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ABSTRACT
Twonewhigh-entropymetal diborides (ZrTiVCr)B2 and (ZrTiVCrMn)B2 were successfully synthesized
via a novel aluminum melt reaction method. The high-entropy diboride crystals have a hexagonal
structure and possess high compositional uniformity. We unexpectedly found that theMn elements
could significantly change the crystal morphology of (ZrTiVCrMn)B2, resulting in a hierarchically
structured nanosheet-assembled nanoplatelet shape. Benefiting from this interesting hierarchical
structure and enhanced lattice distortion, the average hardness of the (ZrTiVCrMn)B2 phase is signif-
icantly enhanced to 31.44 GPa as compared to that of (ZrTiVCr)B2 for 28.82 GPa. This workwill supply
a new paradigm for synthesizing high-entropy metal diborides.

IMPACT STATEMENT
This work reports that two new high-entropy metal diborides (ZrTiVCr)B2 and (ZrTiVCrMn)B2 with
ultrahigh hardness have been successfully synthesized via a novel one-step synthesis method in
aluminummelt.
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In 2004, Yeh et al. and Cantor et al. proposed the con-
cept of high-entropy alloys simultaneously, which are
single-phase solid solutions composed of five or more
elements with equimolar or nearly equimolar ratios. Ben-
efiting from the four core effects, i.e. high entropy, lat-
tice distortion, slow diffusion, and cocktail effect, high-
entropy alloy exhibit some unique properties, which
have attracted extensive interest and become one of
the research hotspots in the field of metallurgy [1,2].
Inspired by this concept, researchers extended the con-
cept of high entropy to ceramic materials. High-entropy
ceramics are single-phase ceramic materials composed
of four or more anions and cations [3]. Up to now, the
types of high-entropy ceramics that have been reported
include high-entropy oxides (HEO)[4,5], high-entropy
borides(HEB)[6–9], high-entropy carbides(HEC)
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[10,11] and high-entropy nitrides(HEN) [12], etc., are
widely used in cutting tools, ultra-high-speed air-
craft, catalytic and energy materials [13–16]. Among
these ceramics, high-entropy diborides have attracted
great interest. Gild [8] et al. revealed that high-
entropy diborides exhibited higher hardness and bet-
ter oxidation resistance. Wen [17] et al prepared
(Hf0.28Zr0.28Ta0.28W0.15)B2 with superior oxidation
resistance at 1473 ∼1773K.

At present, the research on high-entropy diborides
is mainly focused on preparation and synthesis meth-
ods to gain high-purity and superfine high entropy
boride ceramic [18]. Tallarita et al. [19] utilized the Self-
propagating High-temperature Synthesis (SHS) method
to first synthesize the (HfMoTaNbTi)B2 powders using
pure metal and pure B powder as raw materials. The
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Figure 1. (a) XRD patterns of extracted high entropy based ceramic powders in HEB-1 and HEB-2; and their typical morphology: (b-e)
(ZrTiVCr)B2; (f-h) (ZrTiVCrMn)B2; (e1, h1) the EDS mapping of different elements.

synthesized powder was subsequently consolidated at
1950 °C for 20 min via Spark Plasma Sintering (SPS) to
obtain the bulk, while its density is only approximately
92.5%. This is mainly due to the large particle size of the
powders synthesized by SHS, which is not beneficial to
sintering. Liu [13] et al. used the borothermal reduction
method to synthesize ultrafine high-entropy boride pow-
ders (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)B2 with a particle size of
300 nm. They also used the boro/carbothermal reduction
to synthesize high-purity (Hf0.25Ta0.25Nb0.25Ti0.25)B2
powders with a particle size of 200–300 nm [15]. Zhang
[20] et al. first synthesized (Zr0.2Ta0.2Ti0.2Nb0.2Hf0.2)B2
and (Zr0.2W0.2Ti0.2Mo0.2Hf0.2)B2 using metal oxides
and boron powder as raw materials by borothermal
reduction method. Then, high-entropy boride bulk
(Zr0.2Ta0.2Ti0.2Nb0.2Hf0.2)B2 and (Zr0.2W0.2Ti0.2Mo0.2
Hf0.2)B2 with a high density of ∼94.0% were prepared
via SPS at 2000 °C, while the composition is found to
be non-uniform. It shows that the primary challenges
of the current synthesis methods, such as energy and
time-consuming, the residual oxides, and the relatively
complex preparation process, have affect the properties
of high-entropy diboride to different extents.

In this work, we report a novel synthesis method
of high-entropy diboride microcrystals utilizing in-situ
reactions in aluminum melt. Vacuum arc melting can
melt some refractory metals with a melting point higher
than 4000 K, and can screen out a combination of
elements that are conducive to the synthesis of high-
entropy diborides in a short time [21]. At present,

the element selection of the synthesized high-entropy
diborides is mainly concentrated on the transition group
metals which are in the IVB group, VB group, and VIB
group, such as Hf, Ta, Nb, etc. These elements are noble
metal elements, and the cost is high, which greatly lim-
its the scope of their further wide application. In this
work, we have successfully synthesized (ZrTiVCr)B2 and
(ZrTiVCrMn)B2 in the aluminum melt via the arc melt-
ing method. Furthermore, the crystal morphology and
growth mechanism of the high-entropy diboride were
revealed. It is found that the hierarchical structure and
enhanced hardness have been achieved with trace Mn
dopant, which provides a new paradigm for the design
and synthesis of high-entropy diborides.

Two samples Al-3.74(ZrTiVCr)B2 and Al-3.72(ZrTi
VCrMn)B2 containing different high-entropy diboride
particles were prepared via a melt reaction method,
named HEB-1 and HEB-2, and their nominal composi-
tion and detail preparationmethod are shown in the Sup-
plementary Materials. The high-entropy diboride pow-
ders extracted from these two samples are named HEB-
P1 and HEB-P2, respectively. The experimental proce-
dure and analytical methods were also described in detail
in the Supplementary Materials. The microstructures of
HEB-1 and HEB-2 and the corresponding EDS analy-
sis of the as-synthesized high-entropy diboride phases
in the aluminum matrix are shown in Fig. S1 in the
supplementary materials. Besides, the morphologies of
the synthesized high-entropy diboride particles extracted
from the matrix of these two samples are shown in Fig.
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Table 1. Calculated lattice parameters of (ZrTiVCr)B2 and
(ZrTiVCrMn)B2 according to XRD patterns

Samples 2θ d (Å) hkl a (Å) c (Å)

(ZrTiVCr)B2 27.86 3.199 001 3.019 3.199
34.27 2.614 100
44.66 2.027 101

(ZrTiVCrMn)B2 27.26 3.268 001 3.042 3.268
34.00 2.635 100
44.22 2.049 2.049

S2. Figure 1(a) shows the XRD diffraction patterns of
the as-synthesized high entropy based ceramic powders
extracted from the aluminum matrix. It indicates that
(ZrTiVCr)B2 and (ZrTiVCrMn)B2 phases have been suc-
cessfully synthesized and these high-entropy diborides
show a hexagonal structure. Meanwhile, it is noticed
that a small amount of ZrB2 existed and was shown in
the XRD patterns. It is considered that the formation of
ZrB2 is due to the low mixing enthalpy of Zr and B and
also the insufficient reaction in the present experimen-
tal condition. The mixing enthalpy between the atoms
involved in the present system is shown in Table S1. Dur-
ing the in-situ melt reaction, the dissolved boron atoms
in the melt readily react with dissolved Zr atoms and
then form ZrB2. Thus, it is expected that the composi-
tion in the as-synthesized HEB will be non-equimolar
although the rawpowders of Zr, Ti, V,Cr,Mn are equimo-
larly mixed. It is noticed that the diffraction peaks of
the two high-entropy diborides are much wider than
the conventional metal diborides, indicating severe lat-
tice distortion existed in the crystal structure induced by
these multiple atoms. The lattice parameters are calcu-
lated as shown in Table 1. For (ZrTiVCr)B2, the lattice
parameters a and cwere 3.019 and 3.199 Å, both of which
are slightly smaller than the average lattice parameters
(3.042, 3.222 Å). For (ZrTiVCrMn)B2, the lattice param-
eters a and c were 3.042 and 3.268 Å, both of which are
slightly larger than the average lattice parameters (3.036,
3.268 Å). Therefore, the lattice parameters are not the
average of the individual metal diborides, but are instead
the result of energetic optimization of the structure after
reaching thermodynamic equilibrium driven by mixing
enthalpy and configurational entropy.

Figure 1(b-e) shows the typical SEM images of the
(ZrTiVCr)B2 powders extracted from HEB-1. It can be
seen that the (ZrTiVCr)B2 exhibits several typical mor-
phologies, i.e. hexagonal plate-like, hexagonal petal-like,
and agglomerated plate-like. At a higher magnification,
it shows that they are all composed of hexagonal plates
as a unit, and the size ranges from 1–5 μm with a thick-
ness of 0.1–0.5μm. The EDS mapping analysis as shown
in Figure 1(e1) shows that the elemental distributions are

uniform at the microscale. Figures 1(f-g) show the typi-
cal morphologies of (ZrTiVCrMn)B2 powders extracted
from HEB-2. Different from the plate-like morphology
of the (ZrTiVCr)B2 phase, (ZrTiVCrMn)B2 shows a
hierarchically structured hexagonal plate-like morphol-
ogy, with a size of 1–5 μm. Actually, the hierarchical
(ZrTiVCrMn)B2 particle is composed of multiple nano-
sized two-dimensional thin platelets, which also exhibit
hexagonal symmetry characteristics. It is considered that
these thin platelets in situ formed in the melt and then
they tend to be vertically self-assembled on a preformed
hexagonal thin plate into a hierarchically hexagonal plate,
with a large specific surface area [22,23]. The EDS map-
ping analysis further confirms that the Zr, Ti, V, Cr, and
Mn elements are homogeneously distributed in the crys-
tals as shown in Figure 1(h1). It indicates that the Mn
element has a significant impact on the crystal growth
and morphology of (ZrTiVCrMn)B2.

TEM analysis was carried out to further investigate
the crystal structure of the synthesized high-entropy
diboride powders. Figure 2(a) shows a typical TEM image
of (ZrTiVCr)B2 powder. According to the corresponding
selected area electron diffraction (SAED) pattern along
the crystal axis [0001] as shown in the inset of Figure 2(a),
it further demonstrates that the (ZrTiVCr)B2 hexagonal
plate is a single crystal and has an h.c.p. crystal structure.
The high-resolution transmission electron microscope
(HRTEM) images are shown in Figures 2(b, c), it indi-
cates that the synthesized (ZrTiVCr)B2 ceramic powder
has a periodic lattice structure and the calculated inter-
planar spacing of 10�10 planes is 0.275 nm. Figure 2(e)
shows a typical TEM image of (ZrTiVCrMn)B2 powder,
which shows a hierarchical structure composed of thin
two-dimensional nanoplatelets and agrees well with the
SEM image. The corresponding SAED pattern is shown
in the inset of Figure 2(e), and it can be clearly seen
that the (ZrTiVCrMn)B2 particle is still a single crystal
with a hexagonal structure, which indicates that the Mn
dopant only induced the crystal morphology change, but
its crystal structure does not vary. Figure 2(f, g) shows
the HRTEM images of (ZrTiVCrMn)B2. It shows that
the synthesized powder has a periodic lattice structure
and the interplanar spacing of 10�10 planes is 0.276 nm.
For comparison, the interplanar spacing of 10�10 planes
for the (ZrTiVCr)B2 is close to that of (ZrTiVCrMn)B2
with the introduction of trace Mn, while both are slightly
larger than the values calculated from the XRD result.

To evaluate the lattice distortions in the crystal struc-
ture, the local structural strain fields can be obtained
by geometric phase analysis (GPA) with an accuracy
of 0.003 nm. The structural strain field images of the
(ZrTiVCr)B2 and (ZrTiVCrMn)B2 corresponding to the
high-resolution images of Figure 2b and f are shown in
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Figure 2. TEM images, the corresponding SAED patterns, HRTEM image, and the corresponding strain field analysis processed by GPA
of the high entropy diborides: (a-d) (ZrTiVCr)B2; (e-h) (ZrTiVCrMn)B2.
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Figure 2(d, h), respectively. Red color represents positive
strain and blue color represents negative strain. As shown
in Figure 2(d, h), some areas are covered by red and
blue. It proves that lots of nanoscale structural distortions
formed in these two crystals, which is consistent with
the lattice distortion effects of high entropy diborides.
Compared with the strain distributions in these two
high-entropy diborides, it indicates that the lattice dis-
tortion effect in the (ZrTiVCrMn)B2 is larger than that
of (ZrTiVCr)B2 due to the introduction of additional Mn
element.

Generally, the final crystal morphology depends on
two aspects: the inner crystal structure and the exter-
nal environment during crystal growth. According to
the Gibbs-Wuff laws, the equilibrium shape of a crys-
tal is that with the minimum total surface energy, and
the faces with lower surface energy will be exposed [24].
It is known that the close-packed facets with higher
reticular densities and larger interplanar spacing always
have lower surface energy. The Bravais-Frediel law has
revealed that the importance (frequency of occurrence)
of a crystal face increases with its reticular density and
interplanar spacing [25,26]. Therefore, the crystal tends
to form the morphology with the lowest surface energy,
and the close-packed facet with lower surface energy is
easily exposed. For metal diborides, the relative impor-
tance of the close-packed planes is 0001>10�10>10�11
[27]. The equilibrium crystal morphology of metal
diborides tends to be hexagonal platelets. In this view,
the equilibrium crystal morphology of the (ZrTiVCr)B2
and (ZrTiVCrMn)B2 is a hexagonal platelet as displayed
in Figure 1(b).

However, further crystal growth depends on the prop-
erties of the solid/liquid interface. According to Jackson’s
theory [28], the solid–liquid interface can be divided into
two categories: rough interface and smooth interface. The
Jackson factor α is generally used to determine the nature
of the interface, α can be expressed as:

α = �H
RT

η1
Z

(1)

Where �H is enthalpy changes, η1/z is the fraction of
the nearest neighbor sites which are in a single layer of
molecules at the surface, T is the temperature, and R is
the gas constant.

When α ≤2, the interface is rough and it is smooth
when α >2 [28]. For metal diborides, the α values of
0001,10�10 and 10�11 are greater than 4. Thus, it can be
inferred that the α values of these planes for high-entropy
metal diborides are also larger than 4 [29,30]. There-
fore, the solid–liquid interface of high-entropy diboride
is a smooth interface, which indicates that its growth will
be controlled by two-dimensional nucleation [31,32]. As

shown in Figure 1(b-e), the growth steps can be seen
clearly on (ZrTiVCr)B2 crystals. Song et al. [33] have
revealed that the growth of the TiB2 hexagonal plate was
a layer-by-layer growth controlled by a two-dimensional
nucleation. It was also found that no uniform grains were
observed attached to the side and step edges of TiB2
plates, which became finer and disappeared during the
growth.

In this work, it is noted that the crystal morphol-
ogy of (ZrTiVCrMn)B2 has been changed significantly
by the Mn dopant and it shows a hierarchical structure
composed of oriented aligned nanoplatelets. Although
the final morphologies of these two diborides are quite
different, the growth unit of (ZrTiVCrMn)B2 is also a
hexagonal platelet. These hexagonal platelets aggregate
via a self-assembly process in the aluminum melt and
then derive the various hierarchical morphologies. The
doping of Mn in (ZrTiVCr)B2 only changes the crystal
morphology but does not change its hexagonal crys-
tal structure. (ZrTiVCrMn)B2 is still a hexagonal close-
packed structure. On one hand, a thinner hexagonal plate
is formed for (ZrTiVCrMn)B2, which indicates that the
growth rates of (10�10) and 10�11 become faster, and the
exposed areas of the side region of the hexagonal platelets
decreased. Thus it is expected that the introduction ofMn
increased the growth rates of (10�10) and 10�11 planes. It
is also reported in the literature that Mn will selectively
adsorb on different surfaces of CrB2 andTiB2 to influence
the growth rate of the specific crystal planes to differ-
ent extent [34,35]. On the other hand, the introduction
of Mn promotes the formation of bugles on the hexago-
nal platelets. Mn element, as a transitional element, has
an incomplete outer electron layer that may cause the
redistribution of electrons and significantly increase the
binding force between atomswhen entering the lattice. In
addition, as an increased component species, the addition
of the element Mn can potentially effectively hinder the
diffusion of atoms. As a result, a large number of bulges
are formed on the primary crystal, instead of newly
formed hexagonal platelets. According to the principle
of compositional supercooling, after the formation of the
primary crystals, the solute atoms are enriched at the
front of the solid–liquid interface, and then a large num-
ber of bulges formed on the primary hexagonal platelet,
and these protrusions are rapidly extended to the solute-
rich region [36]. Compared with new nucleation, it is
easier to take the bulges as the substrate and then grow
epitaxially. Due to the intrinsic anisotropic characters of
hexagonal high entropgy diborides, the aggregated par-
ticles would attach orientally to each other to reduce the
energy of the system. The surface energy of an individual
hexagonal plate is quite high with two exposed planes.
Thus, they tend to pile up perpendicularly to the plane to
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Figure 3. Schematic illustration of the crystal growth and morphology evolution of diborides in the aluminum melt: (a) showing the
two-dimensional nucleation of (ZrTiVCr)B2, the spreading growth behavior of the nuclei and the stacking phenomenon; (b) the doping
of Mn induced the formation of bulges on the substrate of the (ZrTiVCrMn)B2 and the epitaxial growth behavior; (c-e) the typical SEM
images of (ZrTiVCr)B2 crystals; (f-h) the typical SEM images of (ZrTiVCrMn)B2 crystals.

Figure 4. (a, b) The load-displacement curves of (ZrTiVCr)B2 and (ZrTiVCrMn)B2, (c) statistical chart of hardness values of the currently
prepared quaternary and quinary high-entropy borides[6,21,37–41].
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decrease surface energy by greatly reducing the exposed
area.

Based on the above analysis, a schematic diagram
of the crystal growth process of (ZrTiVCr)B2 and
(ZrTiVCrMn)B2 in the aluminum melt was established,
as illustrated in Figure 3. At the initial stage of growth,
the high-entropy diboride grows fast and exhibits the
characteristics of isotropic growth, displaying a spherical
morphology.With further growth, driven by the decrease
in Gibbs free energy, a hexagonal plate shape with the
lowest surface energy is formed. For the (ZrTiVCr)B2,
the crystal growth of the hexagonal platelet is controlled
by the two-dimensional nucleation and layer-by-layer
growth as illustrated in Figures 3a1 and a2. The corre-
spondingmorphology is shown in Figure 3c.While some
newly formed hexagonal platelets spread along the basal
plane and stacks perpendicular to the basal plane as illus-
trated in Figure 3a3. The corresponding final derived
morphologies are shown in Figures 3d and e. For the
(ZrTiVCrMn)B2, a large number of bulges (Figure 3f)
are formed on the primary crystal due to the super-
cooling of the composition as illustrated in Figure 3b2.
The bulges act as the nucleating substrate and grow epi-
taxially, forming a hierarchical structure composed of
orientated-aligned nanosized hexagonal-platelet (Figure
3b3). The corresponding final morphologies are shown
in Figures 3 g and h.

Figure 4 shows the diagram of the load-displacement
curves of the (ZrTiVCr)B2 and (ZrTiVCrMn)B2 bulk
ceramic measured by the nanoindenter. According to
the Oliver-Pharr method, the average hardness of
(ZrTiVCr)B2 and (ZrTiVCrMn) B2 high entropy-based
ceramic is calculated to be 28.82 and 31.44 GPa, respec-
tively. It can be seen that the introduction ofMn increases
the hardness by about 9.1%, due to the enhanced solid
solution strengthening effect. The Mn atoms doped
into the crystal lattice as a kind of solute atoms, lead-
ing to severe lattice distortion. In addition, the results
show that the hardness value of high entropy diboride
is greatly affected by the composition. Compared with
the other reported quaternary and quinary diboride
particles [6,21,37–41], the prepared (ZrTiVCr)B2 and
(ZrTiVCrMn)B2 display superior properties. It is consid-
ered that the local chemical bonding properties of solid
solution will be varied with lattice parameters of different
diborides, thereby affecting their hardness [42].

In summary, two new (ZrTiVCr)B2 and (ZrTiVCr
Mn)B2 high-entropy borides were successfully synthe-
sized utilizing an aluminummelt reactionmethod for the
first time. Both the (ZrTiVCr)B2 and (ZrTiVCrMn)B2
crystals have a hexagonal crystal structure and pos-
sess high compositional uniformity. The (ZrTiVCr)B2
powders exhibit three typical morphologies, including

hexagonal platelets, hexagonal petals, and agglomerated
platelets. Meanwhile, we unexpectedly found that theMn
elements could significantly change the crystal morphol-
ogy of (ZrTiVCrMn)B2, resulting in a hierarchical struc-
ture composed of multiple nanosized two-dimensional
hexagonal platelets. The synthesis and growth mecha-
nism of the two new high-entropy diborides is revealed
by morphology and atomic lattice structure analysis.
Benefiting from this interesting hierarchical structure,
the average hardness of the (ZrTiVCrMn)B2 phase is sig-
nificantly enhanced to 31.44 GPa as compared to that
of (ZrTiVCr)B2 about 28.82 GPa. This work will sup-
ply a new paradigm for synthesizing high-entropy metal
diborides powders.
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