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ABSTRACT

Additive manufacturing (AM) of tungsten heavy alloys (WHAs) is of interest, given its ability to fabricate
components with complex geometries compared to conventional powder metallurgy (PM) for various high-
temperature, structural applications. Previous research on AM WHAs primarily focused on optimizing process-
ing conditions to produce high density parts with minimal defects. However, an in-depth understanding of the
nanoscale microstructure in these alloys under non-equilibrium rapid solidification AM conditions remains
insufficiently explored.

This study investigates the influence of processing on the microstructure of AM WHAs using a laser powder
bed fusion (LPBF) fabricated 90W-7Ni-3Fe alloy through multiscale characterization. Scanning electron micro-
scopy (SEM) imaging revealed microscale inhomogeneity, suggesting location dependent variations in thermal
gradients during LPBF. Further, a randomly oriented equiaxed grain structure was observed, implying that
alloying W with Ni and Fe promotes textured columnar to random equiaxed transition, under these solidification
conditions. Transmission electron microscopy (TEM) provided further insight into crystallographic defects in the
form of high dislocation density, and phase transformations in the form of solute-enriched regions and nano-sized
Fe,W precipitates in some matrix regions. The Feo,W Laves phase was previously unobserved in PM WHAs and
could indicate local variations in the composition and equilibrium conditions of the matrix. Though known to be
a brittle phase, FeaW is expected to strengthen the WHA through Orowan mechanisms when present as nano-
sized precipitates and could indicate advantages of AM processing. These nanoscale findings, not previously
observed by SEM, provide a foundation to link the processing, microstructure, and ultimately performance of AM
WHAs.

1. Introduction

Powder Metallurgy (PM) techniques such as Liquid Phase Sintering
(LPS) have successfully been used to fabricate high density WHAs in the

WHAs are two-phase metal-metal composites (MMCs) fabricated by
adding small amounts of alloying elements such as Ni, Fe or Cu (typi-
cally a few weight percent) into W. These alloys have high density, good
mechanical strength, good corrosion resistance, and improved machin-
ability and room temperature ductility compared to pure W. These
properties make WHAs candidates for various structural applications
such as in aircraft engine parts like flywheels, rotors and counter-
weights, as radiation shields in medical equipment, and as plasma facing
material components in nuclear fusion reactors [1].

past. However, additive manufacturing (AM) is an emerging alternative
to fabricate WHAs because of its ability to print parts with complex
geometries in a layer-by-layer fashion. AM parts are known to have
defects such as lack of fusion and porosity, which result in them not
being fully dense; however, these defects can be mitigated through
processing parameter optimization [2]. In addition, the ability to tune
these processing parameters can be used to design the local and/or bulk
material microstructure, and consequently, its mechanical behavior.
This capability makes AM a viable alternative to fabricate WHAs that are
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suitable for various structural applications.

There is substantial research demonstrating the successful fabrica-
tion of W and WHA components using AM, particularly laser-based AM
techniques. Among these studies, Ivekovic et al. used different LPBF
parameters to print 90W-7Ni-3Fe and investigated the effect of pro-
cessing parameters. They identified three bonding mechanisms
depending on input laser energy density [3]. Wang et al. studied
microstructure evolution and strengthening mechanisms in WHAs
fabricated using laser melting deposition (LMD). They reported an
improvement in tensile strength and hardness of the WHA specimens
due to grain refinement during LMD [4]. Schwanekamp et al. evaluated
the influence of LPBF parameters and heat treatment on W-Ni-Fe alloys
with 90% and 95% W. They obtained microstructures similar to LPS
WHAs with their heat treatment strategy [5]. Verdonik et al. observed
differences in 93W-5.6Ni-1.4Fe WHA microstructure by changing
powder morphology and LPBF parameters and suggested optimum pa-
rameters to minimize the problem of poor wettability of W [6]. Dai et al.
implemented dual-laser LPBF to print high-density, nearly microcrack
free 98W-Ni-Fe alloy and observed finer, equiaxed grains which
controlled microcrack propagation at grain boundaries [7].

Much of the existing research on AM of WHAs has focused on un-
derstanding how AM processing parameters and thermal post treatments
influence the microstructure and mechanical properties of these alloys.
Researchers also emphasized optimizing processing conditions to ach-
ieve high-density parts with reduced defects. However, opportunities
remain to further understand the non-equilibrium rapid solidification
kinetics and phase transformation in these alloys at the nanoscale.
Therefore, this work aims to explore microstructure evolution through
multiscale characterization by examining the rapid solidification char-
acteristics of AM fabricated WHAs at the nanoscale. A combination of
SEM and TEM techniques were utilized to gain nanoscale insight into
phase distribution, dislocation structures, and precipitate morphology.
These nanoscale findings will be helpful to understand processing-
structure- performance relationships in AM fabricated WHAs, which will
subsequently aid in microstructure driven design of these alloys.

2. Experimental procedure

Spherical tungsten (Tekna, Norway), nickel (Sanyo Special Steel,
Japan) and iron (Sanyo Special Steel, Japan) powders with >99.5%
purity were used in a 90:7:3 ratio by weight respectively. These powders
were mixed in the Aichi RM-10 rocking mixer for 12 h to achieve ho-
mogeneity. The final powder composition was evaluated using Energy
dispersive x-ray spectroscopy (EDS) as shown in Fig. 1. The particle size
distribution of the final powders was measured using a Malvern Pan-
alytical Mastersizer 3000E and a Dsq of 33.3 pm was reported.

These powders were used to print 5 x 5 x 10 mm blocks using the
EOS M290 LPBF machine. The specimens were fabricated in an Ar at-
mosphere using a Yb-fiber laser. Laser power of 360 W and scanning
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speed of 800 mm/s was used to fabricate WHA blocks layer-by-layer
with a hatch spacing of 40 pm, and layer of thickness of 20 pm, using
a bidirectional scanning strategy with a misorientation of 67° between
consecutive layers. Fig. 2(a) represents the laser scanning path and build
direction. A carbon steel baseplate maintained at 200 °C was used to
suppress the generation of residual stress in the printed specimens. The
measured relative density of the specimen was 99.07%.

Specimens for X-ray diffraction (XRD), SEM, electron backscatter
diffraction (EBSD) and TEM characterization were cut from the LPBF
blocks to observe the YZ and XY planes, as shown in Fig. 2(b). XRD, SEM
and EBSD specimens were prepared through grinding and polishing
using lapping films and colloidal silica suspension, respectively until a
mirror polished surface was obtained. XRD was performed using the
Malvern Panalytical Aeris benchtop diffractometer operated at 40 kV,
7.5 mA and a Cu anode (Ag, = 0.1541 nm). The scan range was 5-90°
with a step of 0.01°. The specimen surfaces were examined by SEM and
EBSD using the ThermoFisher Scientific Helios 5 UC Dual Beam.

Specimens for TEM were prepared by thinning to a thickness of
roughly 65 pm, followed by double-sided dimple grinding with colloidal
diamond suspension on a Gatan model 656 dimple grinder. The speci-
mens were finished by ion milling using the Gatan PIPS II Precision Ion
Polishing using a liquid nitrogen cooling stage and were examined using
the JEOL JEM 2100 TEM. EDS was also performed on the TEM speci-
mens for composition analysis.

Room temperature Vickers hardness tests were carried out on the YZ
and XY planes using a LECO LV700 AT hardness tester. A 1 kgf load with
a dwell time of 10 s was used for the tests, and 10 indents were made on
each specimen.

3. Results
3.1. XRD characterization

The XRD results shown in Fig. 3. shows peaks corresponding pri-
marily to the BCC W and FCC y phases. The spectrum suggests that no
intermetallic phases were detected within the detection limits of the
XRD.

3.2. SEM characterization

Fig. 4. shows secondary electron (SE) SEM images giving an over-
view of the WHA microstructure, looking at the XY and YZ planes. Two
distinct microstructures can be observed: one region with nearly
spherical, un-melted W particles in a y matrix (dark contrast surround-
ing W regions in Fig. 4), similar to the composite structure in conven-
tional LPS WHAs [8] and the other region with a uniform structure,
suggesting complete melting of powders. The un-melted W particle re-
gion spans about 100 pm from start/end of track regions in the bidi-
rectional scanning pattern.

Fig. 1. Composition analysis of powders showing distribution of W, Ni, and Fe (a) EDS map (b) Corresponding EDS spectrum.
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Fig. 2. Schematic diagram showing (a) laser path and build direction, layers 1 and 2 have an interlayer rotation of 67° (b) specimen observation directions.

Fig. 3. XRD spectrum showing phases present in the LPBF WHA.

Fig. 4. SE images of the WHA (a) XY plane (b) YZ plane. Striped arrows show un-melted W particles; checkered arrows show the matrix. Solid arrows and circles

show cracks and pores, respectively.

Fig. 5 presents backscatter electron (BSE) SEM images, further
highlighting microstructural features such as W dendrites in the y matrix
and submicron scale y precipitates, which appear as dark, dot-like fea-
tures present in W grains. It is observed from Figs. 4 and 5 that W
dendrites are primarily located in regions with un-melted W particles.
This observation implies that un-melted W particles act as favorable sites
for the heterogenous nucleation and growth of W dendrites. Previous
studies on AM WHAs refer to this process as reprecipitation, during
which dissolved W reprecipitates on un-melted W particles [4,9]. The
formation of y precipitates indicates that the processing conditions used
allowed complete melting of the powders and aided in the evaporation
of the matrix, forming these precipitates in W grains [3].

Additionally, Figs. 4 and 5 highlight processing defects such as cracks
and pores present in the specimen. Based on SEM image processing,
these defects collectively occupied an area fraction of about 1%. WHAs
fabricated using AM are highly sensitive to microcracks due to the high
cooling rate [5,7]. In addition, W exhibits room temperature brittleness,
which further makes it prone to chipping, edge cracking, and surface
cracks during sectioning and grinding [10,11]. Thus, it is likely that
specimen preparation accentuated these pre-existing microcracks,
resulting in visible cracks along the specimen edges. Porosity is a widely
known defect in metal AM. Their spherical shape suggests that Ar gas
entrapment during solidification resulted in the formation of pores [2].
Further, it is noted from these figures that melt pools were not observed
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Fig. 5. BSE images of the WHA (a) XY plane (b) YZ plane. Striped arrows show W dendrites, checkered arrows show y precipitates. Circles show pores.

during standard SEM analysis. Etching might be necessary to reveal melt seen from the EBSD maps and the corresponding pole figures (Figs. 6a, d,
pools, if present. S.1.) that the specimen does not show preferential texture along all di-

The grain texture, misorientation and size distribution in the as-built rections. Previous research on laser-based AM of WHASs has also reported
WHA is shown in Fig. 6. The un-indexed regions in the EBSD map (black no preferential texture in as-built WHAs [4,12]. The presence of
regions in Fig. 6a) are associated with LPBF processing defects. It can be misorientation (with an average of 0.566°), as observed in Fig. 6b and c,

Fig. 6. (a) EBSD IPF map along build direction, Z (IPF Z) collected from the YZ plane of the as-built WHA specimen, with a 500 pm scale bar. IPF X and IPF Y can be
found in Supplementary Fig. S.1. (b) Kernel Average Misorientation (KAM) map, with a 500 pm scale bar (c) Local misorientation distribution (d) Corresponding pole
figures (e) Grain size distribution (f) Aspect ratio distribution.
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implies that the grains experience strain which could arise either due to
confinement during coarsening / growth or thermal stresses during
rapid solidification. It was observed in previous research on LMD WHAs
that the misorientation gradient was larger than their as-fabricated LPS
counterparts [4]. The misorientation data was used to approximate the
geometrically necessary dislocations (GND) density and the average
GND density was calculated to be 3.062 x 10!3 m~2. Details of GND
density estimation and distribution can be found in the Supplementary
Section S.2. The grain size and aspect ratio distributions in Fig. 6e, f,
report an average grain size and aspect ratio of 10.753 pm and 2.066,
respectively, suggesting that the specimen exhibits a fine, equiaxed
grain structure.

3.3. TEM characterization

SEM analysis provides insight into the overall morphology, phase
distribution, and crystallographic texture of the as-printed LPBF WHA.
However, this cannot resolve nanoscale features such as y precipitates,
local strain and dislocation networks, which could significantly influ-
ence mechanical behavior of WHAs. Thus, TEM characterization was
performed to obtain deeper insight into the effects of rapid solidification
microstructure.

Fig. 7 presents a bright field (BF) TEM micrograph, with the corre-
sponding selected area diffraction pattern (SAED) collected from a W
region, providing a closer insight into the WHA microstructure. The BF
image shows that the y precipitates are embedded in W grains and
highlights the orientation of y precipitates with respect to W. The SAED
in Fig. 7(b) suggests that the BCC W and FCC y phases are oriented such
that [011],,|| [001],, however, this orientation relationship was not
observed consistently across the specimen. Fig. 7(a) also shows the
presence of nano-sized pores (about 100 nm), preferentially located in
the y precipitates. It is plausible that the lower melting point of the y
phase compared to W allowed gas bubbles to settle in the molten y re-
gions and these bubbles were entrapped during the formation of y pre-
cipitates. These pores could act as sites of failure.

The TEM BF micrographs in Fig. 8. show high dislocation density in
the specimen, where dislocations are observed to be piling up in Fig. 8
(). The presence of dislocations in the as-built microstructure aligns
with the observation of misorientation in the KAM map (Fig. 6b), con-
firming that laser heating and rapid solidification resulted in thermal
stresses and strains in the material. High dislocation density has been
previously reported in as-sintered WHAs [13] and dislocation behavior
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has been estimated based on EBSD misorientation and grain boundary
analysis in some AM WHAs [4,7]. However, the direct observation of
dislocations in LPBF WHAs at the TEM scale is novel. High dislocation
density could influence mechanical behavior under external stresses.

Fig. 8(b) further shows the presence of spherical nanoscale features
in the W grain, which are about 50-150 nm in size. These nano-sized
features were not detected by SEM characterization and do not show a
distinct SAED pattern of their own, but a BCC W diffraction pattern.
However, the TEM EDS spectrum in Fig. 8(c) indicates the presence of Ni
and Fe, along with W. While the strong W peak is likely from the W grain
underneath, the spherical features are Ni-Fe rich regions and could be
Ni-Fe enriched regions. The exact nature and structure of these features
are currently under investigation.

Fig. 9 represents SAED obtained from the y matrix region, along with
TEM EDS spectra. It can be noted from the EDS spectra (Fig. 9(c, d)) that
the y matrix is primarily composed of Ni and Fe but also suggest that W
dissolved into the matrix. However, W regions do not indicate as much
of Ni or Fe in them (Fig. 9(e)). W-Ni and W-Fe equilibrium phase dia-
grams indicate that W has higher solubility in Ni and Fe compared to the
negligible solubility of Ni and Fe in W, thus corroborating this obser-
vation [14,15]. Li et al. previously observed W dissolution into the
matrix in WHAs fabricated using LPBF and attributed the observation to
the difference in solubilities of the constituent elements [16].

Vegard’s law describes a linear relationship between the lattice
parameter and composition of an alloy, as follows [17]:

asp = xas + (1 —x)ag (@)

where x is the composition of constituent A, a4, ag, and asp are the
lattice parameters of constituent A, B and alloy AB respectively.
Approximating the y matrix lattice parameter using Eq. (1), considering
a Ni-Fe binary, a, should range between ay; = 0.352 nm and agpe(rccy =
0.365 nm [18]. The calculated lattice parameter from the measured
interplanar spacing from the FCC SAED (Fig. 9(b)) is approximately
0.370 nm, which is greater than this range, further confirming that the y
matrix contains small amounts of W, in addition to Ni and Fe.

Additionally, precipitates, around 100- 200 nm in size, were
observed in some y matrix regions, as seen in Fig. 10(a). Based on the
EDS spectra in Fig. 10(b, c), the precipitates are W-rich, likely a W-Fe
phase.

While these precipitates are too thin to obtain a distinct SAED
pattern, looking closely at the precipitates (HRTEM image and its cor-

Fig. 7. (a) TEM BF image showing y precipitates in W. The dotted circle represents the size of the aperture used to collect SAED pattern. Solid circles represent pores.
(b) SAED pattern. Bold fonts represent y spots and italicized fonts represent W spots.
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Fig. 8. TEM BF images showing (a) high density dislocations in the WHA specimen. Image taken at 60kX. Solid arrows indicate dislocations piling up. (b) Spherical
nanoscale features highlighted by hatched arrows. Image taken at 50kX. (c) EDS spectrum collected from the region represented by the dash-dot circle in (b).

responding FFT in Fig. 11b, ¢), and comparing the observed structure to
the potential W-Fe phases, it is deduced that the precipitates are the
Fe;W phase (space group P63/mmc (194), a = 0.4743 nm,
¢ = 0.7688 nm [19]). These precipitates were not observed in both the
XRD and SEM characterization as they are below the resolution limits of
these techniques.

3.4. Vickers hardness measurement

Room temperature Vickers hardness measurements were carried out
on both the XY and YZ planes, with 10 indents per specimen. The
measured mean hardness values with their standard deviations for the
specimen are 373.92 + 45.08 HV and 341.85 + 38.54 HV for the XY and
YZ planes, respectively. Details of hardness measurements can be found
in Supplementary Material Section S.3. A comparison between Vickers
hardness values previously reported for conventionally fabricated 90W-
7Ni-3Fe WHAs and the present work are presented in Table 1. The
present work reports an overall improvement in hardness over their
conventionally fabricated counterparts, as seen in Table 1.

4. Discussion
4.1. Effect of laser scanning on the microstructure

The microstructural inhomogeneity observed in the SEM character-
ization (Section 3.2) suggests a dependence on the localized thermal

conditions generated as a result of laser scanning during LPBF process-
ing. The influence of laser scanning conditions on the microstructure is

discussed below.

The presence of the un-melted W region, as observed in Fig. 4. is
likely associated with local variations in temperature attributed to the
Gaussian distribution of laser energy. Powders located near the start /
end of track regions are exposed to the surrounding inert gas atmosphere
compared to powders within the laser track. Further, these regions are
maintained at high temperature for a shorter time than the regions
within the laser track, owing to the Gaussian energy distribution. These
conditions result in a steeper temperature gradient in the start / end
regions of the of track, which can reduce the time available for complete
melting and solidification, or for maintaining sufficiently high temper-
atures to promote solid state sintering among W particles, resulting in
un-melted W particles in this region.

In metal AM, unstable melt pools or their absence is primarily
attributed to incomplete melting of the powder bed and lack of fusion
due to insufficient laser energy. Lack of fusion defects typically appear as
elongated, irregular shapes in the order of 50 pm to a few mm in size [2].
However, such defects were not observed in the present work, sug-
gesting that the absence of clear melt pool boundaries, as seen in Figs. 4
and 5, is not due to insufficient melting. Conventionally, melt pool
boundaries are observed in AM alloys due to elemental segregation
during solidification. However, the WHA used in this study majorly
consists of W (90% by weight or 80% by volume). Further, W is expected
to solidify earlier than the lower melting temperature elements, Ni and
Fe, near the melt pool boundary where solidification begins. Conse-
quently, the melt pool boundary regions primarily contain W, and the
alloy does not exhibit elemental segregation, resulting in the absence of
discernible melt pools. The EDS line scan in Fig. 12 confirms the absence
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Fig. 9. (a) TEM BF image of the y matrix. The dotted circle represents the size of the aperture used to collect the SAED pattern. Dash-dot circles represent TEM EDS
spots (b) SAED pattern from the y matrix (c) EDS spectrum from spot 1 (d) EDS spectrum from spot 2 (e) EDS spectrum from spot 3.

of elemental segregation.

4.2. Solidification considerations in LPBF WHAs

The microstructural features observed in the multiscale character-
ization indicates that the non-equilibrium thermal conditions during
rapid solidification in LPBF play a significant role in dictating the grain
structure and phase distribution in the as-built WHA. This section ex-
amines these observations from thermodynamic and kinetic perspec-
tives to provide insight into the mechanisms underlying microstructural
evolution in the alloy.

The EBSD map in Fig. 6a shows a fine, equiaxed grain microstruc-
ture. The size and aspect ratio distributions in Fig. 6e, f further support
this observation. Coarse and columnar grains showing an epitaxial
growth along the build direction have been previously reported in LPBF
of pure W. In this case, grains initially grow perpendicular to the melt
pool boundary and with continued layer-wise deposition, align along the
build direction, resulting in coarse and columnar microstructures [24].
However, in WHAs, the addition of Ni and Fe could lead to grain
refinement of the W phase. The presence of Ni and Fe likely alters local

composition and thermal gradients during solidification. This change
could reduce the stability of columnar growth via constitutional super-
cooling and promote a columnar to equiaxed transition in the micro-
structure [25]. Similar refinement of W grains has been reported in the
LPBF of WHAs with Ni, Fe nanoparticles, highlighting the role of
alloying additions in modifying solidification pathways [26]. The
observed equiaxed grain structure, with no preferential texture along all
directions, may contribute to improved mechanical properties, partic-
ularly through reduced anisotropy. The Vickers hardness measurements
summarized in Section 3.4 further indicate that the LPBF parameters
used helped reduce anisotropy in the specimen.

The observation of Ni-Fe solute enriched regions, as presented in
Fig. 8(b) could be a consequence of Ni and Fe having low solubility in W.
Based on the W-Ni and W-Fe binary equilibrium phase diagrams, Ni has
a maximum solubility of 0.3 at% in W, while Fe has a maximum solu-
bility of 2.5 at% [14,15]. Thus, it is likely that Ni-Fe was rejected by the
W phase under the high cooling rates of LPBF, resulting in the formation
of nanoscale Ni-Fe solute enriched regions. While such nanoscale solute
enriched regions have not been reported in previous studies on WHAs
fabricated using conventional techniques like LPS, previous research on
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Fig. 10. (a) TEM BF image showing W rich precipitates in the y matrix, highlighted by arrows. Dash-dot circles represent EDS spots (b) EDS spectrum from spot 1 (c)

EDS spectrum from spot 2.

Fig. 11. (a) TEM BF image of Fe, W precipitate (b) HRTEM image showing lattice fringes from the region highlighted by the dotted box in (a) (c) Corresponding

FFT pattern.

Table 1
Summary of Vickers hardness values of 90W-7Ni-3Fe WHAs from literature.
Authors Fabrication Method ~ Reported Bulk
HV
Alam et al. [20] LPS 310
Zhu et al. [21] Vacuum sintered 226
Alam and Odette [22] LPS 321
Mondal et al. [23] LPS 329
Microwave 352
sintering
Wang et al. [4] LPS 317
Present work (average of the two LPBF 358

planes)

the LPBF of an immiscible Cu-Fe-P system has shown that solute rejec-
tion due to low solubility of Fe in Cu occurs as a result of a steep decrease
in temperature. It was reported that the rapid thermal quench during
LPBF traps excess solute Cu inside liquid Fe-P droplets, leading to liquid

phase separation with further cooling [27]. Similarly, in the present
WHA system, the rejected Ni-Fe solute atoms are likely trapped in a
metastable, non-equilibrium solid solution during solidification. The
heating and cooling cycle from depositing subsequent layers and
high-velocity Marangoni convection further promote solute atom
rejection and their coalescence into fine, nanoscale solute enriched
regions.

These solute enriched regions did not exhibit structural features in
the SAED patterns acquired from this area, implying that the solute
atoms are either incorporated into the W lattice as a substitutional solid
solution or are present as BCC Ni-Fe-rich precipitation that are nearly
coherent with the W lattice. Consequently, these solute enriched regions
cause W lattice distortion, resulting in the formation of dislocations to
accommodate the lattice strain, as observed in Fig. 8(b). Ultimately,
these features could act as barriers to dislocation motion and add to
WHA strength via solid solution strengthening when the material un-
dergoes deformation.

In WHAs fabricated via PM techniques, Haag et al. previously re-
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Fig. 12. (a) SEM SE image showing the EDS line scan path (indicated by the dotted line). The solid arrows indicate the LPBF hatch spacing of 40 pm to estimate the

location of melt pool zones (b) Corresponding elemental EDS line scan.

ported W diffusion in the y phase in thermo-mechanically treated LPS
WHAs and further proposed that the W- y matrix interphase boundary
regions form a diffusion couple between the two phases, following the
Cahn-Hilliard approach. These regions being energetically favorable
were said to contribute to strengthening by increasing the energy
needed for the boundary to fracture [28]. However, in LPBF WHAs,
diffusion of W is less likely to occur because of the rapid solidification
rate (of the order of 107 K/s [29]) leaving insufficient time for W atoms
to diffuse into the y matrix. Alternatively, the presence of W in the
matrix could possibly be a result of the liquid y phase encapsulating W
particles during melting and solidification. Given that the melting
temperature of the y matrix is lower than that of W, it is likely that the
liquid y phase forms early during laser exposure, while W particles may
remain un-melted or partially melted. The liquid y phase could encap-
sulate some of these W particles and solidify together, resulting in the
incorporation of W into the matrix.

Further, the presence of W in the y matrix led to the formation of
Fe, W precipitates in the matrix, as observed in Figs. 10 and 11. Fe,Wisa
known stable phase, as per both the binary W-Fe [15] and the ternary
W-Ni-Fe [30] equilibrium phase diagrams, forming at temperatures of
around 1060 °C in the binary system and 1020 °C in the ternary system.
While LPBF is not an equilibrium process, it is possible that local equi-
librium was attained during solidification, which suggests that there
could be a local variation in the W:Ni:Fe composition in the specimen.
These conditions could then locally promote nucleation and growth of
these precipitates as Fe; W precipitates were not observed in all y matrix
regions. The changes in the local composition and equilibrium condi-
tions could be caused by repeated heating and solidification with the
deposition of subsequent layers, leading to different amounts of W
encapsulation in the liquid y phase. Further, the high velocity and
change in direction of convection caused due to high temperature gra-
dients and laser movement, could explain the observed non-uniformity
in the microstructure.

Fe,W is a Laves phase known to be brittle, given the strong covalent
nature of the Fe-W bond. Further, the Fe-W bond is intrinsically weak,
which makes it susceptible to damage under stress [31]. However, when
present as nano-sized precipitates in the y matrix, the Fe;W phase could
contribute toward material strengthening. Fe,W precipitates, about
200- 600 nm in size, were observed in Fe-W binary composite alloys
fabricated using LMD and these precipitates were reported to contribute
toward its high compressive yield strength [32]. Additionally, nanoscale
W containing Laves phases in heat resistant steels have been reported to
positively influence alloy strengthening by pinning and obstructing
dislocation motion upon deformation [33,34].

Given that the formation of the Feo,W precipitates was not inten-
tionally targeted, but rather is a consequence of the LPBF process, the
observed volume fraction of these precipitates is relatively low in the
present work. The low volume fraction of these precipitates is reflected
by the fact that the XRD spectrum (Fig. 3) did not show sharp FeoW

peaks. Further, its contribution to the bulk mechanical response remains
to be experimentally established. However, based on previous research
highlighting the influence of Laves phases on alloy strengthening, it is
likely that the fine Fe;W nano- precipitates (100- 200 nm in size)
observed in the present work could similarly impede dislocations and
assist with WHA strengthening through Orowan strengthening. Fe,W
precipitates were not observed in previous studies on PM WHAs [8,28].
Their formation in AM-fabricated WHAs may therefore represent a po-
tential microstructural advantage of AM processing. An in-depth
investigation of the interactions between Fe,W precipitates and dislo-
cations would provide a basis for tailoring the LPBF processing condi-
tions to promote or suppress FeoW formation, depending on the desired
alloy performance.

Table 1 suggests that the WHA fabricated in this work shows an
overall improved Vickers hardness to its conventionally fabricated
counterparts. However, the measured values reflect the integrated
contributions of the various microstructural features, such as the FeoW
precipitates and solute-enriched regions, observed in the present work.
It is challenging at this stage to separate the contribution of individual
features based solely on these results. Therefore, HRTEM analyses and
in-situ TEM mechanical testing will be required to establish a direct link
between microstructure and mechanical response.

Thus, the overall influence of the observed microstructural features
on the mechanical behavior of AM WHAs is yet to be validated. Addi-
tionally, the influence of different LPBF scan strategies on the micro-
structure and performance remains unanswered. A bidirectional
scanning strategy with a misorientation of 67° between consecutive
layers is the most widely used scan strategy across various LPBF studies
to mitigate defects and residual stresses. However, using alternative scan
strategies such as a parallel (interlayer misorientation of 0°) scan strat-
egy or bidirectional scanning with an interlayer misorientation of 90°,
could be beneficial to test the ability of AM parameters to fine tune the
microstructure of WHAs. These open questions will be addressed in
future work.

5. Conclusion

This study presented a multiscale characterization of a 90W-7Ni-3Fe
WHA fabricated using LPBF with the overarching goal of understanding
the link between the processing- microstructure- performance of these
alloys. The non-equilibrium, rapid solidification microstructure was
characterized at the micro and nanoscales using SEM and TEM and the
following characteristics were observed:

i. A two-phase microstructure was observed with W embedded in a
Ni-Fe y phase matrix, separated into two distinct regions — a ho-
mogenous region with completely melted W and the other with
un-melted W particles. W dendrites were primarily found to be
present in regions with un-melted W particles, while submicron
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scale y precipitates were observed in W grains. These observa-

tions suggest non- uniform, location dependent laser melting.
ii. Clear melt pool boundaries were not visible, and their absence
was attributed to complete melting and homogenous solidifica-
tion, and the alloy not showing elemental segregation because of
high W content.
The absence of a preferential texture in the specimen, along with
the measured Vickers hardness values on different specimen
planes, suggest that the specimen shows reduced anisotropy.
A fine, equiaxed grain structure was seen, as opposed to the
coarse, columnar grain structure reported in LPBF of pure W. The
columnar to equiaxed transition could be promoted by the
addition of Ni and Fe to W.
v. Processing defects such as pores were reported at the SEM scale
and TEM analysis revealed that y precipitates could be favorable
sites for porosity. These pores could be sites prone to failure
during deformation.
A high dislocation density was observed in EBSD misorientation
and TEM analysis, suggesting that the WHA experiences thermal
stresses during rapid solidification. Further, nanosized Ni-Fe so-
lute enriched regions were observed in W grains especially where
the dislocation density was high. It is hypothesized that these
solute enriched regions could lead to solid solution or solute
cluster strengthening of the WHA.
W was found to be incorporated in the y matrix, resulting in y
lattice expansion. Further, nanoscale Fe,W precipitates were
found in some y regions. The observation of W in y and the Fe,W
precipitates could be indicators of variations in local composition
and solidification kinetics during LPBF. Further, these nanosized
Fe,W precipitates could contribute to WHA strengthening by
pinning and/or hindering dislocations.

iii.

iv.

vi.

vii.

The observed nanoscale microstructural features, including solute
enrichment and intermetallic phase formation within grains, were ab-
sent in both our prior LPS experiments and previous laser-based sin-
tering studies. This demonstrates that LPBF produces fundamentally
distinct microstructural evolution, characterized by previously unre-
ported nanoscale heterogeneities arising from strongly non-equilibrium
processing conditions. The insight presented in this work will be utilized
to understand the influence of microstructure on the mechanical
behavior of AM WHAs, which will subsequently help guide micro-
structure design of these alloys.
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