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PRODUCTION, STRUCTURE, PROPERTIES
Crystal Structures, Elastic Properties, and Hardness 
of High�Pressure Synthesized CrB2 and CrB4
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Abstract—Chromium tetraboride (CrB4), a recently proposed candidate for superhard materials, has 
been synthesized at high pressure and temperature by a solid�state reaction. As a byproduct, chromium 
diboride (CrB2) also forms and co�exists with CrB4 in the final product. The comparative studies of crystal 
structure, elastic property, and hardness of both phases have been conducted at the same sample environ�
ment conditions. The crystal structure of CrB4 has been refined with an orthorhombic symmetry of Immm
(space group no. 71) or Pnnm (space group no. 58) using X�ray diffraction data. Further simulations indi�
cate that the structural distinction between Immm and Pnnm can be resolved by neutron diffraction, due 
to the high scattering cross�section of boron (11B) by neutrons. Although CrB2 and CrB4 have close bulk 
modulus at about 230 GPa, the measured asymptotic Vickers hardness yields 16 GPa for CrB2 but 30 GPa 
for CrB4, which is nearly two times that of CrB2. The dramatic enhancement in hardness in CrB4 is attrib�
uted to the strong three�dimensional Cr–B network, in contrast to the layered lattice structure of hexag�
onal CrB2.
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1. INTRODUCTION

Incorporation of small, light, and covalent elements, such as B, C, and N, into the crystalline lattices of 
large, electron�rich transition metals (e.g., W and Re) holds the promise to produce a new class of super� or 
ultra�hard materials that are more cost�effective and versatile than traditional superhard materials of diamond 
and cBN [1–6]. Since 2007, inspired by frontier research on ReB2 by Chung et al. [7], there has been a new 
surge of research interest in searching for ultra�incompressible and superhard transition�metal (TM) borides, 
nitrides, and carbides. These efforts have led to a series of new system including diborides (ReB2 [8–10] and 
RuB2 [10]), tetraborides (WB4 [11, 12], FeB4 [13], MnB4 [14, 15], and CrB4 [16–18]), nitrides (RexN [19] 
and WNx [20]), and carbides (Re2C [21]). Among them TM tetraborides (TMB4) are of particular interest 
because they often exhibit superior hardness over their diboride, nitride, and carbide counterparts, primarily 
due to their high boron content and associated three�dimensional (3D) covalent network [22].

Because of the experimental difficulties associated with the synthesis of phase–pure TM borides, the crys�
tal structure and intrinsic hardness of TMB4 continue to be a subject of debate [23, 24]. However, increasing 
experimental evidence indicates that hexagonal WB4, the hardest TM boride known to date, has an asymp�
totic (i.e., load�independent) Vickers hardness of HV  = 30 GPa [10–12], which is close to those of pure γ�
boron (~ 30 GPa) and β�boron (~ 26 GPa) but not in that superhard regime [25]. In addition, due to their lay�
ered stacking along the c�axis of alternating TM layers and B dimers, hexagonal TM tetraborides are structur�
ally unfavorable to form mechanically isotropic superhard materials [22]. A similar atomic stacking configu�
ration also occurs in most TM diborides with hexagonal crystal symmetries, for examples, P6/mmm (S.G. 

1 The text was submitted by the author(s) in English.
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280 WANG et al.
no. 191) in TiB2 and P63/mmc (S.G. no. 194) in ReB2 [1, 6]. As pointed out by Wang et al. [22], the hardness 
of hexagonal TMB4 is predominantly determined by the covalently B–B bonded network between the inter�
calated boron dimers in the parent lattice of transition metals. From this point of view, the primary role that 
TM lattice plays is a “place–holder” for boron dimers, which limits the hardness of hexagonal TMBx to the 
level of elemental boron and boron–rich compounds with asymptotic HV ≈ 26–30 GPa [25, 26]. However, 
after an exhausting search of the known structures for TMBx, the orthorhombic TMB4 (TM = Cr, Mn, and 
Fe) is found to exhibit a 3D bonding network between TM and boron [15, 17, 27], which is structurally more 
favorable than hexagonal TMB4 for producing mechanically isotropic borides. As expected, recent reports 
show that the orthorhombic FeB4 and MnB4 possess a superior nanoindentation hardness of 62 GPa and a 
Vickers hardness of HV = 37.4 GPa under a load of 9.8 g [13, 14], approaching the superhard regime as defined 
by the asymptotic HV ≈ 40 GPa. Strikingly, both borides also exhibit intriguing superconducting and magnetic 
properties [13, 14, 16] .

Chromium tetraboride, CrB4, was first synthesized in 1962 [27] and has recently been reemerged as a 
promising candidate for achieving superhardness [16–18]. However, the synthesis of single�phase CrB4 is still 
challenging because CrB2 often co�exists as a secondary phase in the final product, indicating that CrB2 is 
thermodynamically more stable in the Cr–B system [17, 18]. In addition, the detailed structure of CrB4 is an 
unsettled issue between orthorhombic symmetries of Immm and Pnnm [17]. A similar structure controversy 
has also been reported in MnB4 [14, 28]. In this work, for the first time, we synthesized CrB4 through a solid�
state reaction between chromium and boron under high�pressure (p)/high�temperature (T) conditions. The 
final product was characterized by powder X�ray diffraction (XRD), high�p diamond�anvil cell (DAC) com�
pression experiments, and Vickers hardness measurements. 

2. EXPERIMENTAL DETAIL

Commercially available chemical pure Cr (> 99.9% purity) and B (> 99.9% purity) powders in a molar ratio 
Cr : B = 1 : 4.5 were homogenously mixed for the synthesis of CrB4. Excessive boron was used to eliminate the 
possible CrB2 byproduct. High p�T synthetic experiments were carried out in a multianvil cubic press at the 
Arizona State University, USA. Pressure and temperature generation and calibration were described previ�
ously [29]. A prepressed pellet of the starting mixture was placed in a hexagonal boron nitride (hBN) capsule, 
which served as a high�pressure sample chamber and was surrounded by a graphite heater for in situ high tem�
perature. Experimental details are described elsewhere [29].

The final product was characterized by powder X�ray diffraction with copper target. The crystal structures 
of borides were refined using the Rietveld method with the GSAS software [30]. The Vickers hardness was 
measured using a Micromet–2103 hardness tester on the well�sintered bulk sample at 25–1000 g loading force 
and a 15 s dwelling time.

High pressure synchrotron X�ray diffraction (XRD) experiments using the diamond�anvil cell (DAC) were 
performed at the HPCAT 16BM–D beamline of the Advance Photon Source (APS), Argonne National Lab�
oratory. The boride powder was loaded into the sample hole in a stainless steel gasket pre–indented to 30 
micron thick with neon as the pressure–transmitting medium. A few ruby balls were also loaded in the same 
sample chamber to serve as the internal pressure standard [31]. The sample was compressed up to 20 GPa at 
room temperature. The two�dimensional angle–dispersive XRD patterns were collected with focused mono�
chromatic X�rays with wavelength 0.41325 Å and a Mar3450 imaging plate. The program Fit2D was used to 
integrate all 2D images into one�dimensional diffraction profiles [32] .

3. RESULTS AND DISCUSSION

Figure 1a shows the XRD pattern of the experimental run product synthesized at 14 GPa and 1200°C for 
45 min. CrB4 and CrB2 are identified as major phases in the recovered sample at ~ 45% and ~ 50% mole frac�
tions, respectively. About 5% hBN originated from BN sample container is also detected. Even though a 12.5% 
excess of boron was used in the starting material to prepare CrB4, CrB2 still formed as a major byproduct under 
the present experimental conditions. However, the unreacted boron left behind in the final product cannot be 
detected by X�ray diffraction (Fig. 1a), indicating an amorphous state. The similar phenomenon has also been 
found previously in the synthesis of ReB2 and WB4 [9, 11]. For synthesis at atmospheric pressure, recent stud�
ies show that a prolonged heating duration of 8–14 days can increase the phase fraction of CrB4 to as high as 
90% [17, 18], indicating that CrB2 may be an intermediate phase formed in advance of CrB4. Obviously, the 
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CRYSTAL STRUCTURES, ELASTIC PROPERTIES, AND HARDNESS 281
formation of CrB4 is kinetically sluggish at atmospheric pressure. Although the heating time is short in our 
high�p synthesis (i.e., only 45 min), the obtained CrB4 has a moderate fraction of 45% in the recovered sam�
ple, indicating that the formation of CrB4 is kinetically more favorable at high pressure. However, our later 
synthesis shows that CrB4 does not form at all at a lower pressure of 8 GPa and temperature of 1200°C for 1 
hour, which is similar to the case of FeB4 with reported formation pressures of 8–18 GPa [13]. But for MnB4, 
it can be synthesized at a lower pressure of 3 GPa [14].

As shown in Fig. 1a, the refined structure of CrB2 is hexagonal with space group P6/mmm (no. 191), a sym�
metry typical for many metal diborides [1]. The refined lattice parameters are a = 2.9747 (2) Å and c = 
3.0660 (2) Å, which agree well with the reported values [16–18]. The details of the refined structural parame�
ters are summarized in the Table. A subset of Bragg peaks in Fig. 1a can be indexed in terms of orthorhombic 
phase, which belongs to crystalline CrB4. The structural refinements were thus performed using an earlier pro�
posed symmetry of Immm (no. 71). The obtained lattice parameters are a = 4.7481 (1) Å, b = 5.4815 (3) Å, 
and c = 2.8662 (2) Å (see the table for details), which is consistent with the recent studies [16–18]. The cor�
responding structures of CrB2 and CrB4 are shown in Fig. 1b and 1c in polyhedral views. Evidently, the Cr and 
B ions in CrB4 are covalently bonded to form a strong 3D network, similar to that in MnB4 [28]. In contrast, 
the Cr–B bonds in CrB2 are two�dimensional from the layer�structured stacking sequence, which leads to 
lower hardness as discussed below. Based on electron diffraction measurements, a new space group, Pnnm 
(no. 58), has recently been proposed for CrB4 [17], which is selected in this work as the structural candidate 
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Fig. 1. (a) Rietveld analysis of powder X�ray diffraction pattern of co�existing CrB2 and CrB4 phases. The sample was synthe�
sized at 14 GPa and 1200°C for 45 min. Crosses and black lines represent the observed and calculated profiles, respectively. 
The difference curve between the observed and calculated profiles is shown in light gray. The peak positions of Bragg reflections 
for CrB4 and CrB2 are tick marked. Impurity phase hBN originates from the capsule material used for high pressure synthesis. 
(b) Polyhedral view of the structures of CrB2 (left, 2 × 2 × 2 unit cell) and CrB4 (right, 2 × 2 × 2 unit cell) (c).
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for refinement. However, within the resolution of our XRD data, the refined results using Pnnm are indistin�
guishable from those using Immm, as reflected by the similar refinement agreement indices (see the table).

To better illustrate the distinction between the two space groups of CrB4, the powder X�ray and neutron 
diffraction patterns are simulated for Pnnm and Immm, which are shown in Figs. 2a, 2b. The corresponding 
structures are depicted in Figs. 2c, 2d. Evidently, a major difference between the two structures is the atomic 

Summary of the refined structural parameters for CrB2 and CrB4

CrB2 CrB4

p, T conditions Ambient conditions

Space group P6/mmm (no. 191) Immm (no. 71) Pnnm (no. 58)

Cell content CrB2 Cr2B8 Cr2B8

a0, b0, c0, Å 2.9747 (2), 3.0660 (2) 4.7481 (1), 5.4815 (3), 2.8662 (2) 4.7483 (2), 5.4817 (3), 2.8663 (2)

Cell volume, Å3 23.501 74.584 74.585

ρ, g·cm–3 5.202 4.241 4.241

Cr positions 1a, (0, 0, 0) 2a, (0, 0, 0) 2c, (0, 0, 0)

B positions 2d, (1/3, 2/3, 1/2) 8n, (0.191, 0.350, 0) 4g, (0.1640, 0.6351, 0)
4g, (0.2236, 0.3210, 0)

Rwp, %, Rp, %, χ2                                8.6, 6.2, 4.1 8.4, 6.3, 4.0

Fig. 2. (a) Simulated powder X�ray and (b) neutron diffraction patterns for CrB4 based on two possible structures of Immm
(no. 71) and Pnnm (no. 58). (c) Crystal structures of Immm and Pnnm (d) (see the table for structure details). 
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positions of boron with the lower–symmetry Pnnm structure having tilted [CrB12] coordination (Figs. 2c, 2d). 
Since boron is a light element and has a small X�ray scattering factor, the structural distinction between Pnnm 
and Immm cannot be resolved by X�ray diffraction due to the small scattering cross–section of boron atoms. 
By contrast, the neutron scattering cross–section of an element does not scale with its atomic number, and 
neutrons are more sensitive to the presence of light elements (e.g., boron) in a crystal structure. As illustrated 
in Fig. 2b, the Pnnm and Immm structures can be readily distinguished by neutron diffraction (NPD), because 
some additional peaks for the low–symmetry structure Pnnm phase that are hard to discern in its XRD pattern 
are much stronger in the neutron pattern. Hence, further neutron diffraction measurement on Cr11B4 is war�
ranted to resolve the structural controversy. 

Phase stability and compressibility of CrB4 were investigated by synchrotron X�ray diffraction in a dia�
mond�anvil cell (DAC). Figure 3 shows the selected XRD patterns collected under room�temperature com�
pression. Because both CrB4 and CrB2 exist in the sample, it allows us to conduct a comparative study of the 
two phases with exactly the same sample environments. The results show that CrB2 and CrB4 are structurally 
stable up to 25 GPa, and no phase transition was observed. The derived pressure–volume data for CrB2 and 
CrB4 are fitted to the second order Birch–Murnaghan equation of state [33], as shown in Fig. 4. The obtained 
bulk moduli, B0, for CrB2 and CrB4 are 228(5) GPa and 232(6) GPa, respectively, which agree well with the 
results of first�principles calculations [28, 34]. The obtained bulk moduli are close to the boron�rich com�
pounds, such as B13N2 [35], B6O [36], and B4C [37]. In spite of the fact that CrB2 and CrB4 have a nearly 
identical bulk modulus, they show different behaviors in the axial compressibility as illustrated in Fig. 5. For 
CrB2, the c–axis is significantly more compressible than the a�axis (Fig. 5a), which is consistent with its lay�
ered atomic stacking along c�axis (Fig. 1b). For CrB4, as shown in Fig. 5b, the compression along the three 
crystallographic axes is more isotropic than in CrB2. Interestingly, the b�axis is the least compressible although 
it has the largest lattice parameter (5.481 Å), whereas the most compressible axis, the c axis, corresponds to 
the shortest lattice parameter (c = 2.866 Å), which are in agreement with the recent results of first�principles 
simulations [28]. This anomalous compressive behavior has only sparsely been reported [20], and is likely to 
be associated with the peculiar atomic arrangements in orthorhombic CrB4.
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Fig. 3. Selected high�pressure synchrotron X�ray diffraction patterns collected at room temperature in a diamond–anvil cell: 
15.7 (1), 13.6 (2), 12.0 (3), 10.2 (4), 8.9 (5), 7.7 (6), 5.8 (7), 4.5 (8), 2.8 (9), 1.4 (10) GPa. The incident X�ray wavelength is 
λ = 0.41326 Å. 
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Vickers hardness measurements were performed on the recovered bulk sample with mixed phases of CrB2
and CrB4. Figure 6 shows a typical fluorescence image from the polished sample surface, which was taken 
using the microscopy system of the hardness tester with a magnification of ×400. Clearly, CrB4 and CrB2 are 
distinguishable by dark and bright regions, respectively, allowing their indentation measurements to be con�
ducted on each of the two boride phases. As shown in Fig. 7, the determined asymptotic hardness of CrB4 is 
~ 30 GPa, which is close to that of the known hardest WB4 and is presumably attributed to its strong 3D Cr–
B bonding network. However, the layer–structured CrB2 has a substantially lower hardness of ~ 16 GPa, which 
agrees with the previously reported value [3].

4. CONCLUSIONS

In summary, for the first time, we synthesized the orthorhombic CrB4 phase at high p�T conditions at 
14 GPa and 1200°C through a solid–state reaction between chromium and boron elements. The only byprod�
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Fig. 4. Volume–pressure data fitted to the second order Birch–Murnaghan equation of state for (a) CrB2 and (b) CrB4.
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Fig. 5. Relative cell parameters as a function of pressure for (a) CrB2 and (b) CrB4 derived from high�pressure X�ray diffraction 
data. (�) a/a0, (�) c/c0, (�) b/b0.
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uct is CrB2, which may be an intermediate phase prior to the formation of CrB4. Despite a short heating time 
of 45 minutes in the high�p synthesis, the phase mole fraction of CrB4 in the final product yields a high fraction 
value of 45%, indicating accelerated formation kinetics of CrB4 at high p�T condition. The refined crystal 
structures of CrB2 and CrB4 are hexagonal P6/mmm and orthorhombic Immm or Pnnm, respectively. Our sim�
ulations indicate that the major structural difference between Immm and Pnnm is the atomic positions of boron 
rendering neutron diffraction a more effective approach to resolve these two structures. Based on high�p syn�
chrotron XRD experiment, the obtained bulk moduli of CrB2 and CrB4 are 228 GPa and 232 GPa, respec�
tively. Despite the similar bulk moduli, CrB4 has a much higher asymptotic Vickers hardness of ~ 30 GPa than 
that of CrB2 (~ 16 GPa), which is presumably attributed to the strong three�dimensional Cr–B network in 
CrB4.

Portions of this work were performed at HPCAT, Advanced Photon Source (APS), Argonne National Lab�
oratory. HPCAT operations are supported by DOE�NNSA under Award no. DE�NA0001974 and DOE�BES 
under Award no. DE�FG02�99ER45775, with partial instrumentation funding by NSF. APS is supported by 
DOE�BES, under Contract no. DE�AC02�06CH11357. This work is also supported by UNLV High Pressure 
Science and Engineering Center (HiPSEC), which is a DOE NNSA Center of Excellence operated under 

Fig. 6. A florescence image of the indentations produced at an indenter tip load of 200 g with a dwell time of 15 s. The dark and 
bright regions are CrB4 and CrB2, respectively.
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