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ABSTRACT
A Ti1.5Nb1Ta0.5Zr1Mo0.5 (TNTZM) refractory high entropy alloy (HEA) with a cellular structure was
successfully fabricated by laser powder bed fusion (L-PBF). Compression testing and cyclic defor-
mation testing results revealed that, in the cellular structure, the cell walls could store dislocations.
Furthermore, the local chemical order (LCO) plays a crucial role in controlling dislocations within the
cell wall region. The LCO not only facilitates dislocation slip but also generates additional lattice dis-
tortion upon stress-induced LCO destruction to enable dislocation pinning. This work offers novel
insights into the microstructure of additively manufactured refractory HEAs and uncovers a distinct
dislocation regulation mechanism.

ARTICLE HISTORY
Received 31 January 2024

Since Yeh discovered high entropy alloys (HEAs) in 2004
[1], HEAs have demonstrated awide range of alloy design
possibilities, together with exceptional mechanical and
functional properties [2–11]. Recently, there has been
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significant research interest in a new type of HEAs called
refractory HEAs [12], which typically comprise refrac-
tory elements such as Ti, Nb, Ta, Zr, and so on and
exhibit a body-centered cubic (BCC) crystal structure.
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Compared with previous HEAs, refractory HEAs may
have the potential to exhibit superior performance in
high-temperature applications [13] and in the medical
implant field [14,15].

Additive manufacturing is also a significant and
emerging manufacturing technology owing to its rapid
construction capabilities and exceptional design freedom
[16–22]. For refractory HEAs, the rapid and compre-
hensive processing capabilities offered byAM technology
compared to conventional arc melting methods are par-
ticularly attractive. However, the preparation of refrac-
tory HEAs using AM poses significant challenges [23].
This is attributed to the elevated and significantly vary-
ing melting points of the constituent elements of refrac-
tory HEAs, which makes the fabrication process prone
to introducing defects that can ultimately lead to fail-
ure. With the recent rapid advancement of AM technol-
ogy, Dobbelstein [24] successfully prepared TiZrNbHfTa
refractory HEA using laser metal deposition, and sub-
sequently more AM-fabricated refractory HEAs were
reported [25–27]. Furthermore, AM-fabricated metals
usually exhibit distinct microstructures compared to
conventionally-processed metals. Indeed, cellular struc-
tures are an unusual type of microstructure introduced
by AM. This structure is composed of cell walls and cell
interiors and has been observed in steels [28,29], cop-
per alloys [30], and aluminum alloys [31]. The cellular
structure present within grains can significantly affect the
mechanical properties of the material [30,32]. However,
to date, there are no studies reporting on the presence
of cellular structures in AM-fabricated refractory HEAs.
Therefore, in order to reveal the microstructure of AM-
fabricated refractory HEAs, further study on the cellular
structure in refractory HEAs is needed.

Based on our previous research [33], it has been
demonstrated that the mechanical properties and defor-
mation mechanism of TNTZM are closely associated
with its cellular structure. Here, a Ti1.5Nb1Ta0.5Zr1Mo
0.5 (TNTZM) refractory HEAwith cellular structure was
successfully fabricated using laser powder bed fusion
(L-PBF) technology, aiming to further investigate the
interaction between the cellular structure and disloca-
tion. Furthermore, compression tests and cyclic defor-
mation processing (CP) experiments revealed that the
cellular structure has the ability to influence dislocation
slipwithin grains. In addition, some local chemical order-
ing (LCO) containing Ti atoms are present within the
cell wall, which makes the cell wall able to restrict dislo-
cations movement. This work aims to improve the AM-
fabricated refractoryHEA systems and to propose a novel
microscopic mechanism for regulating dislocations.

Mechanical alloying of Ti, Ta, Nb, Zr, and Mo spheri-
cal powders (99% purity) in the particle size range from

40 µm to 90 µm using a Pulverizette-4 planetary ball
mill for 40 h, as illustrated in Figure S1. To determine
the optimal process window for fabricating TNTZM,
a total of 72 different printing parameters (including
laser power and scan speed), as shown in Figure S2,
were tested using an M2 Multilaser machine (Concept
Laser, Germany). The experimental results indicated that
a laser power of 240 W and a scan speed of 1700mm/s
resulted in the highest density of 99.5% along with a uni-
form distribution of elements in the fabricated TNTZM.
AM-fabricated TNTZM was cut by electrical discharge
machining, and its surface was subsequently ground
using metallographic SiC papers ranging from 100 to
2000 grits. This was followed by polishing with dia-
mond suspensions of 3 and 1 µm. Figure 1(a) shows the
electron backscatter diffraction (EBSD) analysis results,
indicating that the AM-fabricated TNTZM is a single-
phase refractory HEAs with a BCC structure. Addition-
ally, the Figure S3 shows that there is no significant
grain anisotropy observed across different building direc-
tions. Furthermore, the polar plots indicate the maxi-
mum intensity value in the plot is 1.68. As seen in Figure
1(a), it is suggested that there is no evident texture in
AM-fabricated TNTZM. Specifically, the average grain
size was determined to be 8µm (Figure S4), which is sig-
nificantly larger than the size of cells. This observation
suggests that the cells represent submicroscopic struc-
tures within the grain. Furthermore, the absence of dis-
cernible cellular structures in the EBSD results suggests
that EBSD may not have the capability to identify cells.
This is because adjacent cells exhibit the same grain ori-
entation. Figure 1(b) illustrates the morphology of the
cellular structure in backscattered electron (BSE) mode,
where the dimensions typically fall within the range of
260-370 nm and the bright cell interiors and dark cell
walls are clearly visible. Furthermore, it is observed that
this cellular structure consisting of cell interior and cell
walls is widespread in AM-fabricated TNTZM.

In addition, compositional maps in transmission elec-
tron microscopy (TEM) reveal the segregation of Ta and
Nb, as well as the aggregation of Ti, along the cell walls of
the solidified cellular structures in Figure 2(a). It is evi-
dent that the cell walls are approximately 50 nm wide
and surround the cell interior. The selected area elec-
tron diffraction (SAED) pattern at the interface between
the cell wall and cell interior displays a typical pattern
of a BCC structure, in the absence of any other pat-
terns. furthermore, AM-fabricated TNTZM was identi-
fied by X-ray diffraction (XRD) using a commercial D8
ADVANCE Da Vinci machine. The XRD results indi-
cate the presence of two types of BCC peaks. One set of
peaks corresponds to unmelted Mo powder (Figure S5),
while the other set corresponds to the BCC structure of
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Figure 1. (A) EBSD image of the AM-fabricated TNTZM. The diagrams in the bottom are the corresponding polar figures. (B) BSE SEM
image of the AM-fabricated TNTZM, where the black area is the cell wall and the grey area is the cell interior. The inserts are the XRD
pattern of the AM-fabricated TNTZM.

TNTZM (Figure 1(b)). Furthermore, previous researches
[21,34] indicates that AM utilizing mechanical alloying
powders may result in the presence of unmelted pow-
der within the matrix. Indeed, the SAED results and the
XRD results assert that both the cell walls and cell interior
exhibit identical crystal structure. This cellular structure
in AM-fabricated TNTZM is different from that of alu-
minum alloys [31], which typically consists of a matrix
wrapped by a second phase. Figure 2(b) displays a scan-
ning transmission electron microscope (STEM) image
in high-angle annular dark-field (HAADF) mode, which
enhances sensitivity to the atomic number and enables
accurate visualization of the cellular structure morphol-
ogy. Figure 2(c) displays a dark-field (DF) image used to
assess the dislocation distribution in the same region as
the HADDF mode. The DF image indicates that dislo-
cations in the as-built TNTZM are randomly dispersed
inside the cells and within the cell walls, and they are
minimally affected by the cell walls. Based on these TEM
results, it can be concluded that the cellular structure in
AM-fabricated TNTZM is formed by elemental segrega-
tion rather than dislocations [35] or the presence of a
second phase [36], which aligns with previous research
[33,37].

In compression tests, only dislocation slip was
observed as the dominant deformationmode inTNTZM,
and no phase transformation or twinning was detected.
When the applied strain increases to 10%, it is observed
that dislocations start to develop andmove in response to
external shear stress. In addition to the minimal change
in cell shape after deformation, surprisingly, a majority

of dislocations are stored within the cell walls, and other
dislocations accumulate next to the cell walls, as shown
in Figure 2(d,e). Furthermore, when the deformation
increases to 18%, dislocation channels are formed within
the cell walls, and the tangled dislocations are observed
sliding out from the channels (Figure 2(f,g)). This con-
firms that the presence of the cell wall significantly affects
the generation and movement of dislocations.

To further investigate the influence of cellular struc-
ture on dislocation regulation, cyclic deformation pro-
cessing (CP) was applied to TNTZM (CP-TNTZM)
within the microplastic region to induce slight resid-
ual stress. Figure 3(a,b) presents the cyclic stress–strain
diagrams of the as-built TNTZM, depicting the stages
of deformation at 2.5% strain, recovery to 0% strain,
and subsequent deformation to 2.5% strain. Remarkably,
this cyclic deformation was repeated for a total of 100
cycles. Figure 3(c) shows the individual cellular struc-
ture of the as-built TNTZNM after CP in HADDFmode,
where the darker regions represent the Ti-rich cell walls,
and the lighter regions are the cell interiors. Exactly as
illustrated in Figure 3(d), the dark-field image clearly
reveals that the dislocations in TNTZM are noticeably
influenced by the cellular structure in CP-TNTZM. Dis-
locations are also stored within the cell wall or accu-
mulated near to the cell walls, similar to the deformed
TNTZM as shown in Figure 2(d,e). Furthermore, this
observation suggests that, during cyclic deformation, dis-
locations tend to become pinned to each other. Based
on the XRD analysis (Figure S6), the dislocation den-
sity of TNTZM was found to increase from 2.22× 1015
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Figure 2. (A) The compositional mappings of the cellular structure in TNTZM. (B) The morphology of cellular structure in HADDF mode.
(C) The dislocation distribution in cellular structure in DF mode. (D) The morphology of the cellular structure after undergoing a 10%
deformation in HADDFmode. (E) The distribution of dislocations within the cellular structure after undergoing a 10% deformation in DF
mode. (F) The morphology of the cellular structure after undergoing an 18% deformation in HADDF mode. (G) The morphology of the
dislocation channel after undergoing an 18% deformation in DF mode.

m−2 to 4.31× 1015 m−2 after cycling. This finding fur-
ther supports the previous conclusion that the cellular
structure inAM-fabricated TNTZMhas a significant reg-
ulatory effect on dislocation motions. The cellular struc-
ture exhibits a flexible capability to respond to dislocation
motion, not only limited to large plastic deformations
(compression testing) but also to deformation within the
microplastic regions.

Furthermore, dislocation channels in CP-TNTZM are
observed to be located in the cell walls, as shown in
Figure 3(e,f), which is consistent with the dislocation
channels observed in TNTZMafter the compression test-
ing in Figure 3(h). Previous studies [38] have demon-
strated that dislocations located in the dislocation chan-
nels encounter challenges when attempting to cross-slip

out, leading to rapid saturation of dislocation accumu-
lation within the dislocation channels. The generation
of dislocation channels in the cell walls facilitates the
accumulation of dislocations. This is why dislocations
are more easily stored in cell walls. Furthermore, the
presence of dislocation channels within the cell walls pro-
vides an easier pathway for dislocation slip, resulting in
widespread dislocation propagation within the cell walls
in TNTZM during the initial stages of compression tests
and cyclic deformation. Moreover, the diffusion of dis-
location channels creates opportunities for multiple dis-
locations to interact. Figure 3(h) visually illustrates this
phenomenon, showing the presence of dislocation tan-
gles commonly observed in CP-TNTZM. Indeed, it is the
numerous intersections formed by dislocation channels
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Figure 3. (A-B) Stress–strain responses during CP. (C) The morphology of cellular structure after undergoing CP in HADDF mode. (D)
Dislocation storage and pile-up in cell wall. (E) The HADDFmodel corresponds to (F). (F) Themorphology of the dislocation channel after
undergoing CP. (G) dislocation channel in cell wall. (H) Entanglement of dislocation channels and dislocation.

that result in dislocation entanglement. This entangle-
ment leads to mutual obstruction of dislocations and an
increasing dislocation density in the cell wall region. As
the dislocation density increases in the cell wall region,
the movement of dislocations within the cell interior is
significantly affected. In particular, in the initial stages
of compression tests and cyclic deformation, dislocations
located inside the cells are observed to pile up near the
cell wall regions, as shown in Figure 2(e) and Figure 3(d).
This phenomenon is attributed to the effective storage of
dislocations within the cell walls, which creates an addi-
tional stress field and impedes dislocations inside the cells
until higher external shear stresses are encountered.

Furthermore, Figure 4(a) displays a HAADF image of
the atomic structure within the cell wall region (Figure
S7), which was obtained using aberration-corrected
STEM under the [100] zone axis. The fast Fourier
transform (FFT) pattern of the AM-fabricated TNTZM
exhibits the standard BCC structure discs. The inverse
FFT (IFFT) process of the 001 planes in the FFT mode
identifies the LCO regions as shown in Figure 4(b). These

regions indicate the presence of additional or increased
chemical order in the material (Figure 4(c,d)). Consid-
ering the atom column in HADDF mode, the image
contrast shows high sensitivity to atomic number. Obser-
vation of the dark regions of the LCO region suggests that
it is mainly composed of lighter elements (Ti), consistent
with previous compositional mapping results showing
that Ti atoms are enriched in the cell wall region. Figure
4(f) illustrates a schematic diagram of the distribution
of LCO in the BCC lattice and its projection along the
[100] yellow arrow direction. This description provides
further insight into the construction of LCO. Accord-
ing to previous studies [38], it is generally believed that
LCO is only partially developed within a limited spatial
extent; for instance, it may contain only a few atomic lay-
ers in the thickness direction, even though it is already
long-range in another dimension. On the low-end side,
LCO exhibits chemical short-range ordering, while at
the other extreme it can be considered as an early stage
of nanoprecipitates. Furthermore, the diffraction signal
from LCO, including chemical short-range order, is often
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Figure 4. (A) The atomic structure morphology of the cell wall in HADDF mode. The inset is the corresponding FFT pattern, where the
red solid circles indicate the LCOs region and the green solid circles indicate the Bragg spots of the BCCmatrix. (B) The IFFT process of the
red solid circles in (A), and several LCOs are marked by purple circles. (C) The IFFT process of the green solid circles in (A) shows the BCC
lattice. (D) The image superimposes the corresponding images of the LCO and BCC IFFT image. (E) The atomic-strainmappings of the cell
wall (F) The schematic diagram of LCO. (G) The schematic illustrations of the effect of LCO destruction on the lattice distortion.

weak and diffuse andmay exhibit additional features such
as fringes.

HEAs usually demonstrate strong lattice distortion
caused by variations in atomic radius among multiple
constituent elements. However, incorporating LCO into
the nanoscale structure of HEAs, especially refractory
HEAs, can effectively mitigate lattice distortion. Figure
4(e) illustrates the mapping of the corresponding atomic
strains using geometrical phase analysis (GPA), indi-
cating that the lattice distortion in the LCO region of
TNTZM is relatively lower than those in other regions.
This observation is consistent with previous findings
[38]. This phenomenon can be attributed to the regu-
lar arrangement of Ti elements within the LCO region,
as depicted in Figure 4(f). This ordered arrangement
contrasts with the disordered distribution of elements in
the HEA matrix, significantly reducing lattice distortion.
Due to the widespread presence of LCO in the cell wall
region, dislocation channels tend to proliferate, reduc-
ing lattice distortion and promoting the softening of the
slip planes. Therefore, under conditions with additional
shear stress, such as during cyclic deformation and early
stages of deformation, dislocation channels are observed
to proliferate in the cell wall. As the LCO region suffers

damage, the lattice distortion within this region gradu-
ally increases, approaching the strong lattice distortion
present in conventional refractory HEAs. This impedes
dislocation motion, and the effects caused by lattice dis-
tortion start to catch up with the softening of the slip
plane due to the destruction of LCOs. Consequently, the
hindrance of dislocation motion caused by lattice dis-
tortion gradually catches up with the softening of the
slip plane caused by the residual LCO. Figure 2(g) and
Figure 3(h) demonstrate the dislocation tangles at dislo-
cation channel intersections, which are caused by mul-
tiple dislocations sliding within the cell walls, triggering
the destruction of LCO.Additionally, the self-assembly of
dislocations in the cellular structure is achieved through
the accumulation of dislocations caused by the initial
softening of LCO in the cell wall and the pinning of
dislocations caused by the destruction of LCOs. A large
number of dislocations within the cell walls can also lead
to self-hardening of the cell walls, which significantly
affects the movement of dislocations within the cells.

In summary, a TNTZM refractory HEA with cellu-
lar structure was successfully fabricated using L-PBF. The
cellular structure significantly modulates the distribu-
tion of dislocations in the external shear environment.
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The cell walls store dislocations to self-harden, and then
impede dislocation slip inside the cells. In addition, LCO
facilitates the formation of numerous dislocation chan-
nels within the cell walls, and these channels promote the
proliferation of dislocations in the initial stage.Moreover,
when the LCO undergoes destruction, these dislocations
are also anchored in the cell wall, leading to the self-
assembly of dislocations. Thiswork provides new insights
into the heterogeneous microstructure of AM-fabricated
refractory HEAs.
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