's, but in
few locations, exhibit a random OR.

As the results were analysed with an assumption that the
presence of gallium is the source of phase transformation in these
samples, a close evaluation on the effect of gallium in the sample
was performed with high-resolution techniques. This is to evaluate
the role of strain in this phase transformation. The composition of



Fig. 8. Microstructural features of the transformed region for selective parent orientations, beam currents, and implantation periods shown in secondary electron images and IPF-X
maps. Each daughter orientation has a distinct topography, which is indicative of it's uniqueness to sputtering. All the squares are 20 � 20 mm2.

Fig. 9. ASTAR OIM maps obtained from cross section TEM specimens with regions of
transformed layer showing the complementarity of KS and NW orientation relation-
ships. The arrows in A and B indicate the representative interface regions exhibiting
complementary nature of KS and NW OR's. Arrows in C and D show an example where
NW is followed, but not KS relationship. Black arrows mark the regions following no
known OR's. Note that the amorphous platinum layer is misindexed.
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gallium and other elements across the transformed region were
analysed using energy dispersive spectroscopy (EDS) in Chem-
iSTEM™ Titan and are shown in Fig. 10. Gallium penetration pro-
files of two representative ferrite variants (i.e., [212]a and [101]a)
observed from the EBSD data of [212] orientation of the austenite
grain calculated using MDRANGE are also shown.

Fig. 10A shows a line concentration profile across ferrite and
austenite regions of TEM cross-section from an austenite grainwith
[212] surface normal orientation implanted with 30 keV Gaþ ions
using 7 nA current for 120 s. The HAADF image is also shown
alongside the line profile containing the regions of Pt layer,
transformed ferrite layer and the non-transformed austenite layer.
The line profile exhibits a variation in the concentration of iron,
platinum, and gallium in atom % across the interfaces. In the
transformed ferrite layer, Fe depletion was observed as seen in the
line profile. Similarly in the ferrite layer, depletion of Ni and Cr were
observed. The peak concentration of gallium (~ 18 at%) occurs at a
depth of about 10 nm from the sample surface, while the
MDRANGE calculation for [212] surface normal of ferrite predicted
it to be at about 7 nm. From the HAADF image, the transformed
layer thickness is about 120 nm, whereas from the EDS line profile,
the depth at which gallium concentration reaches a value of 1 at%, is
about 57 nm, while for a value of 0.5 at% gallium, the depth is about
68 nm. These numbers assure that the thickness of transformed
layer is more than the depth at which gallium concentration is
0.5 at%.

Similarly in Fig. 10B, a different region of cross section of the
same sample is shown. The thickness of the transformed ferrite
layer from the TEM image is ~ 120 nm, whereas the gallium con-
centration of 1 at% lies at 115 nm and for 0.5 at% Ga at 130 nm. The
peak concentration of gallium occurs at 20 nm, which is higher
than the previous example in Fig. 10A. The peak gallium concen-
tration from MDRANGE simulation for [101] ferrite surface normal
was at about 10 nm.

The depth of gallium concentration for 0.5 at% can be considered
as the effective depth of gallium penetration, since the reliable
minimum detection possible with the instrument is roughly 0.5 at
%. From Fig. 10A and B, it can be seen that within the transformed
layer, the bright Z-contrast of HAADF also marks the presence of
gallium, which roughly matches with the 0.5 at% gallium. In the
two representative TEM-EDS analyses shown for the [212]
austenite orientation, the difference in the depth of peak gallium
concentration between the two regions is likely due to the forma-
tion and evolution of different ferrite variants during the implan-
tation process. Although the thickness of transformed layer is
similar (~ 120 nm), difference in the effective gallium penetration
depth is clearly seen. This can be attributed to the differences in the
level of channelling in the ferrite variants formed.

In one of the two regions (Fig. 10B), the ferrite variant (i.e.,
[101]a) is likely to be more channelling than the other region
(Fig. 10A; [212]a). However, the transformed layer thickness is



Fig. 10. Cross-section TEM-EDS map of two different locations from sample with [212]-austenite orientation (A and B). A) The Ga penetration (marked by 0.5 at% gallium) ends at
68 nm, which is much less than the transformed layer thickness of 120 nm. B) The penetration of gallium (1 at% at 115 nm, 0.5 at% at 130 nm) is very close to the thickness of
transformed layer (120 nm). The MDRANGE simulated gallium profile for a representative ferrite variant [212] for 10A and [101] for 10B is also included. These are the most common
ferrite variants based on Fig. 2. The MDRANGE values were normalized to the corresponding EDS peak value.
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similar in these regions. In order to verify this, the mean range of
gallium ions in these and other orientations of austenite and ferrite
were calculated using MDRANGE and are shown in Table 1. It is
clearly seen that the [101]a orientation offers much more chan-
nelling than the [212]a orientation (64 nm and 35 nm, respectively;
indicated in bold in Table 1). This suggests that in certain orienta-
tions, though the gallium channelling is affected by the orientation
of the grain, merely the presence of gallium is effective in trans-
forming the underlying austenite layer to ferrite without having to
alter the chemistry with ferrite stabilizers. This strongly suggests
that, in addition to the presence of gallium, there must be a strain
component that aids in the transformation.

Table 2 gives the quantitative analyses of various parameters
associated with the transformed layer from different locations of
[111] and [212] austenite surface normal orientations. In the low
index [111] orientation of austenite, the thickness of the
Table 1
Mean range of 30 keV Gaþ ions in different orientations in austenite and ferrite calculat

Crystal Surface normal

[001] [101] [111] [102]

FCC 70 ± 1 140 ± 2 15.5 ± 0.3 22.5 ± 0.4
BCC 136 ± 1.6 64 ± 1 142 ± 1.8 17.4 ± 0.22
transformed layer is less compared to that in high index [212]
orientation. Additionally, the effective gallium penetration depth
always exceeds the thickness of transformed layer in [111] orien-
tation. The gallium penetration depth and the thickness of trans-
formed layer exhibit linear dependence in this orientation. There
were no anomalies in gallium penetration observed in [111]
orientation, which is in contrast to the [212] case. Here, the strain
component associated with the presence of gallium is not enough
to cause the transformation much further in the austenite phase, as
observed in [212] orientation.

5. Discussion

5.1. Source of the transformation

The g / a phase transformation that occurs because of the
ed using MDRANGE. The mean range from SRIM was 10.8 nm.

[112] [212] [122] [133]

58.7 ± 0.9 10.1 ± 0.14 e e

37.8 ± 0.73 35 ± 0.8 32.5 ± 0.6 34.5 ± 0.12



Table 2
Gallium concentration from the EDS analyses in different regions of the transformed layer in [111] and [212] austenite orientations and the respective transformed ferrite layer
thickness. The depths of different gallium concentrations were calculated from the EDS line profiles and the transformed ferrite layer thickness from the HAADF image.

Orientation(region) Gallium peak depth (nm) Depth of 0.5 at% gallium (nm) Depth of 1 at% gallium (nm) Ferrite layer thickness (nm)

[111](1) 10 75 65 60
[111](2) 10 65 55 45
[111](3) 8 65 55 45
[111](4) 8 50 35 30
[111](5) 8 62 52 48
[111](6) 8 88 73 73
[111](7) 8 72 60 48
[212](1) 10 78 68 120
[212](2) 10 68 49 120
[212](3) 20 130 110 120
[212](4) 20 130 115 120
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interaction of Gaþ ions with 316L austenitic steel has been sys-
tematically studied as a function of the crystallographic orientation
of the grains, ion dose and dose-rate. The results suggest the role of
both local gallium enrichment and the strain associated with the
implantation in certain orientations as the cause for the trans-
formation. From the observations made in this study and those
reported in the literature, the following points emphasize the role
of chemistry in the transformation. Gallium is a ferrite stabilizer;
after reaching a threshold value of gallium concentration (i.e., flu-
ence), the transformation is imminent, as observed in all of the
analysed surface orientations of the austenite phase. In the pres-
ence of other ferrite stabilizers in the alloy, like Si, Cr, Mo, V, P, Ti, Al
and the austenite stabilizers like C, Ni, Mn etc. the effectiveness of
gallium in stabilizing ferrite is not well known. From the Fe-Ga
phase diagram, it can be seen that at 1100 �C, less than 3 at% gal-
lium is needed to stabilize the ferrite phase [32], but at room
temperature the stable phase is ferrite for compositions <10 at%
gallium. Our STEM EDS results show that there is certainly a phase
transformation where gallium is more than 0.5 at%. This observa-
tion supports the chemistry driven phase transformation.

The observations supporting the argument of stress/strain
related phenomena in the transformation are the following: Firstly,
from the IPF map of Fig. 6, it is evident that the sample surface
exhibits strong misorientations that represent the surface strain
associated with the Gaþ implantation and sputtering process.
Previous observation made by Knipling et al. [9] lacks the resolu-
tion in identifying such misorientations. Secondly, the analysis of
gallium concentration along the depth of the sample in the two
STEM-EDS examples (Fig. 10 and Table 2) show that the thickness of
the transformed layer is mostly proportional to the penetration
depth of gallium, but in few cases it is independent of the pene-
tration depth. It is also observed that the depth at which the gal-
lium concentration is maximum does not change significantly in
regards to orientation, but the extent of the concentration-tail, until
it reaches ~ 0.5 at% gallium, referred as effective gallium penetra-
tion depth, differs significantly. Although the transformed layer
thickness differs in accordance with the effective gallium pene-
tration depth in [111] orientation, it does not differ significantly for
the specific austenite orientation [212] even when there is a vari-
ation in effective penetration depth of gallium. This suggests that
there are specific ferrite variants, which only have shallow gallium
penetration, but exhibit far-field strain that initiates the formation
of ferrite phase even without the required gallium concentration.
Hence, without the presence of the required amount of gallium
(0.5 at%), the transformation may still occur in certain cases.

Although the amount of gallium in pure iron needed for the
phase transformation can be as low as 0.5 at%, as seen from the
phase diagram [32] and confirmed in the present work, Kolman
et al. [33], in a study on type-304 stainless steel alloyed with
different gallium contents observed that a significant amount of
transformation does not occur until 3 wt% (or ~ 2.4 at%) gallium.
Additionally, after alloying 304 L with 12 wt% gallium, the micro-
structure consisted of 53 vol% austenite and 47 vol% ferrite, with the
austenite phase containing 12.8 wt% gallium. Alloy 304 L is prone to
the g / a phase transformation with FIB more readily than alloy
316L since the concentration of austenite stabilizers is relatively
low in a 304 alloy [9]. The above observations strongly suggest that
the phase transformation is not simply driven alone by the addition
of gallium to the alloy, but also by the strain imparted in the matrix
during the ion implantation.

Referring to Table 2, the thickness of the transformed layer is
given from different locations of [111] and [212] austenite surface
normal orientations. The formation of ferrite with different thick-
nesses could arise from the existence of different variants of ferrite
within a particular austenite parent orientation. This is true if
different variants require a different minimum thickness for phase
stability.Waitz et al. have reported that in sputter deposition of NiTi
alloys the grain size (perpendicular to the surface) controls the
stability of different phases, namely martensite and ferrite [34].
Specifically, if the thickness of the sputtered layer is more than ~
50 nm, the martensite phase is stabilized [34] and there are vari-
ations of this number seen in other publications [35]; the main
difference is that the substrate is different in all of those cases. Thus
the orientation of the substrate could also affect the minimum
thickness needed to stabilize the martensite phase.

Similar phase stability issues were also observed in sputtering of
austenitic stainless steels on Si and kapton surfaces [36]. It was seen
that the ferrite phase was stabilized in both depositions, irre-
spective of the substrate, but there were texture differences be-
tween deposits of different thickness and substrate. Hence the
presence of different variants and the orientation of austenite
substrate could be the source of thickness differences. On this
ground it can be expected from our study that different ferrite
variants could have different thickness requirements for phase
stability, in addition to the requirements of the substrate orienta-
tion. This could also be affected by the rate of sputtering that each
variant exhibits for the continuous ion beam implantation. The
competition between thickness requirement and sputtering rate
results in a stable thickness all through the implantation process for
any specific ferrite variant. This is how the surface roughness forms
and certain variants disappear soon from the sample surface as
depicted in Fig. 8, resulting in crevices.

The formation of ferrite phase under sputter deposition of an
austenitic material on the same austenite phase, as explained by
Godbole et al. [37], could explain the formation of the ferrite layer
on the austenite substrate during focussed ion beam milling. The
nucleation of ferrite on the austenitic surface could be due to the re-
deposition of the sputtered material from the austenite. During the
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nucleation process in FIB milling, the sputtered material will have a
composition that contains gallium (a ferrite stabilizer), which could
replace Fe, Ni and Cr atoms. With depletion of Ni the material is
more favourable to form body centred cubic (i.e., ferrite) structure
instead of face centred cubic (i.e., austenite) structure, as was also
suggested by Zhang et al. [36] in sputter deposition based on Ni
content and substrate temperature. The schematic in Fig. 11, gives
the overview of the most important process steps during this im-
plantation and phase transformation process.

From the general trend of thickness of transformed layer vs
penetration depth (0.5 at%) of gallium ions for [111] austenite
orientation, it can be seen that the depth of penetration for most of
the cases is little larger than the transformed layer and is directly
proportional to the thickness of the ferrite layer. The ratio of the
thickness to penetration depth is about 0.6e0.8 to 1 in most of the
cases. Whereas in one specific case, the penetration depth of gal-
lium (0.5 at%) is shallow (68 and 78 nm) compared to the trans-
formed layer thickness (120 nm). If the presence of gallium in the
matrix is the primary reason for the phase transformation, the
depths (penetration of gallium and transformed layer thickness)
should coincide or the differences should be minimal. The
requirement of transformed layer thickness for phase stability and
possibly a limited penetration depth of gallium in that specific
ferrite variant could be reasons for this anomaly. It is possible that
the presence of gallium assists in the formation of ferrite far from
the locationwhere it is locally enriched due to elastic strain fields in
specific ferrite-austenite orientation combinations. The presence of
the stress/strain effect in determining the ferrite phase formation
and stability requires further elucidation.

From the above discussions, it can be deduced that, under the
experimental conditions studied, the amount of gallium needed for
the ferrite phase formation is about 0.5 at% in 316L austenitic
stainless steel. However, in certain cases, the ferrite stabilizes with
the presence of a lower concentration of gallium. In such cases, the
role of strain ahead of the gallium penetration arising from the
orientation of the ferrite phase cannot be ruled out.
5.1.1. Gaþ ion channelling
The range of 30 keV Gaþ ions in austenite and ferrite was

modelled using SRIM and MDRANGE. Since the target structure is
amorphous in SRIM, it only gives one mean range, regardless of the
crystal structure and crystal orientation. In contrast, ion range
Fig. 11. Schematic of the ion beam milling process showing the forma
calculations were performed for different target structures (Crystal
structures and orientations) using MDRANGE, and were compared
with the experimental results. Mean range values of the gallium
ions in different austenite and ferrite orientations are summarized
in Table 1. The extent of channelling in different orientations,
considering the atomic packing density, is nicely captured by
MDRANGE.

The agreement between the model and experimental results
(Figs. 2, 3) in terms of the propensity of a particular grain orien-
tation to undergo g/ a transformation is excellent, assuming that
the orientations which offer lowest channelling transform easily.
Additionally, important observations can be made from the results
obtained for [212]g orientation. The mean range of Gaþ ions is
10.1 ± 0.14 nm while the gallium concentration from EDS analyses
(Fig. 10 and Table 2) extends much deeper into the lattice, indi-
cating that it is into the ferrite phase that Gaþ ions are implanted,
once the g / a transformation happens (refer the schematic
shown in Fig. 11). This aspect again is captured by the MDRANGE
simulation, as illustrated in Table 1. Specifically, the ferrite orien-
tations observed to form in the [212]g grain are [101] and [212]; the
mean ranges in these ferrite orientations are much greater than
that in the parent orientation, in agreement with the experimental
observations (refer Fig.10 and Table 2). MDRANGE simulations have
clearly illustrated the role of ion channelling in g / a trans-
formation process in various crystal orientations.
5.2. Sputtering yield and topography development

It has been observed that the sputtering yield depends on the
surface normal crystallographic orientations [27]. Specifically, in
copper single crystal, the sputtering yield in the low index orien-
tations ([100], [411], [211], [111]) is less than that in the high index
orientations. From the threshold energy calculation of sputtering, it
was observed that the threshold energy of (111) planes is higher
than that of (100) planes, which was confirmed in the experiments.

The formation of surface structure, in other words, topography,
could be related to the structure and orientation of dislocations and
other defect structures developed during the irradiation damage
[28]. Themicroscopic sputtering yield is related to the strain energy
of the dislocations, and when they intersect the surface they are
prone to be sputtered earlier than other regions. This phenomenon
is similar to the etch pit technique used to reveal the dislocations
tion and evolution of ferrite phase with increase in milling time.
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intersecting the sample surface by electrolytic polishing, where
locations containing dislocations are affected earlier [38]. This is
also true with the etching of grain boundaries during electro-
polishing due to the strain energy associated with the grain
boundaries.

In the present work, it was shown that the sputtering yield in
316L material during FIB is completely dependent on the daughter
ferrite variant orientation, not the parent austenite orientation. We
found that the surface normal orientations, which offer deeper
penetration depth for Gaþ ion (higher channelling), will sputter less
than the orientations that offer shallower penetration of Gaþ ions.
Therefore the order of decreasing sputtering yield for some of the
ferrite orientations is [133]>[122]>[112]>[101]>[111]>[001]. The
topographical features observed on the 316L sample surface for
different parent austenite orientations are consistently similar for
any particular orientation. As the orientation of defects and their
interaction with the sample surface will be unique for any specific
target grain orientation, the uniqueness of surface features can be
understood.

5.3. Variant selection and domination

Variant selection in general is related to both interfacial energy
minimization (reconstructive transformation) [39] and strain en-
ergies associated with transformation (displacive transformation)
[40]. The selection can occur during nucleation (Lee-Aronson) or
during growth (Kim-Badhesia) of ferrite phase on the austenite
matrix [41e44]. Since there is a balance between the phase trans-
formation and the sputtering processes, the ferrite variants that
form at the beginning of the transformation process are expected to
remain stable on subsequent sputtering if the parent (i.e.,
austenite) orientation does not change. Though the present ex-
periments were not aimed at studying the variant evolution at the
same location of the sample, the repeatability of variant selection
and its progress is clearly evident from the orientation imaging
analysis. The evolution towards a single or two stable ferrite vari-
ants with progress in FIB milling is clearly observed. In [001] and
[101] austenite orientations, the ferrite variants which formed at
the beginning remain stable until 120 s of implantation.

Similarly, the ferrite variants in [111] and [212] austenite ori-
entations are maintained throughout the time frame tested from
the first instance. In the case of [101] and [112] austenite orienta-
tions, the dominant ferrite variant changes at the intermediate
stages. The change of normal orientations of ferrite is from high
index orientation ([102] and [112]) to low index orientation ([101]
and [111]) for [112] and [101] parent austenite orientations,
respectively. The high index orientations offer less channelling than
the low index for Gaþ ions. This could mean that the higher
channelling variants are favourable and lead to less sputtering.
Similar observations were made in fine-grained Copper implanted
with Gaþ ions that resulted in a textured microstructure, with grain
orientations favourable for higher channelling [7]. Also, with in-
terfaces closely oriented to the close packed planes and directions,
the interfacial energy decreases [41,42]. This could also be a driving
force for the nucleation and stabilization of specific variant in the
due course of sputtering process. The process of variant selection in
this case is not due to dual orientation or growth selection [43,44],
since the stable variants are not chosen among those that form at
the beginning. They evolve gradually for reducing the interfacial
energy, which is dependent on the interface plane orientation.

There are some critical areas, such as the effect of Gaþ ion
irradiation hardening of 316L on the sputtering process and the
effect of gallium alloying on the sputtering yield of this material,
which need additional detailed studies. Such studies will further
our current understanding of the nature of this phase change.
6. Summary

The present study was aimed at understanding the kinetics of
the austenite-to-ferrite phase transformation during focused ion
beam implantation with Gaþ ions on 316L austenitic stainless steel
surface. The main findings can be summarized as follows:

1. The kinetics of austenite to ferrite phase transformation depend
on the parent austenite grain orientation. The channelling effect
in certain austenite grain orientations affects the
transformation.

2. There is a strong variant selection during the transformation.
The variants evolve with further implantation and try to reach a
combination of stable ferrite orientation variants.

3. The thickness of transformed ferrite layer and the rate of sput-
tering of this layer are determined by the depth of penetration of
gallium into the ferrite layer.

4. The formation of surface crevices and topographical differences
arising from Gaþ ion implantation among different austenite
orientations are due to the differences in the rate of sputtering of
ferrite variants and preferential sputtering of material close to
the defect structures, due to the strain associated with them.

5. Although the process of phase transformation under focussed
ion beam conditions is considered non-equilibrium, in most of
the cases the ferrite-austenite interface exhibits the well-
established orientation relationships discussed in literature. In
few cases, the interface did not conform to any of the well-
known orientation relationships.

6. The choice of driving force for the phase transformation
mechanism in most cases favours the chemical argument (i.e.,
enrichment of gallium). The initiation of this transformation is
controlled by the presence of gallium in the lattice. However, it
is observed that the progress of this transformation and the
stability of the ferrite variants formed are not always deter-
mined by the chemistry. It is possible that the strain associated
with the implantation process and the presence of gallium can,
in certain orientations, be enough to sustain the kinetics of
transformation.

Finally, the current work demonstrates the complex nature of
the g / a transformation occurring in 316L because of the inter-
action of Gaþ ions in a FIB instrument. Though the beam conditions
used in the present study are not necessarily the ones used for
preparing TEM specimens in FIB, it is emphasized that, regardless of
the experimental conditions (beam energy, current, angle of inci-
dence of Gaþ ions) used in a FIB, Gaþ ions undoubtedly interact
with the specimen and potentially alter its chemistry and micro-
structure. Since 316L is a common structural material used under
different environmental conditions, the results presented here are
relevant when FIB is considered as a tool for extracting site-specific
specimens from a sample for advanced characterization.
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