
 
 

 

 
 

A strategy to achieve high-strength WNiFe composite-like alloys with low W content by laser
melting deposition

Zhou, Shangcheng; Wang, Lu; Liang, Yao-Jian; Zhu, Yichao; Jian, Ruizhi; Wang, Benpeng;
Wang, Liang; Xue, Yunfei; Wang, Fuchi; Cai, Hongnian; Ren, Yang

Published in:
Materials and Design

Published: 01/05/2020

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.matdes.2020.108554

Publication details:
Zhou, S., Wang, L., Liang, Y-J., Zhu, Y., Jian, R., Wang, B., Wang, L., Xue, Y., Wang, F., Cai, H., & Ren, Y.
(2020). A strategy to achieve high-strength WNiFe composite-like alloys with low W content by laser melting
deposition. Materials and Design, 190, [108554]. https://doi.org/10.1016/j.matdes.2020.108554

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/a-strategy-to-achieve-highstrength-wnife-compositelike-alloys-with-low-w-content-by-laser-melting-deposition(c248be1e-deef-4909-8851-05a2c1a1f613).html
https://doi.org/10.1016/j.matdes.2020.108554
https://scholars.cityu.edu.hk/en/persons/yang-ren(7c17617b-dd79-43a0-ad19-b83053f4370a).html
https://scholars.cityu.edu.hk/en/publications/a-strategy-to-achieve-highstrength-wnife-compositelike-alloys-with-low-w-content-by-laser-melting-deposition(c248be1e-deef-4909-8851-05a2c1a1f613).html
https://scholars.cityu.edu.hk/en/publications/a-strategy-to-achieve-highstrength-wnife-compositelike-alloys-with-low-w-content-by-laser-melting-deposition(c248be1e-deef-4909-8851-05a2c1a1f613).html
https://scholars.cityu.edu.hk/en/journals/materials--design(83137e1a-a729-4f7a-a314-5e11ae1aec28)/publications.html
https://doi.org/10.1016/j.matdes.2020.108554


Materials and Design 190 (2020) 108554

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
A strategy to achieve high-strength WNiFe composite-like alloys with
low W content by laser melting deposition
Shangcheng Zhou a, Lu Wang a, Yao-Jian Liang a, Yichao Zhu a, Ruizhi Jian a, Benpeng Wang b, Liang Wang a,
Yunfei Xue a,⁎, Fuchi Wang a, Hongnian Cai a, Yang Ren c

a School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, People's Republic of China
b School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, People's Republic of China
c X-ray Science Division, Argonne National Laboratory, Argonne, IL 60439, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• WNiFe with W particle size of 5.5 μm is
prepared by laser melting deposition
(LMD).

• WHAswith lowWcontent (noW skele-
ton to keep shape) can be achieved by
LMD.

• W particles in LMD WHAs distribute
uniformly in γ matrix.

• The yield strength of LMD WHAs is
59.3% higher than that of LPS WHAs.
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Preparing bulkWNiFe alloyswith high strengths and lowWcontent (b80wt%) is challenging. Here, we present a
strategy, powder-fed laser melting deposition (LMD), to solve this problem. The LMD-prepared WNiFe (LMD
WNiFe) samples show high mechanical strengths and low W contents of 50 and 75 wt%. The W particles in
the LMD WNiFe samples uniformly distribute in the matrix (γ), exhibiting fine particle sizes of approximately
one-fifth of those of conventional 93WNiFe alloys prepared by liquid phase sintering (LPS). The ultimate tensile
strengths of the 50 and 75wt% samples are 1120 and 1316MPa, respectively, which are 24.44 and 59.33% higher
than those of the LPS-prepared 93WNiFe alloy (LPS 93WNiFe). These results suggest a useful strategy for prepar-
ing low-W-content, high-strength WNiFe alloys with fine, uniformly distributed W particles. This finding offers
new potential applications of WNiFe alloys in additive manufacturing.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tungsten heavy alloys (WHAs), known for the typical WNiFe alloys,
are composite-like alloys that comprise ‘hard’ tungsten reinforcing par-
ticles and a ‘ductile’ metal matrix and have a wide range of industrial
. This is an open access article under
applications. [1–3]. The mechanical properties of WHAs are often tai-
lored to withstand severe conditions by controlling their W content
(30–99 wt%) or W particle size [4–7]. To date, liquid phase sintering
(LPS) is the most common and practical method for preparing WHAs
[8]. However, LPS is not appropriate for preparing WHAs with low W
content because a skeleton built with sufficient W content (commonly
N80 wt%) is required to prevent dimensional distortion andmicrostruc-
tural inhomogeneity from occurring in the workpiece [8,9].
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Additionally, the long sintering time required by LPS unavoidably yields
coarse W particles (N30 μm) that restrict the improvement of the me-
chanical properties of WHAs [3,10]. To obtain a WHA with controllable
W content and fine W particle size, technologies like solid-state
sintering [11], spark plasma sintering [12], electrodeposition [7], and
microwave sintering [13] are typically employed to avoid long sintering
time and liquid phase formation. Although these technologies can
achieve fineWparticles and/or lowW content to some extent, there re-
main disadvantages like high porosities and/or inadequate strengths,
sample size limitations, and poor interfacial bonding strengths. Thus,
preparing bulk WHAs with low W contents (b80 wt%) and high
strengths is still a challenging issue.

Laser additive manufacturing (LAM) has attracted increasing atten-
tion for the fabrication of particle reinforcing metal matrix composites
owing to its improved performance and broad design freedom, like
wide volume fraction ranges of reinforcingparticles and complex geom-
etries [14,15]. Thus, LAM is a potential new approach to the preparation
of low-W-content WHAs. Selective laser melting (SLM) and laser melt-
ing deposition (LMD) are the two most widespread LAM technologies.
SLM is a powder bed-based process in which metal powder is spread
in thin layers of b100 μm[14,16]. Fine powders can be used in SLM(usu-
ally b53 μm). For example, fine W powder with average particle size of
16 μm is applied in SLM, and promising compressive mechanical prop-
erties are achieved [17]. The utilization of fine W particles enlightens a
solution for the fine-grain WHAs because un-melted fine W particles
can be obtained in LAM-prepared WHAs. Thus, almost all reported
LAM-prepared WHAs are prepared by SLM [18–20]. However, the
high porosity that causes ductility deterioration in SLM-prepared
WHAs is difficult to eliminate [20–22]. In contrast to powder bed-
based technologies, in LMD, a part is built bymeans of melting a surface
and simultaneously applying the metal powder [14,16]. Additionally,
LMD has a larger melting pool that reduces porosity; the technique is
also viable for the fabrication of large structural parts because of its
higher build rates and larger build volumes [16,23]. These features indi-
cate that LMDmay bemore suitable for the preparation ofWHAs. How-
ever, LMD requires relatively coarse W particles (usually N75 μm) to
guarantee a steady and fluent powder flow, and thus LMD-prepared
WHAs (LMD WHAs) show inadequate strengths [24].

Consequently, a combination of low porosity and fineW reinforcing
particles is critical for obtaining high-performance WHAs by LMD. The
present work focuses on this issue by utilizing fine W particles in LMD
to prepare representative WHAs of WNiFe alloys with low W contents
(b80 wt%) and high strengths (by fine W particles).

2. Materials and methods

The W, Ni (75–150 μm), and Fe (75–150 μm) raw powders were
commercially bought with purity above 99.9%. The supplier of W
Fig. 1. RawW powder: (a) Morph
powder is Xiamen Tungsten Co., Ltd. And the supplier of Ni and Fe pow-
der is Chengdu Nuclear 857 New Materials Co., Ltd. Fig. 1(a) presents
the morphology of W powder. The mean W particle diameter is
3.68 μm. The size distribution of the W powder was measured by laser
diffraction particle size analyzer (Horiba LA-950), as shown in Fig. 1
(b). The Ni and Fe powders were prepared by gas atomization. Powder
blends (W, Ni, and Fe powders) with specified weight fractions were
prepared in a V-type blender, and cuboid samples were prepared
using an LMD system with a laser spot diameter of 4 mm based on a 3
KW fiber laser. The LMD equipment is RC-LDM8060. The oxygen con-
tent was kept below 50 ppm through a continuous flow of argon in
the process chamber. Samples with 50 and 75 wt% W are denoted as
LMD 50WNiFe and LMD 75WNiFe, respectively, where the designed
Ni: Fe ratio is 7:3 by weight. The laser power, scan speed, and feed
rate are 2400 W, 10 mm/s, and 20 g/min, respectively. The laser scan-
ning path is line by line. No further heat treatment was performed on
the LMD WNiFe samples.

Fig. 2 schematically depicts the fabrication process of the LMD
WNiFe samples. The blended W, Ni, and Fe powders are carried by
argon flowing gas via feed nozzle into the melt pool. The melt pool is
brought to a temperature higher than the melting points of the matrix
materials and lower than that ofW. In themelt pool, the interplay of dif-
ferent phases duringWNiFe preparation by LMD is similar to the incip-
ient liquid stage of LPS when a wetting liquid penetrates the W grain
boundaries [8]. However, the strong convection in the melt pool and
high cooling rate distinguish LMD from LPS and play an important role
in the uniform distribution of W particles. On the other hand, the
layer-by-layer characteristic of the LMDprocess enables the preparation
of low-W-content WHAs with designed sizes and dimensions.

Quasi-static tensile tests were performed at a strain rate of 10−3 s−1.
Dynamic compression tests were performed by a split-Hopkinson pres-
sure bar (SHPB) at strain rates of approximately 103 s−1 on ⌀ 4 × 4mm
specimens. The normal stress applied on the tensile and compression
specimens is parallel to the x direction, as illustrated in Fig. 2. The spec-
imens were ground with SiC papers, then polished using SiO2 polish
suspension. The secondary electron (SE) images were obtained by
Hitachi S4800 scanning electron microscope (SEM) with an energy dis-
persive spectrometer (EDS). The W particle size and volume fraction
were measured by a metallography method through area fraction
based on the SEM images. The porosity is measured by metallographic
method that calculates the area ratio of the pores and measuring field.
The electron backscatter diffraction (EBSD) analysis was carried out
using FEI Quanta 650F with an HKL Channel 5 system. The EBSD scan-
ning steps of LMD 75WNiFe, LMD 50WNiFe and LPS 93WNiFe are
0.45 μm, 0.7 μm and 1.2 μm, respectively. And the data are processed
and analyzed by HKL Channel 5 software. The transmission electronmi-
croscope (TEM) images and electron diffraction patterns were obtained
by FEI Tecnai G2 F20. The TEM samples were prepared by focused ion
ologies; (b) Size distribution.



Fig. 2. Schematic diagram of the LMDWNiFe process.
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beam (FIB) with FEI Versa Dualbeam & Helios NanoLab 600i. Phase
existing was investigated by a synchrotron-based high-energy X-ray
diffraction (HEXRD) technique, at the 11-ID-C beam line of the Ad-
vanced Photon Source, Argonne National Laboratory, USA. The wave-
length λ of the HEXRD is 0.011725 nm. Density was measured by the
Archimedes drainage method by Mettler Toledo ME204 with a density
kit in deionizedwater at 14 °C. The size of samples for densitymeasure-
ment is 10 × 10 × 5 mm.

3. Results and discussion

3.1. Phases and microstructures

The microstructures of the 50WNiFe and 75WNiFe samples are
shown in Fig. 3. TheW particles (bright phase) were uniformly distrib-
uted within the γ(NiFe) matrix (dark phase) in both samples. It should
be noted that the γ(NiFe) phase is called as the matrix here, and is also
known as the binder in WHAs. Usually, uniform distributions of rein-
forcing particles in metal matrix composites are difficult to obtain by
LPS or casting due to the van derWaals force and gravity when thema-
trix content is high. In contrast, LMD achieves uniformWNiFe alloy mi-
crostructures owing to the fluid flow caused by thermal capillary forces,
gravity, buoyancy, and surface tension in the pool [25,26].
Fig. 3. Shape and spatial distribution of W particles in LMD 50W
As shown in Fig. 3, 50WNiFe and 75WNiFe haveW volume fractions
lowered to 38% and 62%, respectively, in comparison to LPS 93WNiFe
with a W volume fraction about 82% [27]. Different from the raw W
powders, which had a large amount of sharp edges, the W particles in
the LMD samples exhibited smoother surfaces originating from the W
solution-precipitation process in the FCC-structured matrix (γ) [8]. A
high liquid volume fraction, which afforded ample space between W
particles, and low dihedral angle, which separated the W particles [8],
combined to ensure the extremely low contiguity of 50WNiFe and
75WNiFe. LMD can yield WNiFe alloys with a wide range of W volume
ratios and uniform distributions due to its inherent layer-by-layer pro-
cessing characteristics and Marangoni flows [26]. WNiFe is a
composite-like pseudo-alloy that comprises hardWparticles and a duc-
tile γmatrix. The realization of a widely controllable W content implies
the possibility of preparing particle reinforced metal matrix composites
by LMD. The variation in W content also resulted in different densities
for 50WNiFe and 75WNiFe of 12.8 and 15.9 g/cm3, respectively. Mean-
while, the porosities of LMD 50WNiFe and 75WNiFe are lower than
0.1%. This indicates that LMD WNiFe alloys can achieve controllable
densities by adjusting theW volume fraction without the loss of micro-
structural homogeneity, revealing the potential for WNiFe alloys in ad-
ditive manufacturing technologies and in shaped charge applications.

The 50WNiFe and 75WNiFe samples had small average W particle
sizes of 5.5 and 6 μm, respectively, as shown in Fig. 3. The rapid LMD so-
lidification process of WNiFe is controlled by combined temperature
gradient and solidification velocity effects; temperature gradient and
solidification velocity exhibit a complex relationship with laser power
and laser beam velocity [28]. Although there have been previous trials
for the preparation of WHAs with average W particle sizes of approxi-
mately 5–10 μm by SLM, they resulted in extensive W dendrite mor-
phologies due to improper processing parameters [18–20,22]. Thus,
the selection of preparation parameters was based on suppressing the
significantWmeltdown and grain growth. Usually, large amount of de-
veloped W dendrites exist in WHAs prepared by LAM [18–20,22]. As
shown in Fig. 3, microstructure without W dendrite was obtained,
i.e., theWphase in the LMDWNiFe has a particle shape, which is similar
to the microstructure of LPS WNiFe. Furthermore, the utilization of a
fine raw W powder and the incipient duration of the liquid in the
LMD process contributed to the resulting fine W particles. Although
fine-grain WHAs exhibit improved mechanical properties, adiabatic
NiFe (a, c) and LMD 75WNiFe (b, d) obtained by SE images.



Table 1
Composition of phases in LMDWNiFe samples obtained by EDS.

Sample (phase) W wt% Ni wt% Fe wt% C wt%

50WNiFe (overall) 47.9 32.5 19.6 –
50WNiFe matrix (γ) 16.3 56.7 27.0 –
75WNiFe (overall) 71.7 18.7 9.7 –
75WNiFe matrix (γ) 18.0 60.3 21.7 –
Ni6W6C phase 70.6 23.8 3.1 2.5
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shear propensities, and especially penetration performances, there is no
practical industrial process at present that can achieve such materials
[6,29–31]. Compared with theW particle sizes of over 30 μm employed
in conventional LPSWNiFe fabrication [10], and considering the capabil-
ity of LMD to prepare large components owing to its higher build rates
and larger build volumes [16], LMD has significant potential for the
preparation of fine-grain WHAs for the fabrication of structural parts.

Fig. 4 shows the phase constituents of the LMD WNiFe samples,
which both exhibited a BCC-structured W phase and FCC-structured
matrix phase, as shown in Fig. 4a. The phase compositions, which are
listed in Table 1, confirm that the Ni/Fe ratios were closed to the de-
signed proportions. In addition to the W and γ phases, a Ni6W6C
phase was also detected; its composition is provided in Table 1 and mi-
crostructure in Fig. 3d (aroundW particles) and Fig. 4b (at the W/γ in-
terface) obtained from the selected area electron diffraction pattern.
The Ni6W6C phase formed at the W/γ interface, which is detrimental
to the ductility ofWNiFe alloys. The C impuritywas also introduced dur-
ingpreparation. Removal of theNi6W6Cphase requires further research.

The microstructural features (Fig. 3) of theW particles, such as their
small size, low sphericity, and uniform distribution, as well as the exis-
tence of W in thematrix (Table 1), imply thatW particles partly melted
in the pool. The solubility of W in thematrix increases with the increas-
ing temperature. Accordingly, large amount of W dissolve into the ma-
trix because of the high temperature in themelt pool. Small W particles
with high curvature tend to dissolve and disappearmore easily. LargeW
particles partly melt. The number of un-melted W particles is much
smaller than that of delivered W powders. During solidification, large
amount of W solidifies on the un-melted W particles, which greatly in-
crease the particle size. Furthermore, W particles flow rapidly in the
melt pool, as illustrated in Fig. 2. It is proposed that the solidW particles
serve as nucleation sites in the LMD process, resulting in massive het-
erogeneous nucleation of the matrix material. This plays an important
role in disrupting texture [32] and obtaining a fine-grain matrix phase.

3.2. Quasistatic tensile mechanical properties

As shown in Fig. 5, LMD 50WNiFe and 75WNiFe exhibited excellent
mechanical strengths under quasi-static tension, and a higher W vol-
ume fraction resulted in a better strength. Fig. 5 shows both the tensile
curves and a comparison of the strengths of the prepared LMD samples
andWHAs prepared by LPS [6,10,33–38]. Usually, LPSWNiFe alloyswith
higher W contents have higher strengths. The LPS WNiFe alloys shown
in Fig. 5b hadW contents ranging from 90 to 95wt% (LPS 90-95WNiFe).
Nevertheless, despite having lower W contents, the LMD 50WNiFe and
75WNiFe samples showed higher strengths. The yield strength (YS) and
ultimate tensile strength (UTS) of LMD75WNiFewere 59.33 and 46.22%
Fig. 4. Phases of LMDWNiFe samples: a) synchrotron HEXRD spectra of LMD 50WNiFe and LMD
the inset shows the corresponding SAED pattern of the Ni6W6C phase.
higher, respectively, than those of LPSWHAs, where the average YS and
UTS of LPS WNiFe were estimated to be 600 and 900MPa, respectively.
The YS and UTS of LMD 50WNiFe were 737 and 1120MPa, respectively,
and those of LMD 75WNiFe were 956 and 1316MPa. These results indi-
cate the excellent potential of LMDas a new strategy for achieving high-
strength WNiFe alloys with low W contents.

The higher YS of LMDWNiFe than that of LPSWNiFe is mainly attrib-
uted to the smaller matrix grain size and finer W particles. As shown in
Fig. 6, the matrix grain size of the LMD WNiFe is much smaller than
that of the LPS WNiFe, revealing a significant improvement of matrix
grain boundary strengthening in LMDWNiFe. Besides, the smallerWpar-
ticles also improves the strength of LMDWNiFe (Fig. 6). The W particles
in the present investigation are much larger than 1 μm, indicating that
the WNiFe should be treated as a composite in considering of the
strength. The load-bearing transfer and Hall-Petch effect contribute to
the strengthening of LMD WNiFe. Accordingly, the yield strength of
WNiFe is [40–43]:

σy ¼ C1
VW

d 1−VWð Þ
� �1

2 þ σH−P þ C2 ð1Þ

where d is the diameter of the W particles, VW is the volume fraction of
theWphase, C1 and C2 are constants, and σH−P is the strength originated
from Hall-Petch effect. According to Eq. (1), the yield strength of LMD
WNiFe increases with the increase in W volume fraction, the decrease
in the diameter of the W particles, and the refinement of the matrix
grain size. LPSWNiFe has aWparticle size about 30 μm, aWvolume frac-
tion N80% [42], and a matrix grain size much bigger than 200 μm (Fig. 6).
Although LMD75WNiFe has lowerWvolume fraction, theWparticle size
(6 μm) and matrix grain size (50 μm) are much smaller than that of LPS
WNiFe. Thus, LMD 75WNiFe shows higher YS than that of LPS WNiFe.
The pathway for LMD of fine-grain WNiFe can be readily extended to
other particle reinforce composites to further break property limits for
widespread applications. Thus, the calculated yield strength from
Eq. (1) shows the same trend with the experimental yield strength.
75WNiFe; b) bright field TEM image of LMD 50WNiFe showing theW/γ interface, where



Fig. 5.Quasi-static tensilemechanical properties of LMD50WNiFe and LMD75WNiFe: a) quasi-static tensile curves under a strain rate of 1× 10−3 s−1; b) comparison of quasi-static tensile
strengths between LMD 50WNiFe, LMD 75WNiFe, and as-sintered 90–95 WNiFe(Co) with minor addition of alloying elements prepared by LPS [6,10,33–37,39].
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Fig. 7 shows the tensile fracture morphologies of LMD WNiFe
parts after quasistatic tensile test. In WHAs, there are four different
fracture modes, including W inter-granular separation, W cleavage,
W-matrix interface separation, and matrix failure [44]. High fraction
of W transgranular cleavage fracture and tearing edge of matrix are
favorable failure modes in WHAs, so that high strength and good
ductility can be achieved [9]. However, as presented in Fig. 7(a),
W-matrix interface separation is the feature failure mode of the
LMD 50WNiFe, revealing that microcracks are easy to initiate at the
interface. In Fig. 7(c) of the LMD 75WNiFe, although the fraction of
W cleavage is higher than that of the LMD 50WNiFe, large numbers
Fig. 6. EBSD inverse pole figures of (a) LPS 93WNiFe, (b) thematrix of LPS 93WNiFe in (a), (c) th
LPS 93WNiFe. The W phase in (b), (c), and (d) is painted white to highlight the matrix phase.
of W inter-granular separation and W-matrix interface separation
are observed. And the increased amount of W cleavage fraction is
suggested to be the result of increased W content. Fig. 7(b) and
(d) further illustrate the poor interface of the LMD WNiFe. Mean-
while, small interfacial intermetallic was observed on the fracture
surfaces, which was demonstrated to be the carbide phase by
HEXRD and TEM. Consequently, the carbide degenerates the ductil-
ity of LMD WNiFe. Improving the powder preparation processing,
such as a heat treatment of higher temperature to eliminate organic
binder completely after powder blending, is a possible solution to
eliminate C impurity.
e LMD 50WNiFematrix, (d) the LMD 75WNiFematrix; (a–i) secondary electron images of



Fig. 7. Fracture morphologies of (a), (b) LMD 50WNiFe, and (c), (d) LMD 75WNiFe. (b) and (d) are the side morphologies of the fracture as illustrated in Fig. 5(a).
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3.3. Dynamic compressive mechanical properties

The dynamic mechanical properties of the LMD WNiFe samples are
shown in Fig. 8 [45–48]. Samples after testing showed barreling shape,
and no fracture failure occurred in testing. It is clear that the LMD
WNiFe alloys showed superior dynamic strengths, suggesting the prom-
ising potential of LMD WNiFe for applications requiring exposure to
shock environments.

In the discussion of strain rate effect, the mainly concern is the dislo-
cation motion inW andmatrix phase. This is because the influence of in-
terfacial products on the mechanical behavior at different strain rates is
suggested to be small because of the small amount. Also, theW-matrix in-
terface between LMDWNiFe and LPS WNiFe is considered to have small
difference, which results in small difference in strength comparison.
WHAs with higher content of BCC-structuredW exhibit more significant
improvement on YS with increasing strain rate than that of WHAs with
lower W content. The yield strength of BCC metals like W increases
with increasing strain rate, whereas the YS of FCC metals like the matrix
in the present work exhibit nearly strain-rate-independent yielding be-
havior [49]. WHAs exhibit combined dynamic mechanical responses of
BCC W and FCC matrix. LMD 75WNiFe and LPS WNiFe both have a high
Fig. 8.Dynamicmechanical properties of LMD50WNiFe and LMD75WNiFe under compression:
dynamic compressive yield stresses between LMD 50WNiFe, LMD 75WNiFe, and as-sintered 9
Wcontents, showing small difference in YS improvementwith increasing
strain rate. Thus, LMD 75WNiFe, with higher YS at quasi-static condition,
still show higher mechanical strength than that of LPS WNiFe under dy-
namic conditions (Figs. 5b and 8b). In contrast with the higher tensile
strength of LMD 50WNiFe than that of LPS WNiFe, the dynamic YS of
LMD 50WNiFe was apparently lower (Figs. 5b and 8b) because of the
lower W content than that of LPS WNiFe.

4. Conclusions

WNiFe alloys with low W contents (50 and 75 wt%) and high
strengths were successfully prepared by LMD. The W particles in the
LMD WNiFe samples were fine (5.5 μm in 50WNiFe and 6 μm in
75WNiFe) and uniformly distributed in the γ matrix. Additionally, the
grain size of the γ matrix is also much smaller than that of LPS WNiFe.
The size reduction of the W particles and γ matrix grains is the main
reason for their 59.33% increased tensile YSs compared with LPS
90~95WNiFe; high dynamic strengthswere also achieved. Furthermore,
variations in W content contributed to a change in densities across a
wide range from at least 12.8 g/cm3 (50WNiFe) to 15.9 g/cm3

(75WNiFe). This work demonstrates that LMD is a practical method
a) dynamic compression curves at strain rates of 2 × 103 and 4×103 s−1; b) comparison of
3-95WNiFe(Co) prepared by LPS [45–48].
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for the preparation of high-strength WNiFe alloys with low W volume
fractions, revealing a promising future for additive manufacturing of
complex structural parts composed of WHAs.
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