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A B S T R A C T   

The structures of W- and W-Mo-containing high-entropy borides (HEBs) are systematically studied by combining 
atomic-resolution transmission electron microscopy imaging, electron diffraction, and chemical analysis. We 
reveal that W or W-Mo addition in HEBs leads to segregation of these elements to the grain boundaries (GBs). In 
the meantime, W- or W-Mo-rich precipitates also form along the GBs. Crystallographic analysis and atomic-scale 
imaging show that the GB precipitates in both W- and W-Mo-containing HEBs have a cube-on-cube orientation 
relationship with the matrix. With further strain analysis, the coherency of the precipitate/matrix interface is 
validated. Nanoindentation tests show that the simultaneous GB segregation and coherent precipitation, as a 
supplement to the grain hardening, provide additional hardening of the HEBs. Our work provides an in-depth 
understanding of the GB segregation and precipitation behaviors of HEBs. It suggests that GB engineering 
could be potentially used for optimizing the performance of high-entropy ceramics.   

1. Introduction 

High-entropy alloys (HEAs), since the stimulating reports by Cantor 
et al. [1] and Yeh et al. [2,3] in 2004, have generated extensive interest 
in the metallurgy community. Since then, high-entropy ceramics have 
also been widely explored. For example, Rost et al. [4] reported an 
entropy-stabilized bulk oxide, (Mg0.2Zn0.2Co0.2Cu0.2Zn0.2)O, as the 
ceramic counterpart to HEAs. Later on, entropy-stabilized ceramics 
rapidly expanded from oxides [5–7] to borides [8–11], carbides [12] 
nitrides [13–16] and silicides [17,18]. In particular, several classes of 
high-entropy borides (HEBs) have been successfully fabricated [8,10,11, 
19]. Specifically, Gild et al. first fabricated high-entropy metal diborides 
with the AlB2-prototype structure as the first HEBs and a new class of 
high-entropy ultra-high temperature ceramics (UHTCs) [8]. These HEBs, 
which represent the first non-oxide bulk high-entropy ceramics, show 
improved hardness and oxidation resistance than the average perfor-
mance of individual metal diborides. Later, this approach was extended 
to other HEBs such as W- and W-Mo-containing HEBs, but single-phase 
HEBs were not obtained [20]. Different from the conventional reactive 

spark plasma sintering (SPS) of a mixture of binary diborides, Tallarita 
et al. [21,22] tried direct fabrication of (Ti0.2Zr0.2Hf0.2Nb0.2Mo0.2)B2 by 
reactive SPS of elemental boron and metals in one step (1950 ◦C, 20 min, 
20 MPa), but did not achieve a high density or uniform microstructure 
due to out-gassing. Qin et al. [20] extended reactive SPS of elemental 
boron and metals to fabricate W and W-Mo-containing HEBs. In contrast 
to conventional reactive SPS of mixtures of metal diborides which leads 
to multi-phase HEBs, this approach successfully produced single-phase 
polycrystalline HEBs. More importantly, they found that the W- and 
W-Mo-containing HEBs are significantly harder than 
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 derived from harder binary boride com-
ponents. This interesting finding implies that high-entropy ceramics 
could potentially achieve unexpected properties beyond the simple 
mixture effect and therefore may have important applications in 
designing new generation UHTCs. However, based on the above results, 
the origin of the hardening effects in W- and W-Mo-containing HEBs 
remains unknown and an in-depth understanding of the atomic structure 
and the structure-mechanical property relationship of the HEBs is still 
lacking. In this study, by combining atomic-resolution transmission 
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electron microscopy (TEM) imaging, electron diffraction, and chemical 
analysis, we perform a comparative study on three similar single-phase 
HEBs with different compositions fabricated by reactive SPS of 
elemental boron and metals. The influence of W and W-Mo additions on 
the structures of the HEBs are studied. Especially, the grain boundary 
segregation and precipitation behaviors are systematically investigated. 
Nanoindnetation experiments are performed to understand the influ-
ence of the GB segregation and precipitation on the hardening of the 
HEBs. 

2. Materials and methods 

HEBs were synthesized via reactive sintering of elemental boron and 
metals [20]. For boron-metals reactive SPS, elemental powders of Hf, 
Ta, Ti, Zr, Nb, Mo, and W (> 99 % purity, purchased from Alfa Aesar, 
MA, USA) and boron (99 % purity, 1 − 2 μm, purchased from US 
Research Nanomaterials, TX, USA) were used to fabricate three speci-
mens with the similar single-phase structure (AlB2-structured, space 
group P6/mmm) but different compositions [20], namely HEB-A1, 
HEB-E1 and HEB-F1 listed in Table 1. The compositions of HEB-A1, 
HEB-E1 and HEB-F1 are (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2, 
(Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2 and (Zr0.225Hf0.225Nb0.225Mo0.225W0.1)B2, 
respectively. The powders were hand-mixed and subsequently processed 
by high-energy ball milling (HEBM) in a Spex 8000D mill (SpexCertPrep, 
NJ, USA) in tungsten carbide lined stainless steel jars and 10 mm 

tungsten carbide milling media (ball-to-powder ratio ≈ 4:1), for 50 min 
with 1 wt. % (0.05 g) stearic acid as a lubricant. The HEBM was per-
formed in an argon atmosphere (O2 content below 10 ppm). The milled 
powders were loaded into 10 mm graphite dies and then consolidated 
into dense pellets via SPS in vacuum (10− 2 Torr) using a Thermal 
Technologies 3000 series SPS (CA, USA). During the initial temperature 
ramping (50 ◦C/min), a uniaxial load of 10 MPa was applied to facilitate 
the reaction. The specimen was first held in SPS at 1400 ◦C and 1600 ◦C, 
for 40 min each, to allow out-gassing and reduction of native oxides with 
excess boron. The temperature was then raised to 2000 ◦C at a heating 
rate of 30 ◦C/min. After that, the specimen was sintered isothermally for 
10 min for final densification, meanwhile, the uniaxial load was 
increased to 50 MPa at a rate of 5 MPa/min. Finally, the sintered 
specimens were cooled to room temperature in the SPS machine. 

Vickers microhardness tests were carried out on a diamond indenter 
(indenter size of approximately 10~13 μm) with a loading force of 1.96 
N (200 gf) and a holding time of 15 s according to ASTM C1327. Over 50 
measurements were conducted at different locations to ensure statistical 
validity. The hardness of HEB-A1, HEB-E1, and HEB-F1 is determined as 
20.9 GPa, 26.7 GPa, and 27.5 GPa, respectively, as listed in Table 1. 

To prepare TEM samples, sintered specimens were first ground (to 
remove carbon contamination from graphite tooling) and then polished. 
After that, focused-ion beam (FIB) milling (FEI’s dual-beam SEM/FIB 
system) was used to prepare TEM samples containing multiple grain 
boundaries. The samples prepared by FIB were further thinned to 

Table 1 
Nominal composition and hardness of HEB-A1, HEB-E1, and HEB-F1 from Ref. [20].   

HEB-A1 HEB-E1 HEB-F1 

Composition (Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 (Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2 (Zr0.225Hf0.225Nb0.225Mo0.225W0.1)B2 

Hardness 20.9 GPa 26.7 GPa 27.5 GPa  

Fig. 1. Structure and chemistry of 
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)B2 (HEB-A1). (a) A 
high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) 
image of the HEB-A1 specimen. (b) An atomic- 
resolution HAADF-STEM image of the HEB-A1 
taken along the [101] zone axis. (c) Electron 
diffraction pattern (EDP) of the grain corre-
sponding to that in (b). (d) Representative high 
spatial-resolution energy dispersive spectros-
copy (EDS) maps of Zr, Ti, Nb, Ta, and Hf across 
an edge-on grain boundary (GB) in the HEB-A1 
specimen.   
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electron transparent by using ion milling (Fischione Model 1040 
NanoMill). The (S)TEM imaging and chemical analysis were carried out 
on a (scanning) transmission electron microscope with a field emission 
source operated at 200 KeV. Atomic-resolution imaging was performed 
in high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) mode. Energy-dispersive X-ray spectroscopy 
(EDS) elemental mapping was performed in HAADF-STEM mode with a 
multi-head EDS system integrated into the TEM. 

3. Results and discussions 

Fig. 1 shows TEM characterization of the structure and chemistry of 
the baseline HEB-A1 specimen. The atomic-resolution HAADF-STEM 
image (Fig. 1(b)) as well as electron diffraction pattern (EDP) (Fig. 1(c)) 
taken along the [101] zone axis shows that HEB-A1 has a perfect AlB2 
structure (space group, P6/mmm). Importantly, it is worth noting that 
except for the Bragg spots corresponding to a perfect AlB2 structure, no 
other frequencies are observed in the EDP, suggesting that the short- 
range ordering (SRO) widely existing in some of the high-entropy al-
loys [23] are not observed in HEB-A1. Furthermore, the chemistry of the 
GBs of HEB-A1 was statistically investigated. For example, Fig. 1(d) 
shows high-resolution EDS maps of a GB on edge-on condition. The 
result shows that the distributions of all the constituent elements are 
homogeneous across the GB, indicating that Zr, Ti, Nb, Ta, and Hf incline 
to distribute uniformly in the sample with no obvious tendency to 
segregate to the GBs. 

By replacing the Ti in HEB-E1 with W, another single-phase HEB 
specimen, i.e., (Zr0.2Hf0.2Nb0.2Ta0.2W0.2)B2 (HEB-E1) was also fabri-
cated by boron-metal reactive SPS. The structure and chemistry of the 
HEB-E1 were comprehensively studied by TEM. Fig. 2(a) shows a 
representative GB region with substantial precipitates formed along the 
GB. It is worth noting that, similar to the baseline HEB-A1, SRO is also 
not obviously observed in the sample from the EDP (inset of Fig. (2a)). 
EDS maps (Fig. 2(b)) show that the precipitates are rich in W. Detailed 
EDS quantification (Tables S1) shows that the precipitates are mainly 
composed of W (77.9 at.%), with a small amount of Ta (12.7 at.%) and 
Nb (7.2 at.%), and barely contain Hf and Zr. That is to say, the addition 
of W enables the formation of W-rich precipitates, rather than single 
element diborides such as WB2. Aside from the GB regions with pre-
cipitates, GB regions without precipitates were also studied and the 
chemical state of these regions was statistically investigated. For 
instance, Fig. 2(c) shows a representative HAADF-STEM image of a GB 
region without precipitates. High-resolution EDS maps (Fig. 2(d)) across 
the GB show evident segregation of W to the GB plane. To sum up, the 
above results indicate that compared with the elements (Zr, Ti, Nb, Ta, 
and Hf) in the baseline HEB-A1 specimen, W has a high tendency to 
segregate to GBs, and once the segregation exceeds the solubility, W-rich 
phases start to precipitate along the GB. 

Detailed characterization was performed to determine the structure 
of the precipitates by combining electron diffraction and atomic imag-
ing. Fig. 3(a) shows an experimental EDP of the interface between the 
matrix and precipitate. Two sets of Bragg spots both correspond to AlB2- 

Fig. 2. Grain boundary segregation and precipitation in the HEB-E1. (a) A HAADF-STEM image of a GB in the HEB-E1. GB precipitates (regions with brighter 
contrast) are indicated by the arrow. The inset shows the EDP of the HEB-E1 taken along the [210] zone axis. (b) EDS maps of Hf, Ta, Zr, Nb, and W across the GB in 
(a). (c) A HAADF-STEM image of another GB region without precipitates. (d) EDS maps of Hf, Ta, Zr, Nb, and W across the GB in (c). W segregation is identified at 
the GB. 
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type structure (space group: P6/mmm) were identified. Fig. 3(b) shows 
a simulated EDP of the matrix along the [100] zone axis. Based on the 
EDP, the lattice parameters of both the matrix (am = bm =0.310 nm, cm 
=0.333 nm) and precipitate (ap = bp =0.310 nm, cp =0.309 nm) are 
determined. Fig. 3(c) shows a representative atomic-resolution HAADF- 
STEM image of the matrix/precipitate interface (See HRTEM image of a 
similar interface obtained from another zone axis in Fig. S1). Similarly, 
two sets of Bragg spots (inset in Fig. (3c)) were identified as that shown 
in Fig. 3(b). Fig. 3(d) highlights the atomic structure of the interface 
through inverse Fast Fourier Transform (FFT) of the two sets of Bragg 
spots. Measurements based on the FFT and diffraction pattern show that 
the c axis of the precipitate is slightly smaller than that of the matrix, 
while the misfit between the (010) planes is too small to be identified 
from the overlapped Bragg spots in the EDP. To evaluate the misfit, 
lattice parameters of both the matrix and precipitate were calculated by 
Vegard’s law based on their compositions (Table S2). The calculated 
lattice parameters are basically in good agreement with those derived 
from our experiments. According to the calculated parameters, the 
misfit between the a axes of the matrix and precipitate is as small as 1.6 
%, which explains the overlapped (010) planes shown in the EDP and 
FFT in Figs. 3(b) and (c) and thereby rationalizes the nearly coherent 
interface between the precipitate and the matrix. The coherency of the 
interface was also validated by strain analysis obtained by geometrical 
phase analysis (Fig. (3 e)), whereby negligible strain was identified. A 
similar nearly coherent interface was also observed at GBs (see an 
example in Fig. S2). It is worth noting that, aside from GB precipitates 
which are dominant in the sample, a small number of precipitates are 
also observed in the grain interior (Fig. S3). Occasionally, a few pre-
cipitates with larger size (size below 100 nm) with lath or irregular 

shape were also observed in local GB regions of the HEB-E1 specimen. 
Furthermore, we fabricated HEB-F1 by replacing the Ti and Zr in 

baseline HEB-A1 with W and Mo. Fig. 4(a) shows a low magnification 
HAADF-STEM image of an HEB-F1 sample containing three GBs. Similar 
to that in baseline HEB-A1, no obvious SRO was identified based on both 
atomic-resolution imaging and electron diffraction (Fig. S4). Periodical 
lath-shaped nano-precipitates were observed to form along the GBs (see 
an enlarged image corresponding to the boxed region in Fig. 4(a)). Note 
that although the precipitates at the lower two GBs in Fig. 4(a) are 
hardly visible due to the blocking by the matrix, they are observed after 
tilting the sample in TEM. Aside from that, a precipitate was observed to 
form in the triple junction of the three GBs. EDS maps of the GB (Fig. 4 
(b)) show that the precipitates are rich in W and Mo. Fig. 4(c) shows an 
atomic-resolution HAADF-STEM image of a representative lath-shaped 
precipitate at the GB. Fig. 4(d) shows a filtered image (the matrix and 
precipitates are highlighted by green and red, respectively) corre-
sponding to the boxed region in Fig. 4(c). The two sets of Bragg spots 
(inset in Fig. 4(d)) show that the [100] zone axis of the precipitate is 
parallel to that of the matrix and no misfit dislocations are formed at the 
interface. Similar to the matrix/precipitate interface in HEB-E1, the c 
axis of the W-Mo-rich precipitate is slightly smaller than that of the 
matrix, while the misfit between the (010) planes are too small to be 
identified from the overlapped Bragg spots in the EDP, indicating the a 
axes of the matrix and precipitate are nearly coherent. The coherency of 
the interface was also validated by strain analysis obtained by geomet-
rical phase analysis (Fig. (4 e)), whereby negligible strain was identified. 

Moreover, the structure and chemistry of GB regions in HEB-F1 
without precipitates were also investigated. Fig. 5(a) shows a repre-
sentative atomic-resolution HAADF-STEM image of a GB region with no 

Fig. 3. Atomic structure of the matrix/precipi-
tate interface in HEB-E1. (a) A representative 
EDP of the matrix/precipitate interface. Two 
sets of Bragg spots corresponding to the matrix 
and precipitate are indicated by white and 
yellow arrows, respectively. Lattice parameters 
of the matrix and precipitate were determined 
based on the EDPs. (b) A simulated EDP of AlB2 
structure. (c) Atomic-resolution HAADF-STEM 
image of a matrix/precipitate interface. The left 
inset shows the Fast Fourier Transform (FFT) of 
the interface in which two sets of Bragg spots 
are identified. (d) Filtered and false-colored 
image of the interface through overlapping the 
inversed FFT of the two sets of Bragg spots. 
Insets show the selected Bragg spots corre-
sponding to the matrix (green) and the precip-
itate (red), respectively. (e) Strain map 
obtained by geometrical phase analysis (GPA). 
The result shows negligible strain at the inter-
face along the c axis, indicating the interface is 
nearly coherent. (For interpretation of the ref-
erences to colour in the Figure, the reader is 
referred to the web version of this article).   
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precipitates. Periodically atomic features (indicated by the arrows in 
Fig. 5(a)) with brighter contrast were directly observed at the GB. Since 
the contrast of the HAADF-STEM image is proportional to atomic 
numbers (HAADF-STEM image is formed by incoherent imaging with 
high angle scattered electrons), it suggests that heavier atoms possibly 
segregated to the GB. To confirm that, high-resolution EDS maps (Fig. 5 
(b)) were performed. The results show that W and Mo simultaneously 
segregated to the GB. 

According to the microhardness results shown in Table 1, HEB-E1 
and HEB-F1 have evidently enhanced hardness compared with the 
baseline HEB-A1. To explore the influence of the concurrent GB segre-
gation and precipitates on the hardening of the HEBs, statistical nano-
indentation tests were performed on both grain interior and regions 
containing GBs (Fig. S5). The results summarized in Table 2 show that 
compared with the baseline HEB-A1, the hardness of HEB-E1 and HEB- 
F1 grains increases by approximately 5 GPa and 6 GPa, respectively, 
indicating an evident grain hardening effect arising from the grain 
interior. Furthermore, due to the introduction of GB segregation and 
precipitation, the hardness of the GB regions is increased by approxi-
mately 2 GPa, indicating that the GB hardening effect due to the con-
current GB segregation and precipitation lead to extra hardening of the 
HEBs. It is worth noting that due to the small volume fraction of each GB 
under the nanoindenter, the hardness of the GBs is likely under- 
evaluated. Despite that, due to the limited total volume fraction of the 
GBs in the HEBs, the GB hardening effect is not likely the dominant 
factor that contributes to the hardening of the W- or W-Mo-containing 

HEBs. Yet it is reasonable to speculate that if the grain size of HEB-F1 is 
reduced to that comparable to the grain size of HEB-E1, the hardness of 
HEB-F1 could be considerably enhanced by the increased contribution 
from the GBs. The deep insights gained from the GB structures and 
performance suggest that the synergy of GB segregation and coherent 
precipitation could be potentially used to dramatically improve the 
mechanical performance of HEBs when their grain sizes are reduced to 
submicron- or even nano-size regime. 

The grain size distribution directly determines the volume fraction of 
the GBs in the three types of HEBs. Therefore, its potential influence on 
the hardening of the materials needs to be taken into consideration. 
According to our previous results [20], the averaged grain sizes of 
HEB-A1, HEB-E1, and HEB-F1 are 12.7 μm, 14.8 μm, and 20.7 μm, 
respectively. That is, the grain sizes of HEB-A1 and HEB-E1 are similar, 
while the grain size of HEB-F1 is evidently larger. Due to the increased 
averaged grain size, the total volume fraction of GBs in HEB-F1 should 
be readily reduced and, in that way, the contribution of the GB hard-
ening to the overall hardness improvement of HEB-F1 is supposed to be 
less significant than that in HEB-E1. This is in good agreement with the 
hardness tests in both Tables 1 and 2 which show relatively small 
hardness improvement for HEB-F1 compared with HEB-E1. It is 
reasonable to speculate that if the grain size of HEB-F1 is reduced to that 
comparable to HEB-E1, the hardness of HEB-F1 could be considerably 
enhanced by the increased contribution from the GBs. Besides, it is 
noteworthy that although the total volume ratio of the GBs and the 
density of the GB precipitates in HEB-F1 are lower than that in HEB-E1, 

Fig. 4. W-Mo-rich GB precipitation and atomic 
structure of matrix/precipitate interface at the 
GB of HEB-F1. (a) Low magnification HAADF- 
STEM image of an HEB-F1 TEM sample con-
taining three GBs. The upper right inset shows 
an enlarged image of the boxed region. Peri-
odical nano precipitates (indicated by the ar-
rows) are identified at the GB. The lower left 
inset highlights a nano precipitate pinning at a 
GB triple junction. (b) EDS maps of Hf, Ta, Zr, 
Mo, and W across the GB in (a). Enrichment of 
Mo and W are identified. (c) Atomic-resolution 
HAADF-STEM image of the matrix/precipitate 
interface taken along [001] zone axis. (d) FFT- 
filtered image of the boxed region in (c). The 
matrix and precipitate are highlighted by green 
and red, respectively. Inset shows the FFT of the 
interface where two sets of Bragg spots corre-
sponding to the matrix and precipitate are 
identified. (e,f) Strain analysis by GPA. The 
result shows negligible strain at the interface 
along the c axis, indicating the matrix/precipi-
tate interface is nearly coherent. (For interpre-
tation of the references to colour in the Figure, 
the reader is referred to the web version of this 
article).   
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the GB hardness of HEB-F1 still increases by about 2 GPa compared with 
that of HEB-E1. This confirms the advantage of dual-element (W-Mo) 
co-segregation and W-Mo-rich precipitation over single-element (W) 
segregation and precipitation. 

High-temperature intergranular fracture is a widely observed failure 
mode in UHTCs [24–27]. For instance, Kalish et al. [24] and Bird et al. 
[25] reported that the grains of HfB2 and ZrB2 craze by intergranular 
fracture at 1400 ℃. Therefore, GB strengthening or hardening plays an 
important role in enhancing the high-temperature mechanical proper-
ties of UHTCs. GB segregation and precipitation which widely exist in 
alloys [28–30] or ceramics [31–33] could have an important impact on 
the high-temperature mechanical properties of the materials. For 
example, Dai et al. [32] performed systematic first-principles in-
vestigations on the segregations of a series of solute atoms including Y, 
Nb, Ta, Mo, and W in the GBs of ZrB2. They suggested that the short 
equilibrium M–B bonds (M––Nb, Ta, Mo, or W) induce local contrac-
tions around GBs and thereby enhance the mechanical properties of ZrB2 
at elevated temperatures. From the experimental side, Ma et al. [33] 
reported segregation of W at the GBs of ZrB2 in strong ZrB2-SiC-WC 
ceramics. The W segregation and its interaction with high-density dis-
locations are considered to contribute to the excellent high-temperature 
mechanical properties of ZrB2-SiC-WC ceramics. Based on the above 

findings, it can be conjectured that the W segregation and W-Mo 
co-segregation observed in this work are likely to contribute to the 
high-temperature performances of the HEBs. As for the precipitates, 
precipitation strengthening has been widely demonstrated to improve 
the high-temperature performance of HEAs, e.g., high-entropy re-
fractory alloys [34]. In particular, coherent precipitation strengthening 
has been demonstrated as an effective way to improve the 
high-temperature performances of HEAs. For instance, AlMo0.5Nb-
Ta0.5TiZr which has a B2/BCC coherent nanophase structure shows 
high-temperature specific strength that is much superior to Ni-based 
superalloys. [35] Therefore, we believe, due to the nearly perfect 
cube-on-cube crystallographic orientation of the precipitation/matrix 
interface, the high-temperature mechanical performances of the W- and 
W-Mo-containing HEBs could be benefited. This is because the co-
herency of the precipitate-matrix interface could effectively mitigate the 
stress-concentration-induced intergranular cracking at high 
temperature. 

GB engineering is an important and widely adopted strategy for 
tailoring the mechanical properties of both metallic materials [36,37] 
and ceramics [32,33]. In particular, the high-entropy GB effect [38] is a 
novel strategy recently proposed to stabilize nanocrystalline alloys at 
high temperatures. For example, by introducing one or more GB segre-
gation elements, a high-entropy GB effect could be achieved and coupled 
with bulk high-entropy effects to enhance the performance of nano-
crystalline alloys [39]. In this work, we demonstrate that with the in-
crease of the segregation species, e.g., W-Mo co-segregation in HEB-F1 
specimen, the hardness of the borides could be further improved 
compared with single-element segregation (e.g., W segregation in 
HEB-E1 specimen). This could be possibly explained by the fact that 
multicomponent segregation at GBs may maximize the solute-drag ef-
fects [40,41]. It is speculated that the introduction of multi-component 
segregation (more than two components) to GBs may further harden the 
HEBs. Moreover, by adjusting the content of the components which are 

Fig. 5. W-Mo co-segregation to the GBs in the HEB-F1. (a) Atomic-resolution HAADF-STEM image of a GB. (b) EDS maps of the compositions across the GB in (a). 
Simultaneous segregation of W and Mo is identified. 

Table 2 
Nanoindentation hardness test results for grain interior regions and regions 
containing GBs of HEB-A1, HEB-E1, and HEB-F1, respectively. The indenter size 
is around 4~6 μm. The loading force is 500 mN. Over 20 measurements were 
conducted at different locations for each sample to ensure statistical validity.   

HEB-A1 
grain 

HEB-A1 
GB 

HEB-E1 
grain 

HEB-E1 
GB 

HEB-F1 
grain 

HEB-F1 
GB 

Hardness 25.9 GPa 26.6 
GPa 

30.5 GPa 32.3 
GPa 

32.1 GPa 34.2 
GPa  
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prone to segregate to GBs, the degree and contribution of GB segregation 
and precipitation to the overall GB hardening effects could be well 
controlled to reach an optimal performance of HEBs in the future. 

4. Conclusions 

In conclusion, by combining atomic-resolution TEM imaging, elec-
tron diffraction, and chemical analysis, we systematically investigate the 
atomic structure and chemistry of W- and W-Mo-containing HEBs. 
Concurrent GB segregation (or co-segregation) and precipitation are 
uncovered in both the W- and W-Mo-containing HEBs. The segregation 
and coherent precipitation lead to extra hardening of both HEBs. Our 
work demonstrates the effectiveness of hardening high-entropy ce-
ramics through the synergy of GB segregation and precipitation. We 
anticipate that the new insights gained from this work will provide 
important guidance for the fabrication of super-hard nanocrystalline 
HEBs or other ceramics through GB engineering. 
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