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This study investigates the impact of 0.25 wt% B4C addition on the microstructure, phase stability, and me-
chanical properties of metastable Fe4oMngyoCo20Cr15Sis (at.%) high-entropy alloys (HEAs) fabricated via laser
powder bed fusion (LPBF). A comparative analysis between B4C-containing (BC) and B4C-free (CS) alloys
explored the influence of varying LPBF parameters. Electron backscattered diffraction (EBSD) revealed a strong
dependence of microstructure on laser power and scanning speed in CS alloys, with significant variations in grain
size and morphology. Conversely, BC alloys exhibited enhanced microstructural stability, indicating a more
robust grain growth mechanism due to the influence of B4C. B4C addition also promoted grain refinement and
stabilized the y-f.c.c. phase. Mechanical testing showed a substantial increase in yield strength (YS) from 508
MPa (CS) to 670 MPa (BC) and a moderate increase in ultimate tensile strength (UTS) from 843 MPa (CS) to 854
MPa (BC). However, ductility decreased from 25 % to 5 %. Critically, synchrotron X-ray diffraction revealed
deviations from the ideal c/a ratio (1.633) for both alloys. CS alloys showed an increase in c/a ratio after tensile
deformation, indicative of a deformation-induced phase transformation, while BC alloys exhibited a decrease,
suggesting a distinct deformation mechanism. This novel observation provides key insights into the role of B4C in
controlling the deformation behavior of this HEA.

1. Introduction superior mechanical properties, making metastable HEAs a promising

solution for energy-efficient and lightweight applications [3,4].

Metastable high-entropy alloys (HEAs) represent a significant
advancement in material science, addressing the longstanding challenge
of balancing strength and ductility in alloys [1-3]. By combining the
solid solution strengthening of HEAs with advanced material hardening
mechanisms, these alloys overcome the conventional trade-offs imposed
by traditional metallurgical methods [3]. Their innovative design le-
verages a dual-phase microstructure, where the reduced thermal sta-
bility of the high-temperature phase promotes interface hardening, and
the mechanical instability of the low-temperature phase triggers
transformation-induced hardening. This synergistic interplay results in

The study of metastable HEAs offers a valuable framework for
exploring the influence of y-f.c.c.—~e-h.c.p. phase transformations on
mechanical performance, particularly concerning volumetric changes
during deformation [5,6]. Structural changes, such as variations in the
c/a ratio, provide critical insights into the interplay between phase
stability and mechanical behavior in HEAs [7]. The development of
transformation-induced plasticity-assisted dual-phase high-entropy al-
loys (TRIP-DP-HEAs) exemplifies the potential of metastability engi-
neering in these materials. Unlike many conventional structural
materials, TRIP-DP-HEAs exhibit an exceptional balance of strength and
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ductility [5,6]. This improved ductility arises from an enhanced
strain-hardening capacity, driven by the combined effects of
dislocation-induced  hardening in the stable phase and
transformation-induced hardening in the metastable phase [5,6].

Laser powder bed fusion (LPBF) has emerged as a transformative
method for fabricating HEAs, enabling the creation of complex, high-
performance materials with tailored properties [5,6,8]. The effective-
ness of LPBF lies in its ability to refine and control microstructures
through precise adjustments of parameters such as laser power, scanning
speed, and layer thickness [9]. These controlled microstructures are
particularly critical for HEAs designed for extreme environments.
However, despite significant progress, challenges remain in achieving
reliable microstructural control, maintaining phase stability, and fully
understanding deformation mechanisms, such as the TRIP effect [10,
11]. Recent studies highlight that adjusting laser power and scanning
speed can effectively regulate cooling rates, significantly impacting the
formation of either single-phase or multi-phase structures in HEAs [8,9].
This relationship between process parameters underscores the impor-
tance of a detailed understanding of additive manufacturing (AM)
techniques to unlock the full potential of HEAs in high-performance
applications. Current research efforts are focused on developing pre-
dictive models and advanced in-situ monitoring tools to optimize the
AM process and ensure consistent quality in fabricated components [10,
11].

Regarding alloying with ceramic particles, literature has shown that
incorporating boron carbide (B4C) into alloys introduces additional
complexity and opportunities for tailoring material properties [12-14].
B4C, renowned for its high hardness and thermal stability, is commonly
employed as a reinforcing phase or grain refiner [12-14]. In HEAs, its
inclusion can influence phase stability and mechanical behavior
depending on factors such as alloy composition and cooling rate.
Additionally, boron and carbon exhibit a strong tendency to segregate at
grain boundaries, particularly in Fe-based systems, enhancing alloy
strength through mechanisms such as solid solution strengthening and
grain boundary strengthening [15-21].

In this study, we investigate the mechanisms underlying phase
transformations and mechanical behavior in metastable HEAs,
analyzing how the presence of B4C affects phase transformations, vari-
ations in the c/a ratio of e-h.c.p. phase, and overall phase stability due to
deformation. By contrasting these mechanisms, we aim to deepen the
understanding of metastable HEA behavior and identify pathways to
optimize their microstructural and mechanical performance for
advanced applications.

2. Materials and methods
2.1. Experimental materials and LPBF process

Two groups of pre-alloyed HEAs were studied. The first group, with
composition Fe4oMnyoCo20Cr;5Sis (at.%), referred to as CS, was gas
atomized at Oerlikon Metco. The powders presented D¢ value of ~15
pm and Djgp value of ~45 pm, while the powder distribution and
morphology are displayed in Fig. S1 in the Supplementary Material. CS
powder was LPBF printed using TRUMPF (Truprint 1000 machine) with
a maximum 200 W laser with a spot size of 55 pm. An inert argon at-
mosphere with oxygen content <100 ppm (0.01 wt%) was used. A scan
rotation of 67° was used between alternating layers. The printed rect-
angular blocks were built with dimensions of 10 x 22 x 22 mm in
height, width, and thickness, respectively. The nominal and measured
chemical composition via EDS (energy dispersive X-ray spectroscopy) of
the powder is shown in Table 1. The printing parameters used, namely
laser power (P), scanning speed (V), hatching space (h), layer thickness
(1), and volumetric energy density (VED, J/mm?), as well as sample
nomenclature for CS conditions used in this work, are shown in Table 2.
The VED was calculated using Equation (1).
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Table 1
Nominal and experimental chemical composition of gas atomized powder in at.
%.

Elements Fe Mn Co Cr Si

Nominal 40.0 20.0 20.0 15.0 5.0

Experimental 41.8 18.8 19.1 14.8 5.5
VED =P/Vhl @

To directly assess the impact of B4C addition on the properties of the
CS alloy, 0.25 wt% B4C powder (average particle size of ~5 pm) was
added to the CS powders. The combined powder was mixed with high-
speed rolling for 24 h to ensure uniform distribution to produce the
second alloy used in this study. These samples with B4C addition were
labeled as BC. To assess the influence of B4C under controlled laser
processing conditions, the four initial parameter sets used for CS samples
were applied to BC alloys. This ensured a direct comparison of the B4C
effect on microstructural and mechanical properties while keeping other
variables unchanged. The parameters used for BC conditions are shown
in Table 2. The experimental design was refined based on preliminary
findings. The BC printed blocks were built with dimensions of 18 x 20 x
15 mm in height, width, and thickness, respectively.

2.2. Microstructural characterization

The samples were machined using an electro-discharge machine
(EDM) from the plane parallel to the building direction. Machined
samples were then polished metallographically to a 0.02 pm surface
finish using SiC paper, followed by polishing using diamond paste and,
finally, a colloidal silica solution. Optical micrographs of the specimens
were taken using a Nikon Eclipse ME600 optical microscope in polished
samples to observe defects such as pores. Electron backscattered
diffraction (EBSD) measurements were performed using a FEI Nova
nano SEM equipped with a Hikari detector, operating at 20 kV and 6.1
nA current, using a 70° pre-tilt holder. EBSD data was processed using
the orientation imaging microscopy (OIM) software and the open-source
Mtex software [22].

Prior y-f.c.c. orientation was calculated to better compare grain size
and morphology for samples that presented a considerable amount of
e-h.c.p. in the EBSD measurements. Shoji-Nishiyama (S-N) orientation
relationship (OR) was used to reconstruct the parent y-f.c.c. orientation
phase. Non-indexed and low-quality EBSD points were not used on the
representations nor the prior y-f.c.c. calculations, being represented as
white points in the EBSD maps.

2.3. Tensile testing

A miniature tensile testing machine was used for mechanical char-
acterization. For each condition, three tensile specimens with a gauge
length of 5 mm and width of 1.25 mm were machined with EDM, where
the gauge length was maintained along the building direction, as pre-
sented in Fig. 1. The mini tensile specimens were polished to a surface
finish of 1 pm, and the tensile tests were carried out at room temperature
at a strain rate of 107> s™1. The calculated yield strength, elongation,
and ultimate tensile strength for each condition are an average of three
tests.

2.4. Synchrotron X-Ray diffraction (SXRD)

SXRD line scan was used to investigate microstructure evolution
after mechanical testing on the samples with different processing pa-
rameters. The SXRD was performed at the PO7 High Energy Materials
Science (HEMS) beamline [23] at PETRA III/DESY, which is partially
operated by the Helmholtz-Zentrum Hereon. An incident mono-
chromatic X-ray beam of 500 x 100 pm, with an energy of 87.1 keV
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Table 2
LPBF process parameters and samples nomenclature used in the present work.

Nomenclature Power (P, W) Scanning speed (V, mm/s) Hatching space (h, mm) Layer thickness (1, mm) Volumetric energy density (VED, J/mm®)

Without B4C  With B4C

Cs1 BC1 150 800 0.1 0.04 46.9
CS 2 BC2 150 600 0.1 0.04 62.5
Cs3 BC3 160 800 0.1 0.04 50.0
Cs 4 BC 4 180 800 0.1 0.04 56.3
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Fig. 1. Schematic of the mini tensile test samples orientation machined from the printed blocks, depicting build direction orientation, laser scanning path, and tensile
sample dimensions.
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Fig. 2. SXRD setup applied to the samples showing a schematic of the: a) beamline setup and b) line scanning profile path through the fractured samples.
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(0.1423 A), was used. A PerkinElmer detector was used to acquire the
2D Debye-Scherrer diffraction ring images. LaBs powder was used for
calibration. The setup of the experiment is presented in Fig. 2, where a
step size line profile of 100 pm was used. The raw data was processed
using the open-source software Pydidas [24] and in-house developed
Python routines. The Debye-Scherrer rings were integrated over 360° to
create 1-D diffraction patterns, further refined with Pydidas software.
The y-f.c.c. and e-h.c.p. volume fractions were determined following the
methodology described in Ref. [25], where {100}, {101}, {102},
{103}, and {202}, family planes were used for e-h.c.p. phase, while
{111},, {200},, and {222}, family planes were used for y-f.c.c.

The lattice parameters ay.fc.c., Geh.cp, and Cencp Were calculated
based on Bragg’s law and the interplanar spacing for FCC and HCP
crystal structure. The (¢/a)e.p .p ratio was calculated based on the family
planes {100}¢ and {102}e.

3. Results

While the primary focus of this study pertains to phase trans-
formation and phase stability, it is important to address the quality of
the printed samples. The fabricated specimens exhibited minimal de-
fects, including porosity, lack of fusion, or hot cracks. However, adding
B4C resulted in samples with reduced density and a higher incidence of
defects than those produced without B4C. Fig. S2 in the Supplementary
Material presents detailed information on the defects observed in the
fabricated samples, shown through representative micrographs of the
polished sample surfaces.

3.1. Microstructural characterization

Fig. 3 depicts the SXRD patterns for as-printed samples. The intensity
is shown on a logarithmic scale to improve the visualization of low-
intensity peaks. The same line colors correspond to the same process
parameters, besides sample names are depicted on the right side.
Notably, alongside the y-f.c.c. peaks, the presence of e-h.c.p., and an
intermetallic compound of Cr and Si are discernible for both alloys.
Furthermore, a low-intensity ¢ phase was observed. Note that through
the diffraction spectra observed in Fig. 3, no new phases were formed
due to B4C addition. Table 3 depicts the lattice parameters of the y-f.c.c.
and e-h.c.p. phases. The y-f.c.c. lattice parameters of BC and CS are
similar, while the (c/a)e.n.c.p. ratios for BC alloys are higher than for CS.
Note that (c/a)e.n.c.p. values for CS and BC are significantly lower than

0o o y-(f.c.c.) % e-(h.c.p.) % Sigma (o) B Cr;Si
1 o
1 2 0
1 0 2
0 2
0

BC4
BC3
BC2

Intensity [A.U]

cs4
Cs3
Cs2

T T T T T T T T T T T T
3.5 3.75 4.00 4.25 450 4.75 5.00 5.25 550 5.75 6.00 6.25 6.50 6.75

26(°)

Fig. 3. SXRD pattern of the bulk samples as-printed for all conditions. The same
line colors correspond to the same process parameters. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Table 3
Lattice parameters of the y-f.c.c. and e-h.c.p. phases for both CS and BC alloys.
Sample n° Phase c/a ratio
Specimen y-f.cc. e-h.c.p.
Qpee)(A) Qeihep) (A) Cethep) (A)
1 CS 3.582 2.532 4.084 1.613
BC 3.583 2.529 4.107 1.624
2 CcS 3.581 2.530 4.086 1.615
BC 3.580 2.528 4.100 1.622
3 CS 3.581 2.531 4.086 1.615
BC 3.580 2.527 4.102 1.624
4 (& 3.579 2.529 4.088 1.616
BC 3.578 2.526 4.101 1.624

the ideal value (=~ 1.633).

Fig. 4 shows a combination of phase map and image quality map for
CS (first column) and BC alloys (second column). The amount of y-f.c.c.
and e-h.c.p. phases are depicted on the right upper corner of each map.
While CS samples present a large amount of e-h.c.p., achieving values
between 60.1 and 81.4 %, BC samples present almost no presence of this
phase. The CS2 and CS4 alloys (Fig. 4c and g) present e-h.c.p. in
columnar morphology, as large grains. Furthermore, CS1 (Fig. 4a) pre-
sents the highest amount of e-h.c.p., while CS3 (Fig. 4e) presents the
lowest value among alloys without B4C. Regarding alloys with B4C,
although BC3 (Fig. 4f) presents almost no e-h.c.p., the amount of this
phase detected for other BC conditions was also very low, achieving a
maximum of 3.7 % (Fig. 4d).

Owing to e-h.c.p. formation, the grain size and morphology analysis
of prior y-f.c.c. is compromised by conditions that present significant
transformation volume, as y-f.c.c. fragmentation occurs with its
decomposition in e-h.c.p. Therefore, prior y-f.c.c. crystallographic
orientation was calculated for CS conditions to better analyze these
parameters, while simple y-f.c.c. orientation (as measured) is shown for
BC alloys. These results are depicted in Fig. 5. White points on CS results
refer to non-indexed, low index quality, and lack of Shoji-Nishiyama (S-
N) orientation relationship (OR) correspondence.

Itis noted that CS alloys present elongated y-f.c.c. grains aligned with
the build direction, as well as larger grains when compared to BC sam-
ples. The grain morphology of these samples also seems to depend on the
process parameters, as CS2 presents larger and more elongated y-f.c.c.
grains, while the opposite occurs to CS1. Although some CS results
present the majority of one specific orientation, for instance, CS4, it is
not possible to state that there is an orientation texture, as the regions
analyzed by EBSD are small. Regarding BC conditions, these samples
present finer and equiaxed grains, although some columnar grains are
still visible but smaller than those columnar grains observed for CS
samples.

3.2. Mechanical behavior

Fig. 6 illustrates the tensile engineering stress-plastic strain curves
for the as-printed samples, while Table 4 shows the yield strength (YS),
elongation to failure (EF), and the ultimate tensile strength (UTS)
calculated for each condition. For the CS alloys, despite all the condi-
tions presenting a similar YS, EF, and UTS, CS3 resulted in the highest
UTS value (843.0 & 14.0 MPa), while the highest YS (508.0 + 9.5 MPa)
and EF (25.0 &+ 0.1 %) were found for CS1 and CS2, respectively. The
results for BC samples are detailed in Fig. 6 insert, where BC2 presented
values of YS 497.0 + 20.0 MPa, while BC1, BC3, and BC4 presented
values of approximately 670 MPa. The highest EF was found in BC2,
although it was just 5.0 & 0.1 %.

After tensile tests, SXRD line profiles were performed at one part of
the fractured samples (as depicted in the setup presented in Fig. 1). Fig. 7
illustrates a schematic representation of the findings. The observed
diffraction rings presented in Fig. 7a correspond to two distinct regions:
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Fig. 4. EBSD phase map + image quality map for samples without B4C (first column) and with 0.25 wt% of B4C (second column). Rows indicate the parameters used
for each condition. The green color indicates the y-f.c.c. phase, while the red color indicates the e-h.c.p. phase. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)

the bulk, non-deformed area (X,), and the deformed area (X,) for both
CS and BC samples. It is important to highlight that these diffraction
patterns were obtained under condition 1 (150 W-800 mm/s); however,
similar behavior was observed across all experimental conditions. The
schematic tensile specimen (Fig. 7b) indicates the regions corresponding
to Xp and X, as well as the spot size used for the SXRD measurements
(100 ym). The intensity plots for the CS and BC samples are shown in
Fig. 7c, and depict the phase evolution across the sample, spanning from
the fracture zone to the non-deformed region. The diffractograms ob-
tained for the deformed region (Xy) display diffraction peaks for both CS
and BC as a function of interplanar spacing, as presented in Fig. 7d.
Notably, in the CS1 condition, the presence of the e-h.c.p. phase was
evident, indicating the occurrence of the TRIP effect. Conversely, these

diffraction peaks were less pronounced under the BC condition.
Building on the results presented in Fig. 7 and the emergence of the
e-h.c.p. phase, further investigation was conducted to assess the extent
of phase transformation throughout the specimen following deforma-
tion. Fig. 8 illustrates the e-h.c.p. volume fraction profile from the
fracture region toward the non-deformed section, with Fig. 8a providing
a detailed view from the e-h.c.p. volume fraction evolution for CS con-
ditions and Fig. 8b for BC conditions. In the non-deformed regions, the
e-h.c.p. fraction is negligible, increasing progressively towards the
fracture across all samples. Similar behavior is observed inside each
group of samples (CS or BC conditions); however, a much lower amount
of e-h.c.p. was found close to fracture for BC alloys, achieving f, lower
than 0.12 and decreasing from the fracture at a shorter range than CS
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1 (150W-800mm/s)

2 (150W-600mm/s)

3 (160W-800mm/s)

4 (180W-800mm/s)

y (f.c.c.) [111]

on

'Build directi

[001] [011]

Fig. 5. EBSD inverse pole figure map for: (i) first column (CS alloys) — prior y-f.c.c. orientation calculated following the Shoji-Nishiyama orientation relationship, and
(ii) second column (BC alloys) — measured y-f.c.c. orientation. White points refer to either non-indexed, e-h.c.p. (in BC samples), and regions with differences from the

S-N relationship above the established criteria (in CS samples).

samples. For these later, however, f, reaches values between 0.60 and
0.70 near the fracture and decreases gradually until ~3.5 mm from the
fracture, when it begins to decrease more rapidly. Low-intensity peaks of
precipitates, such as c-phase, were not considered on these e-h.c.p.
volume fraction evolution, the calculations being regarded to only e-h.c.
p. and y-f.c.c. phases.

4. Discussion

4.1. Effects of power and scanning speed on the microstructural evolution
The CS samples exhibited a strong dependence of grain morphology

on process parameters, unlike BC samples. CS1 shows well-defined melt

pools, whereas CS2 displays only a columnar structure (Fig. 5). These
differences could be attributed to variations in cooling rates. Tan et al.

[26] highlighted that LPBF parameters influence molten pool dynamics,
solidification, and grain structure, with factors like scanning speed
affecting the balance between columnar and equiaxed grains. Similarly,
Agrawal et al. [9] demonstrated grain morphology changes by adjusting
LPBF parameters, via Equation (2) [27].

R=V cos @ 2)

where 0 is the angle between growth and scanning direction. The cooling
rate, expressed as GR (where G is the thermal gradient) [28], increases
with increasing scanning speeds, as R increases with V. It promotes finer
grain morphology, which explains the observed differences in CS
samples.

The BC alloys displayed a refined structure with a lower aspect ratio
than CS alloys (Fig. 5), but without significant variation. Adding B4C
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Fig. 6. Engineering plastic strain vs engineering stress curve for as-printed
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(BC alloys).

Table 4
Mechanical behavior of as-printed a) CS and b) BC samples.
Sample n° Specimen YS (MPa) EF (%) UTS (MPa)
1 CS 508.0 £ 9.5 22.0 £ 0.01 789.0 £ 17.5
BC 670.0 £ 7.5 3.60 £+ 0.03 854.0 + 24.0
2 (& 489.0 +£ 13.5 25.00 £ 0.11 833.0 +£13.3
BC 497.0 £+ 20.0 5.00 £ 0.01 800.0 + 10.5
3 CS 479.0 + 23.0 24.00 £ 0.10 843.0 + 14.0
BC 665.0 + 10.0 3.50 £ 0.01 800.0 + 49.0
4 (& 471.0 £12.5 23.00 £ 1.75 785.0 + 18.5
BC 665.0 + 52.5 4.80 + 0.01 840.0 + 101.0

enhanced the melt pool thermal stability during LPBF processing, sta-
bilizing solidification dynamics despite parameter fluctuations. This
promoted a uniform microstructure across varied conditions, reducing
sensitivity to changes in P and V. As shown in Table 4, increasing V while
keeping P constant reduces both YS and UTS, as seen in the comparison
of CS1 and CS2. In contrast, increasing P at a constant V raises UTS, as
observed in CS1 versus CS4. The increase in V from 600 mm/s (CS2) to
800 mm/s (CS1) lowers the linear energy density, reducing energy input
per unit length and causing insufficient local powder melting. Chen et al.
[29] linked this insufficient melting to non-uniform solidification and
defect formation. Additionally, Tan et al. [30] reported that higher
scanning speeds lead to inadequate fusion and weak interlayer bonding,
negatively impacting mechanical performance. These factors collec-
tively explain the observed reductions in YS, UTS, and ductility.

In summary, increasing V seems to change the grain morphology
from columnar to equiaxial grains and decrease the solidification de-
fects, leading to higher mechanical properties for CS samples. On the
other hand, adding B4C refines the grain size and induces its morphology
to equiaxed grains, as evidenced by EBSD analysis (Fig. 5). This suggests
that B4C may serve as a heterogeneous nucleation agent during solidi-
fication, enhancing microstructural uniformity. However, despite the
refined and equiaxed structure, BC samples exhibited lower mechanical
performance, which will be discussed in the following sections.

4.2. Influence of B4C on the e-h.c.p. presence for printed parts

Regarding the e-h.c.p. presence, two main questions arise: (i) the
higher amount of phase transformation during the tensile test of CS
samples and (ii) the difference in e-h.c.p. volume fraction observed via
SXRD and EBSD techniques.
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Olson and Cohen [31] showed that y-f.c.c. — e-h.c.p. phase trans-
formation is governed by the Gibbs free energy change for e-h.c.p. for-
mation (AG,_.) from the y-f.c.c. phase. Additionally, literature has
shown that greater y-f.c.c. phase stability results in a lower driving force
for the TRIP effect due to a corresponding higher AGy—e [32-34].
Additionally, lower AGy—¢ values indicate reduced stacking fault en-
ergy (SFE) in the system, as e-h.c.p. formation relies on the presence of
stable intrinsic stacking faults within the microstructure. Therefore,
increased y-f.c.c. phase stability is effectively associated with an increase
in the SFE of the system [6]. Both AGy—¢ and SFE are related in
Equation (3) [32-34].

SFE =2p(AG"™* + AGey) + 206"/° 3)

where p is the molar surface density for the {111}y closed packed planes
(mol/mz) and ¢"¢ is the energy per surface unit of the {111} interface
between the y and & phase boundary J/m?) [31]. AGey is the excess
energy inversely proportional to the grain size and can be calculated
according to Ref. [35].

The stability of the y-f.c.c. phase in BC alloys is intricately linked to
SFE, which is influenced by both microstructural features and elemental
distribution. The presence of stacking faults facilitates the nucleation of
the e-h.c.p. phase by the introduction of stacking faults via the sweeping
of partial dislocations around a pole dislocation or through the over-
lapping of stacking faults [36]. However, as reported by Thapliyal et al.
[14], the retention of carbon in solid solution, particularly under the
rapid solidification conditions of LPBF, leads to an increase in SFE,
potentially suppressing the deformation-induced y-f.c.c.»e-h.c.p.
transformation. This is because carbon is readily accommodated within
the interstitial y-f.c.c lattice sites due to its small atomic radius, whereas
boron tends to segregate to cell boundaries as it cannot be stably
incorporated in either interstitial or substitutional positions [37]. Some
authors have shown, through thermodynamic and empirical equations,
the influence of carbon and other elements on the SFE [38,39],
corroborating the present conclusion. Additionally, the B4C alloying
decreased the grain size and, according to Saeed-Akbari et al. [35], it
increases the SFE, consequently increasing y-f.c.c. stability. Therefore,
the higher carbon content and lower prior y-f.c.c. grain size increase y-f.
c.c. stability by increasing the energy barrier for the TRIP effect.

The discrepancy in e-h.c.p. phase fraction observed between EBSD
and SXRD analyses in our CS samples highlights the critical influence of
surface effects on y-f.c.c. stability. While EBSD offers valuable surface-
sensitive microstructural insights, it is inherently limited by its surface
localization. As demonstrated by Lombholt et al. [40] studying TRIP
steels, y-f.c.c. grains are mechanically stabilized within the bulk, a
condition disrupted by the metallographic preparation required for
EBSD. Creating a free surface removes the normal stress constraint,
leading to stress relaxation that can significantly affect the stability and
transformation kinetics of near-surface y-f.c.c., potentially mis-
representing the bulk behavior. Our observation of a higher e-h.c.p.
phase fraction at the surface directly reflects this stress-induced insta-
bility of y-f.c.c. phase.

In contrast, our SXRD measurements, conducted in transmission
mode, yielded data from a larger, stress-unaffected volume of the ma-
terial, providing a more accurate assessment of the bulk phase stability
and transformation behavior. This bulk-sensitive approach avoids the
artifacts introduced by surface preparation and stress relaxation, offer-
ing a more representative picture of the intrinsic material response. This
is consistent with the findings of Tirumalasetty et al. [41], who, using
combined EBSD and XRD, demonstrated a greater propensity for surface
y-f.c.c. to transform compared to its bulk counterpart in TRIP 800 steel.

The increased e-h.c.p. fraction we observe on the surface is thus a
direct consequence of the altered stress state and the inherent instability
of y-f.c.c. at the surface, exacerbated by metallographic preparation.
This further emphasizes the need for bulk-sensitive characterization
techniques to accurately capture phase stability and transformation
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Fig. 7. Schematic representation of the SXRD line profile conducted on the CS and BC samples, illustrating: a) diffraction rings for both deformed and non-deformed
regions, b) tensile specimen after deformation, c) diffraction intensity maps, and d) diffractogram at the deformed region highlighting the TRIP effect.
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mechanisms, especially when investigating materials where surface ef-
fects may play a significant role.

4.3. Phase stability during tensile loading

Both alloys exhibit a predominantly y-f.c.c. dual-phase microstruc-
ture in the as-printed condition (Fig. 3). The ¢-h.c.p. phase fraction was
minimal, not exceeding 2 % in BC alloys and 1 % in CS alloys. A small
amount of c-phase was also present in both systems. However, after
tensile testing, line-scan SXRD on fractured test specimens (Fig. 2b),
revealed a greater volume fraction of e-h.c.p. phase for CS samples
compared to the BC samples.

In the region of highest strain near the fracture tip, CS alloys

exhibited a substantial increase in the ¢-h.c.p. phase fraction, rising from
1 vol % to between 60 and 70 vol %, at the expense of a decrease in the
y-f.c.c. phase. This indicates an activation of the TRIP effect for these
alloys. Conversely, for BC alloys, the e-h.c.p. phase fraction increased
from 2 vol % to between 6 and 12 vol %. The same discussion regarding
the higher y-f.c.c. stability due to higher carbon content and lower grain
size can be applied for the larger amount of e-h.c.p. for CS samples,
where these factors render the e-h.c.p. transformation notably more
evident. However, another factor arises: the amount of deformation.
While the CS samples passed 20 % of EF, the highest value obtained for
BC samples was 5 %. Thapliyal et al. [14] studying the same base ma-
terial but with 0.5 wt % of B4C addition found that carbon and boron
segregate on grain and cell boundaries. The authors also found that little
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TRIP effect was found for as-printed B4C added alloys, while further
annealing improved their ductility and increased the amount of TRIP
effect observed.

Gao et al. [42] suggested that boron positively changes the me-
chanical properties by changing the grain boundary properties, thus
improving both tensile strength and plasticity. Besides, Kolb et al. [43]
say that an addition of a high amount of B could lead to mechanical
properties degradation due to phase transformation phenomena in the
grain boundary. Ahn et al. [44] reported a much higher YS when adding
B4C to the alloy, being justified mainly due to the high dislocation
density promoted by the precipitates. While the authors reported a
substantial decrease in elongation, they did not address the possible
reasons for it. Finally, the present authors are willing that a higher
amount of defect found for as-printed alloys could lead to their prema-
ture failure, avoiding the further y-f.c.c.—¢-h.c.p. phase transformation.
However, although BC samples presented a higher fraction of defects,
the difference is not enough to lead to such a strong decrease in the
mechanical properties, as seen in the Supplementary material (Fig. S1
and Table S1). Moreover, the EBSD results of as-printed samples
confirmed that BC samples present higher y-f.c.c. stability, as even with
surface stress relief and metallographic preparation, it was not observed
a large amount of e-h.c.p. phase as found for the CS conditions.

Therefore, considering the differences in the chemical composition
of CS and BC samples, as well as the resulting ductility and the TRIP
effect observed during the tensile test, it is reasonable to conclude that
the TRIP effect was not entirely suppressed. However, the addition of
B4C particles led to a marked reduction in elongation at break, indi-
cating premature material failure and a decrease in ductility, potentially
hindering the full manifestation of the TRIP effect. This suggests that,
although the B4C addition may enhance strength, it compromises the
overall mechanical performance due to increased brittleness. It is
important to note that an increase in SFE due to alloying [38] or grain
size refinement [45] does not necessarily reduce plasticity, and indeed
can even promote twinning-induced plasticity (TWIP) effect within a
specific SFE range (15-45 mJ /mz) [46,47], which is well-documented to
enhance plasticity [48,49].

4.4. Influence of B4C alloying on e-h.c.p. deformation

It is well established that the c/a ratio is closely linked to the lattice
strain associated with the e-h.c.p. phase and the activation of distinct
slip systems [50,51]. When the c/a ratio exceeds the ideal value of
1.633, basal plane slip primarily governs the plastic deformation pro-
cess. Conversely, if the c/a ratio is less than the ideal 1.633 value, the

—&— CS Non-deformed
. -A- CS Deformed
1.630 ideal =1.633 - BC Non-deformed
<{=]- BC Deformed
O 1.625+
)
()
| .
(S3[)
1.620
1.615 A

1 2 3 a4
Sample condition

Fig. 9. c/a ratio as a function of samples processing condition for CS and BC
alloys, before and after deformation.
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pyramidal slipping becomes dominant. Additionally, c/a ratios below
the ideal value promote the development of twinning as a deformation
mechanism [52].

The c/a ratios for e-h.c.p. in both CS and BC alloys before and after
deformation are presented in Fig. 9. The increase in the c/a ratio with
strain in CS alloys can be attributed to an elongation along the c-axis
accompanied by a slight contraction along the a-axis. Conversely, BC
samples exhibit the opposite behavior, characterized by a contraction
along the c-axis and a slight extension along the a-axis, as detailed in the
Supplementary material (Table S2). The c/a ratio at all strain levels
remains below the ideal value, which, according to Haridas et al. [53],
indicates the capacity of the material to accommodate strain during high
deformation through the activation of non-basal slip modes.

Initially, the microstructure of CS alloys exhibited a high fraction of
the y-f.c.c. phase, as evident from the SXRD pattern in Fig. 3 and the non-
deformed region in the fractured tensile test sample shown in Fig. 8.
Substantial phase transformation occurred following tensile deforma-
tion, resulting in 60-70 vol% of the e-h.c.p. phase. This indicates that
most of the e-h.c.p. phase was formed during deformation, rather than
being retained from the original as-printed structure. Accordingly, the ¢/
a ratio of the newly formed e-h.c.p., as described by Sinha et al. [7],
reflects its intrinsic electronic configuration and elastic deformation
characteristics, representing its fundamental lattice properties rather
than strain-induced modifications.

For BC alloys, the initial c/a ratio was higher than those found for CS
alloys, consistent with the findings of Bhowmik et al. [54], who reported
that the c/a ratio varies with chemical composition. Stanford and Dunne
[55] reported that for the Fe-Mn-Si alloy system, adding e-h.c.p. phase
stabilizers increases the lattice distortion and raises the c/a ratio.
Conversely, adding y-f.c.c. phase stabilizers, such as C, promote a
decrease in the c/a ratio [54], the opposite of what was observed in the
present work. This contradiction can be attributed to the dominant role
of boron in B4C. With its small atomic radius (=85 pm), boron induces
anisotropic lattice distortions, stabilizing the e-h.c.p. phase and
increasing the c/a ratio. Although C is generally regarded as a y-f.c.c.
stabilizer, the distortion effects introduced by boron outweigh the in-
fluence of carbon in this specific system, explaining the observed c/a
ratio increase. Shen et al. [52] conducted in situ SXRD analysis on a
metastable Fe4oMnygCo10Cri5Sis alloy during tensile testing at a con-
stant strain rate and reported a slight decrease in the c-axis of 0.36 % and
an expansion of 0.69 % on the a-axis, resulting in a reduction in the c/a
ratio of ~1 %. This phenomenon leads to the activation of pyramidal slip
systems and deformation twinning, which, according to Frank et al.
[51], can accommodate deformation along the c-axis at high strain
levels.

In summary, the alloys exhibited distinct effects on the c/a ratio post-
deformation: CS alloys showed an increase in the c/a ratio, while BC
alloys exhibited a decrease. The observed changes in lattice behavior —
c-axis contraction and a-axis expansion in BC alloys, compared to the
opposite trend in CS alloys—demonstrate that the addition of B4C
significantly alters the deformation-induced transformation mecha-
nisms, particularly the TRIP effect. These changes likely stem from the
influence of B4C on the y-f.c.c. — e-h.c.p. transformation pathway,
affecting strain accommodation and consequently modifying the me-
chanical properties.

The variation in the TRIP response highlights the complex role of B4C
in phase stability and its potential to influence deformation behavior
under different loading conditions. Moreover, a comprehensive under-
standing of the influence of B4C, particularly its effect on the c/a ratio,
material properties, and phase behavior, is crucial. Further in-
vestigations are required to evaluate its impact on phase transformation
kinetics, optimize its content for phase stability, and quantitatively
assess its effects on the TRIP effect. By strategically manipulating
nanoparticle additions to modulate the c/a ratio, we can effectively
optimize phase stability, the deformation mechanisms, and ultimately
engineer advanced materials with enhanced strength, ductility, and
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resistance to failure for a wide spectrum of applications.
5. Conclusions

This study investigates the influence of B4C alloying on the phase
transformation of metastable HEAs fabricated via LPBF. Key findings
from the analysis of microstructural and mechanical properties of
samples with (BC alloys) and without B4,C (CS alloys), influenced by
varying process parameters, are as follows:

1. The CS alloys exhibited a strong sensitivity to variations in laser
power and scanning speed, resulting in significant microstructural
differences in grain size and morphology across the various printing
conditions. Conversely, these factors remained relatively stable for
BC alloys under similar processing variations. It suggests that the
grain growth mechanism in CS alloys is more susceptible to pro-
cessing parameter changes than in BC alloys.

2. Incorporating B4C reduced the grain size, which increased the
stacking fault energy, thereby enhancing the stability of the y-f.c.c.
phase.

3. Under all tested conditions, the CS alloys exhibited similar values of
yield strength, ultimate tensile strength, and elongation to failure.
The incorporation of B4C led to a significant increase in yield
strength, attributed to solid solution and particle strengthening
mechanisms within the HEA composition. However, it did not lead to
a substantial enhancement of the ultimate tensile strength. CS alloys
demonstrated a pronounced TRIP effect, as evidenced by their
increased elongation, whereas the BC alloys did not exhibit this
behavior. The addition of B4C may have contributed to premature
failure, as indicated by the reduced ductility, potentially preventing
the complete manifestation of the TRIP effect.

4. Both CS and BC alloys exhibited a c/a ratio smaller than the ideal
value of 1.633. The increase in the c/a ratio with strain in the CS
alloys is attributed to elongation along the c-axis, accompanied by a
slight contraction along the a-axis. In contrast, the BC samples dis-
played the opposite behavior, with contraction along the c-axis and
slight extension along the a-axis, resulting in a decrease in the c/a
ratio. Considering the predominantly y-f.c.c. microstructure of the CS
alloys, the substantial phase transformation observed suggests that
the majority of the e-h.c.p. phase was formed during deformation,
rather than being retained from the initial as-printed structure.

5. Our findings reveal a significant divergence in e-h.c.p. phase fraction
between surface-sensitive (EBSD) and bulk-sensitive (SXRD) ana-
lyses, emphasizing the inherent instability of y-f.c.c. at free surfaces.
Metallographic preparation-induced stress relaxation profoundly
impacts near-surface phase stability, requiring bulk-sensitive tech-
niques to accurately elucidate true material response and avoid
misinterpretations in stress-mediated phase transformation studies.

These findings highlight the significant impact of the influence of
B4C addition on the microstructural evolution and mechanical perfor-
mance of additively manufactured HEAs, playing a key role in
improving the microstructural quality and performance of HEAs and
offering new possibilities for advanced manufacturing applications.
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