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A B S T R A C T   

The pronounced compositional inhomogeneity observed in refractory high-entropy alloys (HEAs), as opposed to 
non-refractory HEAs, has an important influence on their mechanical properties, thereby posing a significant 
challenge for the development of high-performance refractory HEAs. In this work, by combining transmission 
electron microscopy imaging, chemical analysis, and nano-hardness tests, we investigate the compositional in-
homogeneities in a series of sintered nanostructured HEAs and elucidate their influence on the material’s 
hardness. We reveal that the compositional inhomogeneity of the sintered nanostructured HEAs is temperature- 
and component-dependent. By correlating the hardness of nanostructured HEAs to the evolving compositional 
inhomogeneity, our work demonstrates that the compositional inhomogeneity in nanostructured HEAs can be 
tuned by sintering temperature or alloying towards optimized microstructure and hardness.   

1. Introduction 

High-entropy alloys (HEAs), since the pioneering work done by 
Cantor et al. [1] and Yeh et al. [2,3] in 2004, have generated consid-
erable interest because their unconventional chemical structures hold 
great promise for achieving unprecedented properties such as high 
hardness [4,5], high strength [6–12], and good thermal stability [13]. 
By tuning the elemental distribution at different length scales, the 
microstructure and architecture of HEAs could be altered towards 
optimized mechanical properties and applications [14–17]. For 
example, it has been demonstrated that by tuning the inherent chemical 
inhomogeneity at the atomic scale, the degree of the chemical 
short-range ordering (SRO) in HEAs could be tailored and thus has an 
important influence on the mechanical performance of HEAs [18–22]. 
Compared with the atomic-scale chemical fluctuation which has been 
extensively studied, the compositional heterogeneity at larger length 
scale (e.g., grain scale) and its influence on the mechanical performance 
are less studied. 

Compared to non-refractory HEAs, refractory HEAs) [23–26] which 
contain elements with high melting points usually show more prominent 

compositional inhomogeneity such as phase separation due to disparate 
melting points of different components [27–30]. To find effective stra-
tegies to regulate or to minimize the inhomogeneity is of critical 
importance to optimizing current refractory HEAs. Routinely, increasing 
the sintering temperature is an effective way to produced more ho-
mogenized refractory HEAs as it promotes diffusion and consolidation 
[31]. Equally importantly, reducing the grain size of refractory HEAs is 
another potential avenue to fabricate more homogeneous refractory 
HEAs with increased surface energy and interdiffusion during sintering. 
Aside from that, studies have demonstrated that increased amount of 
grain boundaries can effectively consume radiation defects [32–34], 
therefore making nanostructured HEAs promising for application in the 
nuclear industry. Recently, Qin et al. [35] reported simultanteously 
enhanced sinterability and high-temperature grain-size stability in 
NbMoTaW-based nanostructured refractory HEAs. Yet, how nano-
crystallization influence the intermixing and distribution of the com-
ponents in the alloy remains obscure. Also, how sintering temperature 
and elemental alloying [36], two important factors that have been 
widely explored for refractory HEAs synthesis, influence the composi-
tional inhomogeneity as well as the mechanical performance of 
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nanostructured HEAs remains to be answered. In this work, by 
employing statistical elemental analysis and atomic imaging, we 
comparatively investigate the state of compositional inhomogeneity in a 
series of nanostructured refractory HEAs with varied sintering temper-
ature or elemental alloying. We found that the compositional in-
homogeneity can be effectively alleviated with increased sintering 
temperature and elemental alloying/doping. Furthermore, by corre-
lating the chemical and structural analyses to nanohardness measure-
ments, we elucidate how the tuned compositional inhomogeneity 
contribute to the hardness enhancement in nanostructured HEAs. 

2. Materials selection and processing 

Three nanostructured HEA specimens, (TiNbMoTaW)-6Ni sintered at 

1300 ◦C (hereafter denoted as n-HEA#1), (TiNbMoTaW)-6Ni sintered at 
1400 ◦C (hereafter denoted as n-HEA#2), and (TiNbMoTaW)-6Ni-5Zr 
sintered at 1400 ◦C (hereafter denoted as n-HEA#3), are synthesized by 
ball milling following by spark plasma sintering (SPS). For each 
composition, appropriate amounts of Ti, Nb, Mo, Ta, W, Ni and Zr 
elemental powders (>99.5% purity, ~325 mesh, Alfa Aesar, MA, USA) 
were weighed out (18.8Ti-18.8Nb-18.8Mo-18.8Ta-18.8W-6Ni and 
17.8Ti-17.8Nb-17.8Mo-17.8Ta-17.8W-6Ni-5Zr in atomic %) in batches 
of 20 g. The powder mixtures were then transferred in a 100 ml poly-
terafluoroethylene (PTFE) planetary milling jar with 20 ml of ispropyl 
alcohol (IPA) and Y2O3-stablized ZrO2 (YSZ) milling media at a ball-to- 
powder mass ratio of 10:1. Planetary ball milling was then conducted at 
300 rpm for 24 h in a PQN04 mill (Across International LLC, USA). After 
milling, the powder mixture was dried in a vacuum oven at 75 ◦C 

Fig. 1. Structure and chemistry of (TiNbMoTaW)-6Ni sintered at 1300 ◦C (n-HEA#1). (a) High-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) image showing the microstructure of n-HEA#1. (b,c) HAADF-STEM image and corresponding energy-dispersive spectroscopic (EDS) maps showing 
the chemical distribution of Ti, Nb, Mo, Ta, W, Ni in n-HEA#1. (d,e) A magnified HAADF-STEM image and corresponding high-resolution EDS maps of the boxed 
region in (b). (f) Atomic-resolution HAADF-STEM image (obtained along the [001] zone axis) of a representative body-centered cubic (bcc)-type Ta-Nb-rich slab in 
n-HEA#1. 
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overnight and then immediately transferred into Ar atmosphere (glove 
box) to prevent oxidation. The milled powders were loaded into 10 mm 
graphite dies lined with graphite and Mo foils in batches of 3 g, and 
consecutively consolidated into dense pellets via SPS in vacuum (10− 2 

Torr) using a Thermal Technologies 3000 series SPS (CA, USA). During 
the SPS, the specimen was first raised to the target temperatures of 
1300 ◦C or 1400 ◦C at a rate of 100 ◦C/min, then held isothermally for 5 
mins, and eventually cooled down to room temperature by furnace 
cooling (power off). XRD was performed on an Anton-Paar XRDynamic 
500, with a Primalux 3000 Cu source at 40 kV, and a step size of 0.0.01◦. 
Focused-ion beam (FIB) milling (Helios NanoLab) was used to prepare 
the TEM samples from bulk alloy samples. High-resolution annular dark- 
field scanning transmission electron microscopy (HAADF-STEM) and 
high-resolution TEM (HRTEM) imaging were performed on an FEI Talos 
F200X (scanning) transmission electron microscope operated at the 
voltage of 200 kV. Energy-dispersive spectroscopy (EDS) experiments 
were conducted in HAADF-STEM mode with a Super-X EDS detector 
integrated into the microscope. Berkovich nanohardness tests were 

carried out using a diamond indenter with a loading force of 300 mN and 
a holding time of 10 s. The indentation depth and width are ~ 810 nm 
and ~ 1.5 μm, respectively. The distance between the nearest two in-
dents is ~ 20 μm. Over 50 measurements were conducted at different 
locations to ensure statistical validity. Note that hardness measurement 
depends on many factors such as the loading force, therefore, the ab-
solute hardness value of a specimen may vary from one test condition to 
another. Yet, since the three samples in our work are tested under the 
same condition, the relative change of the hardness value is sufficient to 
indicate the difference of the mechanical properties of the samples. 

3. Results 

3.1. Microstructural characterization 

We investigate the effect of compositional inhomogeneity on the 
hardness of n-HEAs by combining atomic-resolution TEM imaging, sta-
tistical chemical analysis, and nanoindentation tests. Sintering 

Fig. 2. Structure and chemistry of (TiNbMoTaW)-6Ni sintered at 1400 ◦C (n-HEA#2). (a) HAADF-STEM image showing the microstructure of n-HEA#2. (b,c) 
HAADF-STEM image and corresponding EDS maps showing the chemical distribution of Ti, Nb, Mo, Ta, W, Ni in n-HEA#2. (d,e) A magnified HAADF-STEM image of 
the boxed region in (b) and the corresponding high-resolution EDS maps of the components. 
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temperature and alloy composition are varied to enable changes in the 
compositional homogeneity. We adopted relatively low sintering tem-
peratures (1300–1400 ◦C, which are ~54–57% of the average melting 
temperatures of Ti, Nb, Mo, Ta, and W) and short sintering duration (5 
min), so that the as-sintered n-HEA specimens likely have not been 

homogenized (to reach full chemical or thermodynamic equilibria). In 
addition, since the Ni (6 at.%) and Zr (5 at.%) contents of our alloys 
(TiNbMoTaW)-6Ni and (TiNbMoTaW)-6Ni-5Zr were designed to be 
above the solubility limits of five binary systems at 1300 ◦C, minor 
secondary phases are formed at the sintering temperatures [35], while 

Fig. 3. Structure Ti-rich domains in n-HEA#2. (a,b) Bright-field (BF)-STEM image and an overlapped EDS map of the Ti-rich region corresponding to the boxed 
region in (a). (c) Atomic-resolution HRTEM image (obtained along the [0001] zone axis of the HCP phase) and electron diffraction pattern (inset) of the Ti-rich 
domain in (b). 

Fig. 4. Structure and chemistry of (TiNbMoTaW)-6Ni-5Zr sintered at 1400 ◦C (n-HEA#3). (a) HAADF-STEM image showing the microstructure of the n-HEA#3 
specimen. (b) EDS maps showing the chemical distribution of Ti, Nb, Mo, Ta, W, Ni, and Zr in n-HEA#3. 
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all samples exhibit primary BCC structure (see the XRD patterns of the n- 
HEAs in Fig. S1). Figs. 1a,b present representative HAADF-STEM images 
of the (TiNbMoTaW)-6Ni (n-HEA#1) sintered at 1300 ◦C. The result 
shows that the alloy is composed of bright microsized secondary “clus-
ters of grains” (with an average size of 0.9 μm) formed by aggregation of 
nanocrystalline grains (with an average grain size of 95 nm), separated 
by discrete dark patches. Since the contrast of a HAADF-STEM image is 
directly related to the atomic numbers and contrast of the specimen, the 
dark patches are either composed of low-Z elements or are deficient in 
mass (e.g., pores/voids). Energy-dispersive spectroscopic (EDS) map-
ping was further performed to understand the chemical structure of the 
n-HEA#1 specimen. EDS maps (Fig. 1c) corresponding to the region in 
Fig. 1b show that the ‘dark’ patches are mainly composed of Ti, while 
the secondary clusters of grains are composed of Ta, Nb, Mo, W, Ni, Ti. 
By zooming in, the high-resolution EDS maps (Fig. 1e and Fig. S2) cor-
responding to the region in Fig. 1d (see BF-TEM image of the same re-
gion in Fig. S3) show that Ta-Nb-Ti-rich slabs (indicated by the arrow, 
see a corresponding atomic-resolution image in Fig. 1f) were also 
formed next to the Ti-rich patches (see the results from another region in 
Fig. S4). More importantly, we found that the elemental distribution in 
the secondary clusters of grains also shows severe inhomogeneity. That 

is, although Ta and Nb are nearly uniformly distributed in all nano-
crystals, Mo and W preferentially co-enrich in some of the nanocrystals, 
while Ni preferentially enriches in other nanocrystals. The difference is 
that the Ni-rich particles are fewer in number, larger in size, and more 
dispersed spatially compared with the Mo-W-rich nanocrystals. These 
are likely to be Ni-rich secondary phases, which are expected to form 
since our designed Ni content (6 at.%) are above the solubility limits of 
four out of five binary systems. From the discussion above, it is clear that 
a complex bi-modal microstructure with severe compositional in-
homogeneity was formed in n-HEA#1, featured by: (1) secondary 
clusters of grains decorated with randomly distributed Ni-rich and Mo- 
W-rich nanocrystals; (2) discrete domains containing Ti-rich patches 
and Ta-Nb-Ti-rich slabs. Fig. 1f shows an atomic-resolution HAADF- 
STEM image of the Ta-Nb-Ti rich slab obtained along the [001] zone 
axis. The spacing of the (110) plane of the Ta-Nb-Ti rich slab is deter-
mined as 0.237 nm, close to that of pure Ta (0.234 nm) or Nb (0.233 
nm), indicating the slab has a similar but slightly distorted body- 
centered cubic (bcc) structure compared with pure Ta or Nb. 

Figure 2a,b present representative HAADF-STEM images of the 
(TiNbMoTaW)-6Ni (n-HEA#2) sintered at 1400 ◦C. By correlating the 
EDS maps (Figs. 2c,e) at different scales to the microstructures (Figs. 2b, 

Fig. 5. Structure and chemistry of Zr-rich grains in n-HEA#3. (a) High-resolution EDS maps of Zr-rich near-spherical grains. (b) HRTEM image of the Zr-rich grain 
indicated by the arrow in (a). (c,d) Enlarged atomic-resolution image and corresponding fast Fourier transform (FFT) of the Zr-rich grain obtained along the [001] 
zone axis. 
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d), it is seen that the microstructure and chemical distribution of n- 
HEA#2 which is sintered at higher temperature are evidently different 
from n-HEA#1. Firstly, although the discrete Ti-rich patches still exist, 
their amount was considerably reduced. Secondly, the Ta-Nb-Ti-rich 
slabs are completely eliminated. Thirdly, the secondary-grain architec-
ture in n-HEA#1 is eliminated, replaced by nearly uniformly distributed 
nanocrystals across the whole sample (except for the Ti-rich slabs). Note 
that, due to increased sintering temperature (from 1300 ◦C to 1400 ◦C), 
the average grain size (117 nm) of n-HEA#2 is slightly larger than that 
(95 nm) of n-HEA#1. Yet, the elemental distribution in these regions is 
still inhomogeneous (Fig. 2e, see another example in Fig. S5). Except for 
the Ti-rich patches, the Ta is nearly uniformly distributed across the 
sample, while Nb–Ti co-enrichment forms a continuous network, and 
Mo–W co-enrichment forms another continuous network. In contrast to 
the many differences, the configuration and distribution of the Ni-rich 
nanocrystals in n-HEA#2 are basically the same as that in n-HEA#1 
(Figs. 2c,e). Figs. 3a-c show the bright-field STEM (BF-STEM) image and 
the overlapped EDS map of a Ti-rich patch. HRTEM and electron 
diffraction (Fig. 3c) show that the Ti-rich patch has a well-defined 
hexagonal close-packed (hcp) structure. Since the measured spacing of 
the (11-20) plane (0.25 nm) is larger than the 0.23 nm for pure Ti, it 
indicates that the a-axis of the Ti-rich phase is expanded compared with 
that of pure Ti. 

Furthermore, the influence of alloying additions in tuning the alloy’s 
structure and compositional inhomogeneity was further explored by 
adding Zr (5 at.%) into n-HEA#2. Fig. 4a presents a representative 
HAADF-STEM image of the n-HEA#3 specimen (see BF-STEM and 
HAADF-STEM images corresponding to the same region in Fig. S6). 
Statistical analysis shows that n-HEA#3 has an average grain size 
comparable to n-HEA#2 and n-HEA#1 (see details in Table S1). EDS 
maps (Fig. 4b) show that, although Nb–Ti co-enrichment and Mo–W 
co-enrichment (forming two different continuous networks) are still 
present, the microstructure and the compositional inhomogeneity of n- 
HEA#3 were evidently modified and is quite different from n-HEA#2. 
Firstly, with the addition of Zr, the size and the amount of the Ti-rich 
patches were both considerably reduced compared with that in both 
n-HEA#1 and n-HEA#2, and the refined Ti-rich nanocrystals distributed 
in a more disperse manner across the specimen; while, the size and 
distribution of the domains/networks formed by segregation of other 
elements (e.g. W, Mo, and Nb) remains almost the same (see statistics in 
Table S2). Secondly, the Ni in n-HEA#3 becomes nearly uniformly 

distributed, similar to Ta, indicating that the addition of Zr enhances the 
solubility of Ni in the alloy. Thirdly, although Zr improves the unifor-
mity of the Ni distribution, preferential Zr segregation (the Zr-rich 
nanocrystals are randomly distributed across the sample) was 
observed in n-HEA#3 (Figs. 4b, 5a). By correlating high-resolution EDS 
to HRTEM imaging (Figs. 5b-d), we show that the Zr-rich nanocrystal 
has a (110) spacing of 0.25 nm which is basically the same as that of pure 
Zr. For the Mo-W-rich grains (Figs. 6a,b), according to the HRTEM image 
taken along the [011] zone axis, the (011) and (200) spacings are 
measured to be 0.244 nm and 0.153 nm (the corresponding values for 
bcc W are 0.226 nm and 0.159 nm, respectively). The d(011)/d(200) ratio 
of 1.595 is evidently larger than the d(011)/d(200) ratio of 

̅̅̅
2

√
for bcc W, 

indicating the atomic packing of the Mo-W-rich crystal deviates from the 
perfect bcc structure (Figs. 6c,d). 

3.2. Hardness measurement 

Statistical microstructural analysis and nanoindentation tests were 
further performed to understand the correlation between the alloys’ 
chemical inhomogeneities and their mechanical properties. Fig. 7 shows 
the hardness of n-HEA#1, n-HEA#2, and n-HEA#3, which is determined 

Fig. 6. Structure and chemistry of W-Mo-rich grains in n-HEA#3. (a,b) High-resolution EDS maps and HRTEM image of a W-Mo-rich grain. (c,d) Enlarged atomic- 
resolution image and corresponding fast Fourier transform (FFT) of the W-Mo-rich grain obtained along the [011] zone axis. 

Fig. 7. Hardness of n-HEA#1, n-HEA#2, and n-HEA#3 by statistical nano-
indentation tests. The hardness of n-HEA#1, n-HEA#2, and n-HEA#3 is 
determined to be 13.2 (±0.59) GPa, 18.0 (±2.45) GPa, and 17.5 (±0.55) GPa, 
respectively, at the load force of 300 mN. 
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to be 13.2 (±0.59) GPa, 18.0 (±2.45) GPa, and 17.5 (±0.55) GPa, 
respectively, at the load force of 300 mN (see representative load- 
displacement curves of the three samples in Fig. S7). Fig. 8 shows sta-
tistical analysis of the evolution of the Ti-rich patches (the most evident 
compositional inhomogeneity arises from the Ti segregation). The his-
tograms in Fig. 8a-c show that the amounts of Ti-rich patches with 
different sizes are all reduced from n-HEA#1 to n-HEA#2. Also, 
although the mean patch size increases slightly, the total area fraction of 
the Ti-rich patches is dramatically reduced by nearly one third, from 
15.0% to 10.7% (Fig. 8d). Meanwhile, along with the reduced Ti-rich 
patches, the secondary-level architecture, that is, the aggregates of 
nanocrystals in n-HEA#1 are eliminated and replaced by uniformly 
distributed nanocrystals in n-HEA#2 (Note that the grain size of the 
nanocrystals in n-HEA#2 is slightly larger than that of n-HEA#1). The 
above factors are supposed to be the main contributors to the hardness 
increase (~5 GPa) of n-HEA#2 compared to that of n-HEA#1. Yet, 
despite the above benefits, one may notice that the hardness’s standard 
deviation of n-HEA#2 is evidently larger than that of n-HEA#1. This is 
likely because, despite with larger size and amount, the spacing between 
discrete Ti-rich patches (430 ± 180 nm) within n-HEA#1 is generally 
smaller than the indentation width (~1.5 μm), thus giving a relatively 
smaller standard deviation because the indenter always encounters Ti- 
rich patches in each indentation; in contrast, for n-HEA#2, although 
the amount of Ti-rich patches is reduced, their distribution becomes 
somewhat more localized (e.g., Ti-rich-patch-free regions with di-
ameters larger than the indentation width can be identified in Fig. 2b). 

4. Discussion 

The observed increase in the uniformity of n-HEA#2 at a higher 
sintering temperature of 1400 ◦C, as compared to n-HEA#1 sintered at 
1300 ◦C, can be attributed to several key changes in microstructure and 
elemental distribution. Firstly, the reduction of discrete Ti-rich patches 
in n-HEA#2 compared to n-HEA#1 is indicative of a more homogeneous 
dispersion of titanium within the alloy. Additionally, the elimination of 
Ta-Nb-Ti-rich slabs further contributes to the enhanced uniformity, as 
these structures are completely absent in n-HEA#2. Secondly, the sin-
tering temperature increase has a remarkable impact on achieving a 
more uniform distribution of nanocrystals, indicated by the replacement 

of the secondary-grain architecture in n-HEA#1 with nearly uniformly 
distributed nanocrystals throughout the entire sample in n-HEA#2. This 
change is crucial for improving the overall homogeneity of the alloy. 
Meanwhile, the elemental distribution in n-HEA#2, except for the Ti- 
rich patches, exhibits a higher level of uniformity. Therefore, despite 
the increase in sintering temperature leading to a slightly larger average 
grain size in n-HEA#2, the elimination of structural features such as 
discrete Ti-rich patches and Ta-Nb-Ti-rich slabs, coupled with the 
transition to a more uniformly distributed nanocrystal architecture, 
plays a crucial role in promoting uniformity within the alloy. This result 
suggests that higher temperatures facilitate the rearrangement of atoms, 
promoting a more homogeneous distribution of elements and contrib-
uting to the improved uniformity observed in n-HEA#2. 

The comparison between n-HEA#3 and n-HEA#2 provides valuable 
insights into the effects of Zr addition on the microstructure and me-
chanical properties of the alloy. In particular, the examination reveals 
that, despite a reduction in Ti-rich patches in n-HEA#3 as compared to 
n-HEA#2, the alloy’s hardness experiences a slight decrease. This un-
expected trend is hypothesized to be a consequence of the composition 
change induced by the addition of Zr. While the decrease in hardness 
may be an initial concern, a closer inspection of the data uncovers a 
noteworthy improvement in the uniformity of the alloy. The standard 
deviation of the hardness of n-HEA#3 is significantly smaller (0.55 GPa) 
than that of n-HEA#2 (2.45 GPa), indicating a more uniform hardness 
distribution. This enhanced uniformity is attributed to two primary 
factors. Firstly, the Ti-rich patches in n-HEA#3 are not only reduced but 
also more finely distributed and refined. The size of these patches has 
been notably reduced, now comparable to the length scale of the 
nanocrystals. This reduction in patch size contributes to a more ho-
mogenous mechanical properties throughout the sample. Secondly, the 
addition of Zr induces a redistribution of Ni within the alloy. In n- 
HEA#2, Ni is localized in a fraction of the nanocrystals. However, with 
Zr addition in n-HEA#3, Ni distribution becomes nearly uniform across 
all grains. This redistribution of Ni further enhances the homogeneity of 
the alloy’s hardness, as each grain experiences a more even distribution 
of elements, resulting in a more consistent mechanical response. 

Fig. 8. Evolution of the compositional inhomogeneity in n-HEAs. (a-c) Histogram showing the size (area) distribution of the Ti-rich patches. (d) Area fraction of Ti- 
rich patches in n-HEAs. (e) Mean size (area) of the Ti-rich patches in n-HEAs. 
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5. Conclusions 

In this work, we elucidate the influence of the sintering temperature 
and alloying on the compositional inhomogeneity and hardness of a 
model n-HEA, i.e., (TiNbMoTaW)6Ni, through coupled atomic- 
resolution TEM imaging, statistical chemical analysis, and nano-
indentation tests. The main conclusions are summarized as follows:  

(1) Sintered at a relatively low temperature of 1300 ◦C, a complex bi- 
modal microstructure (secondary grains and discrete patches) 
with severe compositional inhomogeneity forms in (TiNbMo-
TaW)6Ni.  

(2) With the sintering temperature increased to 1400 ◦C, the 
secondary-grain architecture (microsized aggregates of nano-
crystals) transforms into uniformly distributed nanocrystals, the 
discrete Ti-rich patches are considerably reduced, and the Ta-Nb- 
Ti-rich slabs are completely eliminated.  

(3) When Zr is introduced into the n-HEA (sintered at 1400 ◦C), the 
microstructure and the compositional inhomogeneity can be 
further altered. Specifically, the size and the amount of the Ti-rich 
patches are considerably reduced. Moreover, due to the enhanced 
solubility of Ni induced by Zr alloying, the Ni distribution in the 
alloy becomes uniform, yet, Zr itself segregates in a manner 
similar to the Ni segregation in other n-HEAs.  

(4) Statistical microhardness tests show that the reduction of 
compositional inhomogeneity leads to higher hardness of the n- 
HEAs. 
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