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Powder bed fusion laser beam (PBF-LB) is particularly effective for fabricating compositionally complex alloys
such as high-entropy alloys (HEAs) or medium-entropy alloys (MEAs). Fabricating non-equiatomic metastable
MEAs using PBF-LB can lead to the formation of unique microstructures that enhance the mechanical perfor-
mance of these alloys. Nevertheless, plastic anisotropy in materials prepared by additive manufacturing routes
including PBF-LB remains to be a technical challenge. This work presents the fabrication of a metastable non-
equiatomic CoysCras(FeNi)3p MEA using PBF-LB. As-printed samples exhibited the formation of nano-scaled
e-martensite (HCP) phase along with the FCC phase. The HCP phase exhibited Shoji-Nishiyama orientation
relationship with the FCC phase. High energy synchrotron X-ray diffraction (HEXRD) and electron backscatter
diffraction (EBSD) in-situ tensile testing were employed to investigate the influence of the HCP phase on the
alloy’s deformation behavior. The presence of the HCP phase initiates stress-induced martensitic transformation
well below the macroscopic yield strength. This transformation led to the non-linear stress and strain response for
the FCC phase. Further straining resulted in significant load partitioning, with the HCP phase taking the majority
of the load as it formed, significantly strain hardening the alloy and reducing the plastic anisotropy induced by
texture in the as-printed material.

improved properties of such alloys at cryogenic temperatures is thought
to be the change in the dominant deformation modes from dislocation

1. Introduction

High entropy alloys (HEAs) and medium entropy alloys (MEAs) have
attracted increasing attention from the scientific community over the
last two decades. The unique alloying concept is to have multiple
principal elements in equiatomic or near equiatomic proportions. This
strategy leads to the entropy stabilization of simple solid solution phases
[1-5]. This resulted in the development of prototype HEAs and MEAs
such as CoCrFeMnNi and CoCrNi, which exhibit excellent combinations
of strength and ductility, as well as enhanced fracture toughness at room
and even more so at cryogenic temperatures [6-17]. The mechanism for

* Corresponding author.
E-mail address: malladi@chalmers.se (S.B.A. Malladi).

https://doi.org/10.1016/j.msea.2025.148308

slip at room temperature to deformation twinning at cryogenic tem-
peratures, as the stacking fault energy (SFE) of the alloys decreases with
decreasing temperature.

SFE is an intrinsic material property that significantly influences the
deformation behavior of an alloy. Typically alloys with high SFE tend to
undergo deformation through dislocation slip, alloys with medium SFE
undergo twinning upon deformation, and those with low SFE energy are
known to undergo phase transformation [18-20]. Transformation
induced plasticity (TRIP) typically refers to the transformation of a
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metastable phase into a more stable phase upon deformation. Load
partitioning in alloys that undergo TRIP refers to how stress and strain
are distributed among different phases that are present in the micro-
structure upon deformation. The microscopic distribution of stress and
strain among different phases defines the macroscopic mechanical
response of these alloys [21-23].

Lately, there is a growing interest in the field of HEAs to explore the
potential of non-equiatomic HEAs by engineering SFE to produce alloys
with improved strength (without compromising ductility), and
improved damage tolerance [17-20,24-31]. The microstructure typi-
cally consists of a single metastable FCC phase, which upon deformation
transforms to a more stable e-martensite (HCP) phase.

Additive manufacturing (AM) refers to the plethora of manufacturing
techniques which manufacture components in a bottom-up approach
layer-by-layer, as opposed to the traditional top-down approach to
manufacturing (subtractive). Among the available AM techniques,
powder bed fusion — laser beam (PBF-LB) is one of the most widely used
technologies. It uses high energy laser as a power source to selectively
melt thin layers of powder which rapidly solidify to produce near net
shape components. This produces unique hierarchical microstructures of
the components due to high cooling rates and high thermal gradients
inherent to the technique [32]. The rapid melting and solidification
process taking place layer after layer also results in the subsequent
thermal cycling, generating a high density of dislocations in the
as-printed state [33,34]. The high cooling rates in the PBF-LB also result
in minimal elemental segregation, which suppresses the formation of
secondary phases that could be detrimental to the performance of the
alloys. In some alloy systems, the high cooling rates also result in the
formation of martensitic phases in the as-printed state, which could
enhance the mechanical properties of the fabricated alloys [35]. These
unique characteristics of PBF-LB are attractive for the fabrication of
HEAs and MEAs with good homogeneity and reproducibility. The pro-
duction of such alloys would be otherwise quite laborious or even
impossible if one would use conventional manufacturing techniques like
arc or induction melting, since subsequent thermomechanical treat-
ments, i.e., cold or hot deformation followed by heat treatments, are
necessitated but difficult to implement for complex geometries.

The target alloy in the present study is based on the CoxCros(FeNi)ys5.x
MEA system in which Wei et al. [25] reported that with increasing Co
content, SFE is lowered, and the FCC phase stability is reduced. This
destabilization of the FCC phase promotes the formation of the HCP
phase during deformation. Particularly, the Co45Cras(FeNi)so MEA
contains a single metastable FCC solid solution phase, which undergoes
TRIP upon deformation, resulting in the formation of a much harder
HCP phase. This composition was specifically chosen because it sits on
the border between a fully metastable FCC phase and a dual-phase FCC
+ HCP microstructure; any further increase in Co content beyond this
point would result in the stabilization of the HCP phase, which would be
detrimental to both processing and deformation behavior. The objective
of this study is to understand how the microstructure and phase
constitution of the as-printed CoysCros(FeNi)sgo MEA produced by
PBF-LB, would influence the mechanical properties, with the expected
TRIP behavior. We specifically investigated the impact of the
nano-scaled HCP phase, present in the as-printed state (not present in
the as-cast state). Using in-situ high-energy synchrotron X-ray diffrac-
tion (HEXRD) and extensive microstructural characterizations by elec-
tron backscatter diffraction (EBSD), we also explored the load
partitioning that accompanied the phase transformation process which
occurred upon deformation.

2. Materials and methods
2.1. Materials and fabrication

This study utilized pre-alloyed, gas-atomized spherical powder of the
non-equiatomic Co4s5CrasFe sNijs medium entropy alloy (MEA),
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supplied by Hoganas AB. The powder had an average particle size (D50)
of 32 ym and a D90 of 45 pm. The alloy was printed using EOS M100
PBF-LB machine equipped with 200W Yb-fiber laser. Extensive design of
experiments (DOE) was performed to optimize the printing parameters
for high density. The densities of the samples were measured on the
optical micrographs of the polished samples, applying the contrast
threshold technique using the ImageJ software [36]. Based on the DOE
results, the samples used in this study were produced with 90W of laser
power, 1010 mm/s of scan speed, 0.07 mm of hatch distance, 20 ym of
layer thickness, with a stripe scan strategy and a stripe width of 5 mm
with 67° scan rotation between subsequent layers.

X-ray computed tomography (XCT) on in-situ tensile samples was
performed to evaluate the density of material at a v|tome|x L 300 CT
scanner from General Electric. A tube voltage of 180 keV and a current of
45 pA were used, and the acquisition time for each projection was 2 s
and the voxel size was 4 pm?>.

Fig. 1a shows the schematic of nomenclature of the samples used
with respect to the building direction. The final density of the as-printed
samples using the optimized parameters was > 99.9 %, confirmed by
both optical microscopy and X-ray computed tomography (XCT, see
Fig. 1b).

2.2. Characterization

2.2.1. Microscopy and mechanical testing

The as-printed samples were metallographically prepared for
microstructural characterizations by first grinding the samples using SiC
emery sheets from 500 grit to 4000 grit. The ground samples were then
electrochemically polished using the Struers A2 electrolyte to achieve a
mirror-like finish. The preparation of TEM samples involved a two-step
process. Initially, samples of approximately 1 mm thick were extracted
along both vertical and horizontal cross sections from the as-printed
bulk material. These extracted samples were then thinned down to a
thickness of approximately 120 pm and punched into discs of 3 mm
diameter. The final stage of the preparation involved twin-jet electro-
chemical polishing of the discs using Struers A2 electrolyte performed at
—2 °C and 30 V until the hole is formed at the center of the sample.

The microstructural characterization of the samples was performed
using multiple techniques. Back scattered electron (BSE) imaging,
electron back scattered diffraction (EBSD) and transmission Kikuchi
diffraction (TKD) of the samples were performed using Zeiss Gemini 450
scanning electron microscope (SEM) equipped with an EBSD detector
(Symmetry, Oxford Instruments). The electron channeling contrast im-
aging (ECCI) was performed using acceleration voltage of 30 keV using a
probe current of 10 nA and at working distance of approximately 6 mm.
EBSD was performed at an acceleration voltage of 20 keV using a probe
current 12 nA and at a step size of 0.15 pm. TKD was performed at an
acceleration voltage of 30 keV using a probe current of 15 nA and at a
step size of 18 nm.

In-situ EBSD combined with tensile testing was performed in GEMINI
1550 SEM equipped with the velocity detector. The in-situ EBSD and
tensile tests were performed using a Kammrath & Weiss tensile stage
mounted inside the SEM and at a strain rate of ~2.5 x 10~* s™1. The
EBSD acquisition was performed using an acceleration voltage of 20 keV
and at a step size of 0.15 pm. Firstly, a carefully polished tensile sample
was mounted onto the tensile stage inside the SEM and the EBSD data
from the as-printed state was obtained at zero load. During the tensile
testing, the loading was stopped at nominal strains of 15 %, 25 %, and
40 % to acquire EBSD data. Analysis of the all EBSD and TKD data
presented in this study was performed using an open-source MATLAB
toolbox, MTEX [11]. Ex-situ tensile testing was performed on the
Kammrath & Weiss tensile stage to obtain mechanical properties of the
alloy in the as-printed state, using the displacement control mode
equivalent to a strain rate of 2.5 x 10~* s~ Tensile samples of 4 mm in
gauge length, 1.2 mm in thickness, and 2 mm in width were extracted
from the as-printed samples, using electrical discharge machining



S.B.A. Malladi et al.

[Building directior>

Materials Science & Engineering A 933 (2025) 148308

b . :
) P
ra ‘ .
@o
—_
200 ym

Fig. 1. a) schematic of the nomenclature of the samples used in this study with respect to the building direction and b) 3D rendering of porosity (in green) obtained

by XCT, projected along the building direction.

(EDM). For each building direction, three samples were tested to ensure
reproducibility, and the reported mechanical properties represent the
averaged values.

2.2.2. In-situ synchrotron X-ray diffraction studies

Miniature dogbone shaped tensile samples were extracted from the
as-printed samples, with a gauge length of 7 mm and thickness of 1.2
mm, using EDM. The extracted samples were then carefully mechani-
cally ground and polished, finishing with colloidal suspension of 50 nm
sized silica solution (OPS, Struers) to ensure that there was no deformed
layer induced by grinding. The in-situ tensile tests were performed at a
strain rate of 2.5 x 10™* s7! to a maximum nominal strain of 40 %.
During the in-situ testing, images of samples were acquired at a time
resolution of 1 s using a high-resolution camera. The strain was calcu-
lated using the digital image correlation technique (Vic-2D, Correlations
Solutions). The HEXRD measurements (see Fig. 2) were carried out at
the Swedish Materials Science beamline P21.2 at the Synchrotron Ra-
diation Source at DESY: PETRA III, Hamburg, Germany [37]. The in-situ
diffraction experiments were performed in transmission mode at 91 keV,
with a spot size of 150 pm x 150 pm. The diffraction measurements were
obtained continuously with a time resolution of 1 s. The acquisition of
the 2D diffraction patterns was done using a Varex 4343CT flat panel
detector. The calibration of the diffraction setup was performed using
CeO2 powder (NIST SRM 674b) [38]. The 2D diffraction images were
integrated around the loading direction (LD) and transverse direction
(TD) over the azimuthal angle in ranges of +10° around each direction,

LD

0 iy

y

Intensity

to acquire the 1D diffraction patterns using the PyFAI module [39]. The
single peak fitting of the integrated 1D patterns was performed using the
in-house developed Python-based code. Firstly, centers of the peaks in
the one 1D pattern were identified and the peak fitting was performed
iteratively on all identified peaks using the pseudo-Voigt function. This
process was repeated over all integrated 1D patterns in LD, and the peak
fitting parameters: peak centers, intensities, and full width at half
maximum (FWHM) were extracted. The d-spacing for all fitted peaks
was calculated based on equation (1) [40]:

2%z

dipy =—— (@)
q

Where dgy is the lattice spacing for the hkl reflections and q is the
scattering vector modulus. The lattice strains for each reflection were
measured using equation (2) [40]:

—do ()

strain = d
=4

where dy is the d-spacing for the reflections in the initial state, assumed
to be the strain-free state neglecting any residual stress present in the
material, and d is the d-spacing obtained from Equation (1), measured
every second.

Rietveld refinement was performed on the extracted 1D profiles
using the GSAS II software [41]. A Chebyshev-I polynomial with an
order of 3 was used to refine the background of the profile. The initial
refinement was performed on the lattice parameters of the final profile,
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Fig. 2. Schematic of the experimental setup for the in-situ tensile tests performed using synchrotron X-Ray radiation.
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considering both HCP and FCC phases. Subsequently, a cylindrical
texture model was applied with a harmonic order of 12 for the FCC
phase and 10 for the HCP phase. Initial estimates for the phase fractions
were obtained from the EBSD results acquired from the fractured tensile
sample. The isotropic macrostrain model was used to fit the peak
broadening. Once the selected 1D profile was refined, sequential re-
finements were performed on all test profiles, starting from the final 1D
profile (i.e., at 40 % normal strain), and the refinement results were
exported to the next integrated profile. During the sequential refine-
ment, the phase fractions, micro strains, hydrostatic and elastic strains,
and texture parameters were refined with the above specified harmonic
order.

(0001)

[2-1-10]
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3. Results
3.1. Microstructural characterization and ex-situ tensile tests

BSE-SEM images of the as-printed sample show a combination of
typical PBF-LB epitaxial growth of coarse columnar grains along with
small grains distributed across the microstructure (see Fig. 3a). Apart
from the grain orientation contrast, a high density of band-like features
were also observed in nearly every grain across the microstructure. The
ECCI technique revealed that these band-like features were accompa-
nied with significantly high density of defect substructures as shown in
Fig. 3b.

Fig. 3. a) BSE image of the as-printed sample parallel to the vertical plane and b) high magnification ECCI image showing a high density of dislocation substructures
where red and blue arrows point to stacking faults and dislocation cells, respectively, ¢) low magnification EBSD phase map parallel to the building direction with
black lines indicating the high angle grain boundaries (misorientation >10°) and blue lines indicating the low angle grain boundaries (misorientation angles between
2° and 10°). TKD phase map of the as-printed sample obtained from d) horizontal plane and e) vertical plane showing the presence nano-scaled HCP phase along with
the FCC phase, f) pole figures for the FCC phase of the as-printed samples showing (110) texture parallel to the building direction and g) pole figures of the FCC and
HCP phases (of the phases observed in Fig. 3e) showing the S-N orientation relationship, i.e., (111)c//(0001)pcp and [110]¢e//[2-1-101pcp [45].
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Fig. 3c—d shows the EBSD and TKD phase maps of the alloy in the as-
printed state performed at low and high magnifications respectively.
EBSD at low magnification shows that the entire microstructure was
mostly the FCC phase with slight traces of the HCP phase. The poor
indexing of the nano-scaled HCP in the EBSD was due to the limitation
for the step size in EBSD. TKD was performed on the TEM samples at
high magnifications to overcome the limitation of step size and it
indexed the band-like features as the HCP phase. These features were
observed in both the horizontal and vertical cross sections of the alloy as
shown in Fig. 3d and e. A large area EBSD map of 3 mm by 3 mm was
acquired parallel to the building direction to obtain representative sta-
tistics for the texture of the alloy. Pole figures of the FCC phase from that
EBSD data are shown in Fig. 3f. The sample exhibits anisotropic texture
with clear preferred orientations which is typical characteristic of the
materials produced by PBF-LB due to the high thermal gradients and
solidification velocities during the rapid melting and solidification
process [42-44]. A strong clustering of orientations is observed in the
(110) pole figure which indicates that the alloy exhibited strong (110)
texture with a texture index of ~3.5 parallel to the building direction
(here the building direction is into the plane of the pole figure) as shown
in Fig. 3f.

The orientation relationship between the FCC and HCP phases was
determined by analyzing the Euler angles of the HCP phase and its
neighboring FCC phase obtained from TKD data. Based on these Euler
angles, pole figures were calculated, which are shown in Fig. 3g. The
pole figures in Fig. 3g correspond to the orientations of the FCC and HCP
grains observed in Fig. 3e and they reveal that the HCP phase observed
in the as-printed sample followed the (111)¢//(0001)ncp and [110]gec//
[2-1-10]y,p orientation relationship to the FCC phase, which is the Shoji-
Nishiyama (S-N) orientation relationship [45], as indicated by the
coincidence of the FCC and HCP orientations.

Fig. 4a shows the true stress-true strain curve for the alloy in the as-
printed state for the sample extracted from both horizontal and vertical

a —
) 1250 Horizontal I
- Vertical i

1

& 1000- !
= 1
& 1
q_%; 750- i
@ i
$ 500- :
a i
250- i

1

I

0 5 10 15 20 25 30 35 40 45
strain, %
e} C) fcc hcp
(111) [110]
= [e]
At
(o))
(0001) [2-1-10]

hcp

Fig. 4. a) True stress-strain plots of the as-printed samples extracted from
vertical and horizontal planes; b) EBSD phase map of the horizontal sample
after fracture, showing both the FCC and HCP phases, and c) grains of FCC
phase and its neighboring HCP phase and their corresponding pole figures
showing the S-N orientation relationship [45].
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directions. The summary of the tensile properties obtained from the
engineering stress-strain data is shown in Table 1. The horizontal sample
showed higher yield strength and ultimate tensile strength and slightly
lower elongation to fracture as compared to the vertical sample. This is
commonly observed in samples manufactured by PBF-LB due to the
difference in the texture with respect to the building direction [46].
Fig. 4b shows the EBSD phase map of the fractured horizontal sample.
The measured phase fractions were nearly 50 % for both the HCP and
FCC phases. Fig. 4c shows the grains of FCC and HCP phases and their
corresponding pole figures. The orientation relationship was determined
from the pole figures for the FCC and HCP phases as shown in Fig. 4c.
The overlapping of FCC and HCP orientations confirms that the
deformation-induced HCP phase followed the S-N orientation relation-
ship to the FCC phase, similar to the HCP phase observed in the
as-printed state (see Fig. 3g).

3.2. In-situ HEXRD studies of tensile tests

Fig. 5a shows the true stress-strain curve tested in both vertical and
horizontal directions from the in-situ HEXRD experiments. Similar to the
result from ex-situ tensile tests (Fig. 4a), compared to the vertical sam-
ple, the horizontal sample showed higher ultimate tensile strength,
slightly higher yield stress and smaller elongation to failure. In fact, the
horizontal sample fractured before reaching the set maximum nominal
strain (40 %), while the vertical sample did not break until the end of the
test.

Rietveld refinement of 1D profiles acquired from horizontal samples
along the loading direction at the beginning of the tensile test (prior to
straining, i.e., the as-printed state), and at the end of the tensile test, are
shown in Fig. 5¢-d. Fig. 5b shows the evolution of the HCP phase frac-
tion measured from the sequential refinement as a function of true stress
for the horizontal and vertical samples. The HCP phase fraction for the
horizontal sample started to rise promptly upon straining, starting with
0.8 % in the as-printed state and reaching ~42 % at fracture. In the case
of the vertical sample, the HCP fraction was observed to increase from
the initial 1.5 % in the as-printed state, to nearly 60 % at the end of the
test. Initially, the increase in the HCP volume fraction was observed to
be faster in the horizontal sample. The evolution of the HCP fraction
exhibited a steady increase up to the yield point for both horizontal and
vertical samples. The vertical sample already exhibited a pronounced
increase in HCP fraction below the yield point, whereas for the hori-
zontal sample, the increase was delayed until after the yield point. The
increase in the HCP phase fraction beyond the macroscopic yield was
observed to be much faster for the vertical sample as compared to the
horizontal sample. Two conclusions could be drawn from Fig. 5b. First,
the HCP phase already existed in the as-printed state, confirming the
martensite as seen from TKD in Fig. 3d—e. Second, the onset of TRIP was
well below the yield point due to the increase in the phase fraction below
the macroscopic yield. It seems that the volume fraction of the
martensite in the as-printed state was slightly higher in the vertical
sample, while it was much higher at fracture, compared to the horizontal
sample. It should also be noted that, while the horizontal sample frac-
tured well below the 40 % nominal strain during the in-situ test, the
vertical sample did not undergo fracture resulting in a significantly
higher fraction of the HCP phase.

Fig. 6 shows the lattice strain evolution as a function of true stress for
selected HCP and FCC reflections obtained based on the peak fitting of

Table 1
Summary of tensile properties of the as-printed sample in both horizontal and
vertical orientations for the Co45Cras(FeNi)3o MEA.

Building Yield strength Ultimate tensile Elongation to
direction (MPa) strength (MPa) fracture (%)
Horizontal 543 954 47

Vertical 514 921 49
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Fig. 5. a) True stress vs true strain curve obtained during the in-situ HEXRD experiment; b) the HCP phase fraction as a function of true stress obtained from the
sequential Rietveld refinement of all 1D profiles, for the horizontal and vertical samples along the loading direction; Rietveld refinement on the 1D profiles for the
horizontal samples along the loading direction from c) the as-printed state and d) the fractured sample.
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Fig. 6. Lattice strain evolution with applied true stress along LD for a) vertical sample and for b) horizontal sample. The black dashed line represents the yield
strengths for horizontal and vertical samples, obtained from the ex-situ tensile tests (Table 1).

1D diffraction profiles from the in-situ HEXRD experiments, for both
vertical and horizontal samples, along the loading direction. The dotted
line shows the macroscopic yield stress of the material (from Table 1).
Though the HCP phase was observed in the as-printed state, the volume
fraction of it was too low for reliable fitting. Some of the HCP and FCC
reflections overlapped, which made it difficult to distinguish between
them reliably. This was particularly the case once a greater volume
fraction of HCP was formed at high strain, whereby the behavior of the
single peak fitting was increasingly dominated by the HCP phase (e.g.,
FCC (220) and HCP (11-20) reflections in Fig. 5¢-d).

During the initial stage of loading, all FCC peaks were observed to
sustain the strain elastically as evidenced by the linear correlation be-
tween stress and lattice strain in both vertical and horizontal

orientations. The FCC (220), (111) and (311) peaks started to deviate
from the elastic behavior and the correlation between stress and lattice
strain became nonlinear as soon as the HCP phase started to form.
Noticeably, this occurrence of nonlinearity happened well below the
yield stress. On the other hand, the FCC (200) peak continued to exhibit
a linear correlation between stress and lattice strain until a much later
stage (i.e., larger strain), and the deviation from elastic behavior
occurred just below the yield stress in the horizontal sample, while it
was observed to be just above the yield stress for the vertical sample.
This particular behavior of the FCC (200) peak is similar to what was
previously seen during similar diffraction studies and was hypothesized
to be a result of the textural evolution in the FCC phase during the
dislocation slip [47-49].
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The deviation from linear response for FCC peaks indicates the load
partitioning during the tensile deformation, i.e., the load bore by FCC
(220), (111) and (311) planes started to be shared with the HCP phase,
as soon as the HCP (10-11) peak was observed, much before reaching
the macroscopic yield stress. Beyond the macroscopic yield stress, the
HCP (10-12) reflection was observed to form around 600 MPa and 1000
MPa in vertical and horizontal samples, respectively, indicating the
progression of the FCC to HCP phase transformation during the tensile
loading. The observed noticeable difference in the stress where the HCP
(10-12) reflection was observed in vertical and horizontal samples could
be attributed to variations in crystallographic orientation and texture
within the material, and the different amount of HCP phase existing in
the as-printed state. Further loading in samples from both printing di-
rections resulted in the sharp increase of the lattice strain for the HCP
(10-12) plane, along with the unloading for the HCP (10-11) plane
particularly in the vertical sample. This indicates the load partitioning
among the HCP planes. As previously mentioned, FCC (220) and HCP
(11-20) peak positions overlapped significantly. Once the FCC (220)
peak started to deviate from the linear response, the load sharing from
FCC (200) to HCP (11-20) planes occurred. Initially, the FCC (220)
reflection showed similar behavior to the rest of the FCC reflections, but
once the HCP (11-20) peak was formed, it deviated and was dominated
by the loading behavior of the HCP (11-20) peak, accompanying a sharp
increase of lattice strain due to the phase transformation.

Fig. 7 shows the normalized intensity vs. true strain and full width at
half maximum (FWHM) vs. true stress of selected HCP and FCC re-
flections. The continuous decrease of intensity of FCC peaks corre-
sponded to the phase transformation starting from the very beginning of
the test. However, the FCC (111) peak intensity first decreased and then
increased, which suggests that the HCP (0002) peak dominated at high
strain (overlapping peaks). The HCP (10-12) peak intensity increased to
a maximum around 14 % true strain, then decreased at higher true
strain. The initial intensity increase in the HCP (10-12) peak was
associated with the increase in the HCP phase fraction, while the
decrease of the intensity was possibly due to the reorientation resulting
in the 86.6° rotation of the planes due to the extension twinning in the
HCP phase [49]. The intensity of the HCP (10-11) peak increased
throughout the test. FWHM provides useful information about the strain
accumulation inside the material. From Fig. 7b, there was a slight in-
crease of FWHM for the FCC phase, well before reaching the macro-
scopic yield point, indicating the start of earlier slip in the FCC phase.
After the yield point, FWHM increased rapidly, which is an indication of
increasing stacking faults and dislocation densities.

3.3. In-situ EBSD studies of tensile tests

Fig. 8 shows the EBSD phase maps for the vertical sample that was
subjected to in-situ tensile tests, at 0 %, 15 %, 25 % and 40 % nominal
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strain, respectively. In the as-printed state, as previously discussed in
section 3.1, the size of the HCP phase was observed to be nano-scaled.
The step size used for EBSD acquisition was too high to distinguish
and confidently index the nano-scaled HCP phase, and hence almost no
HCP phase was observed in the as-printed sample. With an increase in
the strain to 15 %, the phase transformation increased the HCP phase
fraction to 4 %. At 25 % of nominal strain, the HCP phase fraction
increased significantly to nearly 33 %, and finally at 40 % nominal strain
the measured HCP phase fraction was nearly 50 %. This change in the
HCP phase fraction corresponded well with the postmortem phase
fraction as shown in Fig. 4b.

The evolution of phase fractions from the in-situ EBSD studies and in-
situ HEXRD experiments shows notable differences at certain strain
levels, as seen in Figs. 5b and 8. These variations arise due to the
inherent differences in how the two techniques probe the material: EBSD
is a surface-sensitive technique with a localized sampling region, while
HEXRD provides bulk phase fraction measurements by integrating
diffraction signals from a much larger volume across the gauge section.

For example, at low strains, HEXRD detects a significantly higher
HCP phase fraction than EBSD, particularly at 15 % strain (HEXRD ~35
% vs. EBSD ~4 %). This discrepancy arises because the early-stage HCP
phase is nano-scaled and difficult to resolve with EBSD due to step size
limitations and overlapping diffraction patterns. As deformation pro-
gresses, the HCP phase coarsens, improving detectability in EBSD. At
high strains, in addition to differences in sampling volume, EBSD
indexing quality is further affected by increasing lattice distortion. The
high strain state leads to severe lattice misorientation and local defor-
mation, reducing the ability of EBSD to accurately index the HCP phase,
as evident from Fig. 8. This effect contributes to the differences observed
between HEXRD and EBSD at later deformation stages.

Despite these differences, EBSD provides better visualization of the
progression of martensitic transformation throughout the deformation
process. Additionally, the phase fractions measured from EBSD serve as
a good starting estimate for Rietveld refinement in HEXRD analysis,
helping to improve the accuracy of phase quantification.

4. Discussion

4.1. Influence of the PBF-LB process conditions on the phase
transformation

When a low SFE alloy with the ability to undergo TRIP is deformed,
the FCC to HCP phase transformation is typically linked to the formation
of shear bands during the plastic deformation [50,51]. Shear bands are
often known to form in the regions where the deformation is highly
localized and intense, typically within the FCC phase. This localized
shear deformation in the FCC phase leads to the generation of substan-
tial number of dislocations and stacking faults, particularly concentrated
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Fig. 7. a) Normalized intensity as a function of true strain and b) normalized FWHM as a function of true stress for the vertical sample along LD.
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Fig. 8. EBSD phase maps from the in-situ tensile tests showing the evolution of FCC and HCP phase fractions with increasing normal strain.

at the shear bands [19,31]. These stacking faults and shear bands can
serve as nucleation sites for the formation of HCP nuclei which grow
upon further deformation [21,23,52-55]. As deformation proceeds,
more HCP phase forms leading to significant strain hardening of the
alloy. Hence, the starting microstructure and dislocation densities play a
crucial role in the TRIP behavior and determine the extent of phase
transformation of these alloys [56].

The alloys manufactured by PBF-LB typically consist of significantly
higher dislocation density (in the form of dislocation cells) as compared
to the traditional wrought alloys, due to subsequent thermal cycling
inherent to the layer-by-layer manufacturing [33-35]. In the case of the
present alloy in the as-printed state (see Fig. 3a-b) along with the
characteristic dislocation cells, a high density of dislocation sub-
structures was also observed. The presence of this high density of
dislocation substructures in the as-printed state would be beneficial for
the martensite formation upon deformation. Along with the high
dislocation densities, the nano-scaled HCP phase was observed in the
FCC phase in the as-printed state. The presence of this initial HCP phase
could act as nucleating points for the deformation induced HCP, thereby
enhancing the strain hardening behavior by providing an alternative
pathway for the growth of the HCP phase during deformation. This
suggests that the formation of deformation induced martensite (HCP)
could occur well below the macroscopic yield point, resulting in the
stress-induced transformation [21].

Though there was a difference in the mechanical properties with
respect to the different building directions, the amount of such differ-
ence was significantly lower than that usually reported in literature [42,
46]. This could be due to the alloy’s inherently low SFE resulting in the
material undergoing strain hardening along with the presence of the
e-martensite in the as-printed state. Another interesting observation
from the tensile tests was that all tested samples fractured at UTS, and no
post-necking elongation was observed. This behaviour is also very
typical to the alloys that undergo TRIP, thereby resulting in the forma-
tion of brittle martensitic phase [28,31,49].

4.2. Load partitioning behavior during tensile testing

In general, along the loading direction, FCC reflections exhibit linear
stress-strain response with the general trend of elastic anisotropy
exhibited by polycrystalline FCC materials, whereby (200) planes are
the softest planes [47-49,57] while (111) are the stiffest. However, here
all FCC reflections except for FCC (200) showed a deviation from line-
arity well below the macroscopic yield point (Fig. 6a-b). The degree of
non-linearity as described in section 3.2, increased in the order from FCC

(200), (311), (111) to (220), and this was often seen as plastic anisot-
ropy in single-phase FCC materials [47,48,58]. Therefore, this obser-
vation suggests that some degree of plastic deformation already
occurred for the FCC phase significantly below the macroscopic yield
stress. The origin of the early yielding in the FCC phase may be attrib-
uted to the presence of microscopic residual strains between different
grain families, as reported by Wang et al. [59] in PBF-LB 316L. For the
vertical sample this nonlinearity occurred at stresses where the HCP
(10-11) reflection could be reliably fitted (Fig. 6a). The lattice strain of
the HCP (10-11) increased linearly to the macroscopic yield point,
where FCC peaks continued to sustain lattice strain with increasing load.
Therefore, there may be some contribution of the interphase stresses
between the FCC and the HCP phases to the early yielding [60]. For the
horizontal sample, this nonlinearity occurred at similar stress, however,
the HCP phase was initially not reliability fitted and thereafter did not
appear to sustain load until the macroscopic yield point was almost
reached (Fig. 6b). Also, the HCP (10-12) reflection appeared as the
applied stress increased, due to extensive phase transformation. Its lat-
tice strain rapidly increased while most of the FCC planes started
unloading. Apart from the difference in texture, originated from the
different orientations of the main sample axis to the building direction,
the general trend of the microscopic strain behavior was similar for
horizontal and vertical samples.

The nano-scaled HCP observed in the as-printed samples was ex-
pected to accelerate the TRIP kinetics during the deformation. The in-
situ synchrotron tensile tests validated the hypothesis of the stress
induced transformation, where the FCC phase exhibited nonlinear
stress-strain response far below the macroscopic yield stress. This
nonlinearity was considered as a mixture of plastic anisotropy of the FCC
phase occurring early before yielding, due to the presence of both
intergranular and interphase residual strains, and the load partitioning
to the HCP phase, particularly to the HCP (10-11) planes, which was
observed to form well below the macroscopic yield point.

5. Conclusions

Our study revealed the formation of characteristic dislocation cells
and a high density of defect substructures in a Co4s5Cras(FeNi)3g MEA
manufactured using PBF-LB. The high cooling rate inherent to PBF-LB
led to the formation of nano-scaled martensite alongside the FCC
phase. The FCC phase exhibited a strong (110) texture along the
building direction. Ex-situ tensile testing demonstrated yield strengths
of 547 MPa in the horizontal direction and 512 MPa in the vertical di-
rection, with significantly reduced anisotropy compared to other PBF-LB
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alloys due to the inherent strain hardening ability of the alloy.

In-situ HEXRD and EBSD tensile testing revealed that the high
dislocation density and nano-scaled HCP phase in the as-printed state
were responsible for the stress-induced martensitic transformation. Our
findings indicated that the onset of the martensitic transformation
occurred below the macroscopic yield points in both vertical and hori-
zontal samples, as evidenced by the appearance of the (10-11) reflection
for the HCP phase. It is noted that, while the most prominent increase in
the HCP (10-11) reflection’s lattice strain in the horizontal sample is
observed closer to the yield point, early signs of the transformation, such
as the deviation from linearity of FCC reflections and the increase in
martensitic phase fraction (Fig. 5b), are evident at lower stress levels.
The observed deviation from the linear response between stress and
strain for FCC reflections in both vertical and horizontal samples was
attributed to a combination of plastic anisotropy of the FCC phase and
the load transfer to the HCP phase, with the latter playing a more
dominant role.

The presence of nano-scaled HCP phase in the as-printed state was
also seen as a possible source for the early onset of the non-linear lattice
strain behavior as a function of the applied stress. The non-linear lattice
strain behavior is thought to correlate with the strain hardening of the
alloy, which is stronger in the vertical sample which tends to be softer
than the horizontal sample. The high cooling rate offered by PBF-LB
therefore provides a potential route to contribute to reducing plastic
anisotropy inherent to additive manufactured materials caused by
texture, in metastable materials where TRIP is known to occur.
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