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Scanning nano-beam electron diffraction with a pixelated detector was employed to investigate the orien-
tation relationship of nanometer sized, irradiation induced G-phase (MgNi;65i;) precipitates in an austen-
ite matrix. Using this detector, the faint diffraction spots originating from the small G-phase particles
could be resolved simultaneously as the intense matrix reflections. The diffraction patterns were ana-
lyzed using a two-stage template matching scheme, whereby the matrix is indexed first and the pre-
cipitates are indexed second after subtraction of the matrix contribution to the diffraction patterns. The
results show that G-phase forms with orientation relationships relative to austenite that are characteristic
of face-centered cubic (FCC) to body-centered cubic (BCC) transformations. This work demonstrates that
nano-beam electron diffraction with a pixelated detector is a promising technique to investigate orien-
tation relationships of nano-sized precipitates with complex crystal structures in other material systems
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G-phase is an intermetallic silicide with a complex cubic crys-
tal structure (space group Fm3m, lattice parameter around 1.1
nm) [1] and a stoichiometry represented by the formula MgXqgSiy
with M and X representing multiple possible metals. G-phase can
be precipitated in various steels, with M=Ti, Mn, Cr and X=Ni,
Fe being the most common varieties. In duplex steels subjected
to ageing heat treatment, the phase precipitates in the ferrite
phase with the cube-on-cube orientation relationship [2-4]. Large
G-phase domains on grain boundaries are associated with embrit-
tlement [5,6], but precipitation of G-phase on dislocations can im-
prove strength and creep resistance [7]. Hence G-phase is of high
technological importance in ferritic and duplex stainless steels.

In austenitic stainless steels, G-phase (MgNiygSi7) does not form
under any ageing conditions, but it readily forms under irradiation
over a wide temperature range (~300-700°C) [8-10]. This is detri-
mental in nuclear applications, where the formation of G-phase in
austenitic steels is associated with void swelling [9,11-14], which
leads to unacceptable embrittlement and loss of strength [15]. G-
phase grows in austenitic steel due to radiation induced segrega-
tion of Ni and Si [16]. However, the nucleation mechanism of G-
phase from Ni-Si supersaturated regions is not well understood.
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Moreover, the orientation relationship of the phase in austenite
has not been established but is critical for understanding its detri-
mental effects. The orientation relationship and particle morphol-
ogy are prerequisite to determining the precipitate/matrix interfa-
cial structure, which is ultimately responsible for the interaction
with irradiation-induced point defects.

The cube-on-cube orientation relationship [17] has been
proposed to exist between G-phase and austenite, but most
authors report there is no preferential orientation relation-
ship [8,16]. Recent electron diffraction work has shown irradia-
tion induced G-phase may have a preferential but complicated
orientation relationship with austenite [18,19]; the Kurdjumov-
Sachs (KS) orientation relationship ((111)y||(110)¢, [110], [|[111]g)
was suggested. Orientation relationships with many variants
like KS, Nishiyama-Wassermann ((111)y|(110)q, [112],]|[110]s).
Pitsch ((100)y||(110)e, [011]y|[111]¢) or Bain ((100),||(100)q,
[010],]|[011]¢) are typically associated with the transformation
of face-centered cubic (FCC) austenite () to body-centered cubic
(BCC) ferrite or martensite («). Since G-phase forms with the cube-
on-cube orientation relationship in ferrite, it is plausible to assume
that G-phase may form in austenite analogously to ferrite [3].

The difficulty in establishing the orientation relationship of
nano-sized precipitates with complex crystal structures using clas-
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sical methods like selected area electron diffraction (SAED) is that
diffraction patterns tend to contain many closely spaced reflec-
tions from multiple particles. If the orientation relationships are
non-trivial with multiple variants, indexing these patterns is ex-
tremely challenging, and it is impossible to tilt individual particles
to different zone axis orientations. An additional layer of complex-
ity in this specific case is that irradiated austenite typically con-
tains other precipitated phases with complex crystal structures and
similar lattice parameter as G-phase, such as My3Cg; these phases
are often confused or misidentified.

In this paper, we attempted to elucidate the orientation rela-
tionship of nano-sized (10-20 nm) G-phase precipitates in ion-
irradiated austenite using scanning nano-beam electron diffraction
(NBED) inside a transmission electron microscope (TEM) utilizing
a fast pixelated electron detector. Scanning nano-beam diffraction
is a technique whereby an electron probe with small convergence
angle (typically < 1 mrad) is scanned across the sample, and a
diffraction pattern is collected at each scan position. If the dis-
tance between the particles is large relative to the thickness of the
specimen, then diffraction patterns will contain signal from indi-
vidual particles and the matrix only. By comparing the diffraction
patterns to a library of simulated diffraction patterns of the crystal
in different orientations (templates), local orientations in each scan
position can be derived [20,21]. The advantages of this technique
are that no specific sample orientation is required before data col-
lection, and crystallographic information from diffraction patterns
can be directly correlated to real space coordinates.

One challenge of this method is that diffraction patterns con-
tain both (weak) signal from the small precipitates and (strong)
signal from the matrix phase above and below the particles. Since
some matrix reflections can correspond to some precipitate reflec-
tions and since they tend to be more intense than the precipitate
reflections, this can confuse the template matching algorithm. Re-
cently it was demonstrated that this problem can be overcome by
using a two stage indexation method [22,23]. In this method, the
patterns are first indexed with the matrix templates, masked with
the matrix template solution, and subsequently indexed with the
precipitate phase templates. Qur initial trials showed that the con-
ventional method of NBED data collection utilizing the ASTAR sys-
tem (NanoMegas) was insufficiently sensitive to detect the faint G-
phase reflections. Reliable indexing of the diffraction patterns of
small precipitates with complex crystal structure requires electron
detection with the highest possible resolution and dynamic range.
Hence, diffraction pattern data was collected with the fast (up to
384 frames/s) TemCAM-XF416 pixelated CMOS detector (TVIPS). A
comparison of data collected with the ASTAR and TVIPS systems
is given in supplementary materials. The microscope used was a
JEOL 2200FS TEM, equipped with a Schottky field emission gun
and operating at 200 kV. In addition to NBED, the morphology of
the precipitates was investigated using high resolution high angle
annular dark field (HR-HAADF) scanning TEM (STEM) using a probe
corrected Titan microscope (Thermo Fisher Scientific) operating at
300 kV.

The material used in the study was an austenitic stainless steel
in the 15-15Ti family with composition 15 wt% Ni, 15 wt% Cr,
1.8 wt% Mn, 1.2 wt¥ Mo, 0.5 wt% Ti, 0.6 wt% Si, 0.1 wt% C, bal.
Fe [24], with a grain size of 10-15 pm. The material was irradi-
ated with 4.5 MeV Fe?* jons up to 40 dpa at 600 °C. Additional
details about the material and its characterization were published
elsewhere [25-27]. Fig. 1 shows the G-phase precipitates as imaged
in a) TEM dark field (DF), b) using scanning TEM (STEM) energy
dispersive X-ray spectroscopy (EDX), and c) atom probe tomogra-
phy (APT). The precipitates were 10-20 nm in diameter, enriched
in Si, Ni, Ti and Mn, and depleted in all other alloying elements.
No other irradiation induced phases were found in this steel, mak-
ing this material ideally suited to study G-phase. Electron trans-
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parent samples for TEM investigations were prepared via focused
ion beam cross-section lift-out in a SCIOS 2 HiVac (Thermo Fisher
Scientific) using a final cleaning at 2 kV.

The NBED data was collected using a camera length of 80 cm
and a convergence angle of approximately 0.5 mrad. A map of
260 x 200 scan positions was collected with a step size between 1-
2 nm. The region of interest was tilted slightly away from a (110)
zone axis so that only few matrix reflections would be strongly
excited. The raw data from the camera was converted to the BLO
file format compatible with the ASTAR software (NanoMegas) us-
ing a custom tool [28] and analyzed with methods and tools de-
scribed in refs. [22,23]. This conversion involves some information
loss, since the TVIPS camera collects images at 16-bit pixel depth,
but the BLO format only supports 8-bit images.

The two stage process for indexing the G-phase is illustrated
in Fig. 2 (prepared with Hyperspy [29,30] and Pyxem [31]). First,
the austenite matrix is indexed in each pattern. Fig. 2 a) shows a
diffraction pattern from the matrix and the best fit austenite tem-
plate as white circles. The direct beam is circled with green. Two
additional diffraction spots were detected near the {220} reflec-
tions and circled with cyan. These were found in all diffraction pat-
terns and did not correspond to any distinguishable features in DF
images; possibly they originate from surface oxide or small scale
point defect clusters. After the first step, the matrix contribution
is removed with a mask created from the best fit template. Sig-
nal that remains in the diffraction patterns originates from the G-
phase particles and Frank loop defects (which also form under ir-
radiation). The Frank loops can be isolated by masking everything
except the strip between the {220} and {111} matrix reflections as
shown in Fig. 2 b). The virtual dark field image (VDF) from the
Frank loops is shown in yellow in Fig. 2 c¢); since they grow on
{111} planes they are elongated perpendicular to this direction. A
dark field TEM image demonstrating the presence of Frank loops
in the irradiated layer can be found in supplementary materials. Fi-
nally in the second stage, the G-phase is indexed. The G-phase VDF
is shown in red in Fig. 2 c¢). Two patterns from G-phase particles
with the matrix contribution subtracted are shown in Fig. 2 d) and
e). The best fit (highest matching index) G-phase templates are su-
perimposed on the images. Note that all features in the VDF image
show jerky distortions in the x direction due to scan noise in the
scanning system at high magnification, but since each diffraction
pattern image is independent this does not impact the indexing
process.

The orientation maps were processed with MTEX v5.4.0 [32].
Fig. 3 summarizes the orientation results derived from the tem-
plate matching procedure. Fig. 3 a) shows the austenite inverse
pole figure (IPF) map and in the bottom-right corner the (100)
pole figure; both confirm that the matrix was oriented a few de-
grees away from a (110) zone axis. The outlines of detected G-
phase particles are superimposed on the plot. The misorientation
within the austenite grain spanned a range of about +5° relative
to the mean orientation. Fig. 3 b) shows a filtered G-phase inverse
pole figure map and the (100) pole figure in the bottom right cor-
ner. Pixels with a low correlation match index were excluded. The
map corresponds closely to the red features in the VDF image in
Fig. 2 c). The data shows that some particles are oriented closely
to a {100) zone, while others are oriented close to a {111) zone.
From the pole figure it appears that some (100) directions of the
G-phase align closely with the {100) directions of the matrix as
well as the (110) directions. Fig. 3 c¢) represents the relative ori-
entation between the G-phase and the matrix in each pixel. The
pole figures should be interpreted as if material in each pixel were
rotated such that the austenite is aligned with the image coordi-
nate system. Each orange dot represents a G-phase pole from an
indexed pixel; individual particles are thus represented by small
orange point clouds. Also shown on the plot for comparison are
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Fig. 1. The presence of G-phase precipitates of 10-20 nm in size detected using three different methods. a) A TEM DF image by using a {006} G-phase reflection. Due to the
different orientation variants, some of the precipitates are not visible in this image. b) STEM-EDX showing particles rich in Si and Ni and depleted in Cr and Fe. ¢) The same
is observed in APT and also shows that the particles are enriched in Ti and Mn. The Fe and Cr ion maps are not shown.

all the variants of the most common idealized orientation relation-
ships between FCC and BCC phases. These poles are to be inter-
preted as the BCC poles if the FCC basis were aligned with the
coordinate system of the plot. The experimental data points all
fall within the range of these ideal orientation relationships, which
clearly demonstrates that G-phase forms with orientation relation-
ships characteristic of the FCC to BCC transformation.

Hence, the results suggest there is an analogy between the way
G-phase forms in austenite and the way ferrite or martensite do.
Despite the space groups of G-phase and austenite being the same
(Fm3m), the G-phase lattice most closely resembles a superstruc-
ture of ferrite; only minor atomic shuffles are required to trans-
form a 4 x 4 x 4 supercell of BCC ferrite into the G-phase unit
cell [3]. If the G-phase structure is similar to a BCC supercell, this
implies the formation of the phase must be associated with a sim-
ilar kind of tetragonal distortion and rotation of the FCC lattice as
when austenite transforms to ferrite, which explains the similar-
ity between the orientation relationships. For all but the smallest
particles, these strains must be accommodated by interface dislo-
cations or twinning in the precipitating phase, which to a large ex-
tent determine the precipitate morphology and habit plane [33,34].

Some evidence of twinning inside G-phase precipitates was
found, one example shown in Fig. 4 a). The two parts of the parti-
cle deviate 52° over a tilt axis close to the [111]¢ direction (nearly

parallel to the optical axis) which resembles a ¥3 twin of a 60°
tilt over a (111} tilt axis. The grains also appear to be joined on a
plane parallel to {111}, since the interface is parallel to the edge-
on Frank loops in Fig. 2. The deviation from the ideal twin ro-
tation likely originates from a cumulation of errors in the index-
ing procedure; this could be the result of the relative weakness of
the G-phase reflections, high concentration of defects and localized
strains, the substantial image processing (including masking) prior
to indexing the G-phase, and dynamic diffraction effects that are
not accounted for in the template matching procedure.

It may be possible to further improve the angular resolution
by optimizing the template matching routine to use mainly dis-
tant reflections, which are more sensitive to small changes in ori-
entation [35]. This could be coupled with more advanced acquisi-
tion strategies, such as acquiring multiple maps at different camera
lengths optimized for each phase. In the dataset described here,
the camera length is large for the matrix phase resulting in few
matrix reflections in each pattern; this may increase uncertainty
in determining the matrix orientation. Furthermore, a more quan-
titative estimate of the angular resolution might be obtained via
automated parameter studies; an enabling solution is being devel-
oped within the Pyxem library [31].

FCC to BCC transformations tend to be associated with irra-
tional interface planes containing an invariant line along an irra-
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Fig. 2. [llustration of the indexing procedure and exploration of the dataset. a) A diffraction pattern from the matrix with the best fit template superimposed as white circles.
Additional anomalous spots and the direct beam are also circled in cyan and green respectively. b) A diffraction pattern showing additional diffraction spots originating from
edge on Frank loops. The mask to select these features is superimposed. c¢) A composite VDF image. The yellow contribution represents the Frank loops as isolated by
the mask shown in b). The red contribution represents the G-phase VDF obtained by masking the matrix and direct beam and Frank loops. d) and e) show diffraction

patterns from locations containing G-phase particles, The best fit G-phase template is superimposed. Note that the background from inelastic scattering was removed from
the diffraction patterns in a), b), d) and e) using a difference of Gaussians process.
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Fig. 3. The orientation results analyzed with MTEX. Shown are the IPF-Z plots of (a) the austenite and (b) the G-phase. In each case, the {100} pole figures are shown in
the bottom right corner and the IPF color legend in the upper right corner. Pixels with too low matching index were filtered out of the G-phase map to ensure only the
regions containing particles are considered. (¢) The misorientation between G-phase and austenite is plotted in {100}, {110} and {111} pole figures. Each orientation pixel
is represented as a small orange dot, which are clustered into point clouds representing individual particles. For comparison, the variants of the most common FCC to BCC

orientation relationships are also included in the plot,
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Fig. 4. A more detailed view of the G-phase particles and their morphology. a) A precipitate seemingly composed of two grains. Diffraction patterns of both grains are shown
on the right. The misorientation between the grains corresponds to a rotation of 52° over an axis close to the [111] direction in grain 1. b) A STEM-HAADF overview image
showing a collection of G-phase particles with nearly round or elongated morphology. ¢) A HR-HAADF image of a large intragranular G-phase particle with the matrix in the
[011] zone orientation. The approximate projected interface planes are marked and labeled with miller indices in the matrix frame of reference. The fast Fourier transform

of the matrix is shown in the inset.

tional lattice vector which can be predicted from lattice parameter
ratios [33]. If it is assumed that the G-phase unit cell represents
4 x4 x4 BCC unit cells and the ratio ayp. /. = 3.6/(11.5/4) =
1.25, plate-shaped morphologies with near KS relationship and an
invariant line close to {1 7 8) in the FCC lattice (or (111) in the
BCC lattice) are expected. Precipitates imaged with STEM-HAADF
tended to be nearly round or slightly elongated in projection as
shown in Fig. 4 b), which is consistent with a plate-shaped mor-
phology. A higher magnification image of one particle is shown in
Fig. 4 c). The projected interface is demarcated by colored lines and
labeled with Miller indices of the projected planes with respect to

the austenite lattice. The particles do not show clearly resolved low
index facets, which is consistent with the theory of an irrational
habit plane containing an invariant line. The shape of the particle
in Fig. 4 ¢) would be consistent with a plate-shaped particle with
invariant line close to [TIO];, and habit plane between (223), and
(335)y, inclined at an angle of approximately 30° with the view-
ing direction. In this scenario, a circular platelet would have an as-
pect ratio of 0.86, which is quite close to the observed value of 0.7
in the particle. Unambiguous identification of the habit plane and
the invariant line from the projections in these images may not
be possible, but the findings seem consistent with theory [33] and
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observations in other FCC-BCC systems [34]. A more precise con-
firmation of the orientation relationship of G-phase would require
very thin regions (where the precipitate and matrix do not overlap)
to be investigated along a (111), zone axis with HR-(S)TEM - ap-
proximately 1/4 of the particles should be oriented along a {111)¢
zone if the particles follow near NW or KS relationships.

In summary, nano-sized irradiation induced G-phase precipi-
tates were found to follow orientation relationships in austenite
characteristic of the FCC to BCC transformation through NBED us-
ing a pixelated detector. Only by collecting the data using a CMOS
camera with high signal-to-noise and high dynamic range could
the faint G-phase reflections be adequately resolved to index them
with the template matching procedure. If invariant line theory can
be extended to this system, the KS orientation relationship should
be preferred and the precipitates should have a plate-like morphol-
ogy, which was confirmed by HR-HAADF imaging. This information
could be supplied to density functional theory or molecular dy-
namics simulations to investigate the energies and the interaction
with radiation induced point defects of the precipitate/matrix in-
terfaces, which might ultimately explain the relationship between
this phase, void swelling and property degradation. In the future,
resolving individual orientation relationship variants directly with
4D-STEM may be enabled with finetuning the template match-
ing procedure and data acquisition strategies. This case study also
shows the promise of this technique for investigating complex
nano-sized precipitates in other material systems, for example in
magnesium, aluminium, or titanium alloys [36-38]. Investigating
the early stages of precipitation or quantifying orientation relation-
ship variants once they can be resolved may be interesting appli-
cation domains.
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