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A B S T R A C T   

Following the discovery of high-entropy alloys, high-entropy oxides have gained considerable interest due to 
their unconventional structural characteristics and versatile functional properties for promising applications. Via 
synchrotron radial x-ray diffraction in a diamond anvil cell, the mechanical strength and deformation behavior of 
a typic high-entropy oxide (Mg,Co,Ni,Cu,Zn)O with a rock-salt structure under extreme compression has been 
investigated in situ. This compound in a polycrystalline state shows a large elastic anisotropy at the initial 
compression stage and then gradually becomes isotropic at around 21.4 GPa, similar with the behavior of MgO. 
Based on the lattice strain order conversion and texture evolution under compression, a dominant slip system 
transition from {100}<011> to {110}<1–10> is proposed in this high-entropy oxide. This work deepens our 
understanding on the role of chemical disorder in the mechanical properties of entropy-stabilized oxides, which 
would be indispensable to the design of advanced structural ceramics with optimal strength-to-ductility ratio.   

With the concept of “high entropy” alloys firstly proposed by Yeh 
et al. [1] and Cantor et al. [2] in 2004, there has been a great effort to 
investigate and characterize systems with 5 or more components. The 
equal or near-equal atomic ratio in these compositions maximize the 
configurational entropy and thus stabilize complex compositions in a 
single lattice. The boosting of relevant research has been extremely 
beneficial for the materials community as it has led to the development 
of many new systems with targeted applications. More recently, besides 
alloys, the “high entropy” strategy has been successfully extended to 
oxides and other ceramics like nitrides and carbides [3–5]. 

In 2015, Rost et al. firstly demonstrated the entropy stabilization in 
oxides with the synthesis of a complex composition of (Mg0.2Co0.2-

Ni0.2Cu0.2Zn0.2)O in a single rock-salt structure [6]. Following this work, 
various types of high-entropy oxides (HEOs) have been reported, 
including fluorite type [7], perovskite type [8], spinel type [9], bixbyite 
type [10], and amorphous type [11]. These systems were soon proven to 

be exhibiting tremendous potential in various applications, including 
thermo-insulators [12], catalysts [13], batteries [14] and wear-resistant 
and corrosion-resistant coating [15]. As the investigation of HEOs is still 
at the early stage, many material characteristics still remain to be 
explored, especially the mechanical properties, including the elastic and 
plastic deformation properties under applied stresses. (Mg,Co,Ni,Cu,Zn) 
O high-entropy ceramics synthesized by field-assisted sintering tech-
nology showed a trade-off between densification and grain growth with 
a maximum bending strength of 323 MPa and elastic modulus of 108 
GPa after densification at 900 ◦C [16]. High pressure experiments on the 
same HEO gave bulk modulus value of 187.7 GPa and 176.1 GPa for bulk 
sample [17] and nano crystals [18], respectively. Also, this HEO has 
been proved to be mechanically stable up to ~ 50 GPa [17]. Another 
HEO, (Ce0.2La0.2Pr0.2Sm0.2Y0.2)O2− δ demonstrated a breakdown of 
long-range connectivity of lattice and amorphization with applied 
pressure [19]. However, the strength and plastic deformation behaviors 
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of HEOs under stress is still poorly studied. 
In this work, via radial x-ray diffraction in a diamond anvil cell 

(rDAC XRD), the elastic and plastic deformation behavior under 
compressive stress of a typical HEO, (Mg,Co,Ni,Cu,Zn)O, was investi-
gated in situ under pressure up to 40.1 GPa. The rDAC XRD technique has 
proven to be quite powerful to understand the deformation behavior of 
oxides and metals under high pressure [20–22]. Here, x-ray-transparent 
boron-epoxy gasket inserted into a Kapton support and a 
panoramic-type diamond anvil cell with large opening was used to allow 
x-ray going through in radial direction. (Mg,Co,Ni,Cu,Zn)O powder 
sample was synthesized by solid state reaction at high temperature of 
1100 ◦C in air [17] (Fig. S1) and the high-pressure synchrotron radial 
x-ray experiment was conducted at beamline BL10XU at Spring-8, Japan 
[23]. A small fragment of ~10 μm thick platinum foil was used as a 
pressure calibrant [24]. No pressure medium wad used to maximum the 
deviatoric stress on the sample. A pair of diamonds with culet of 300 μm 
were used to generate high pressure and the sample hole was about 60 
μm in diameter. A monochromatic x-ray of wavelength 0.4137 Å was 
collimated to a beam size of 10 μm × 8 μm and focused onto the sample 
(initial grain size is about a few microns). An imaging plate area detector 
(IP, Rigaku. Co.) was used to collect x-ray diffraction images. Instrument 
parameters, such as sample-to-detector distance, beam center, and de-
tector tilt, were calibrated using a CeO2 standard prior to the experi-
ment. The experiment was carried out at room temperature. 

The collected 2D diffraction images were processed by the software 
Dioptas [25] to get the integrated diffraction patterns. Fig. 1(a) shows all 
the diffraction patterns obtained during both compression and decom-
pression. Selected unrolled diffraction patterns are presented in Fig. 1 
(b). No new diffraction lines appear up to the highest pressure 40.1 GPa 
reached in this experiment, indicating no phase transition in this pres-
sure range. This is consistent with previous work that this HEO is stable 
up to ~ 50 GPa [17]. Actually, most relevant single-metal oxides are also 
quite stable in this pressure range, except that the hexagonal ZnO would 
transfer to the cubic structure at ~ 9 GPa, and cubic CoO transfers to 
rhombohedral structure at ~ 42 GPa [26–29]. It should be noted that the 
splitting of (200) and (311) peaks above 2.8 GPa in Fig. 1(a) is due to the 
large lattice strain induced by the differential stress, which is a 
reasonable phenomenon for uniaxial compression in rDAC experiment, 
while (200) and (311) actually keep to be single diffraction lines up to 

40.1 GPa as shown in Fig. 1(b). The larger the differential stress, the 
stronger the lattice strain, and thereafter a higher curvature degree of 
the diffraction lines. Lattice strains show anisotropic pressure dependent 
behavior, judging from the curvature behavior of different diffraction 
lines. As seen in Fig. 1(b), diffraction line of (200) is more curved than 
(111) at 2.8 GPa. As pressure increases, (111) line becomes more and 
more curved while (200) gradually turns to be straighter. To demon-
strate this phenomenon clearly, we extracted the d-spacing values of 
these two diffraction planes at different azimuth angles. Results at three 
representative pressure points are shown in Fig. 1(c). At 2.8 GPa, the 
d-spacing of (200) displays much larger variations with azimuth angle, 
as compared with that of (111). They become comparable at 14.9 GPa. 
Finally, (111) plane shows larger d-spacing variation than (200) plane. 

The variation of intensity on each diffraction line as a function of 
azimuth angle represents the lattice preferred orientation, or texture. 
Obvious texture is developed from 2.8 GPa and then becomes stronger 
with further compression. At 14.9 GPa, it is easy to find intensity max-
ima at the compression direction (azimuth angle 0̊, 180̊, and 360̊) for 
diffraction (220). However, from 21.4 GPa, the intensity at compression 
direction for (220) begins to decrease and no maxima can be seen at 
40.1 GPa (see Fig. S2 in supplementary materials), indicating that 
texture transformation might happen under compression. We also found 
that the texture obtained at 40.1 GPa can be reserved to ambient 
condition. 

Diffraction images were imported to MAUD software to get quanti-
tatively analysis by Rietveld refinement [30,31] (Fig. S3). Information 
including cell parameters, microstrain, grain size, lattice strain, and 
texture were extracted from the refinement results. The data analysis 
method used here was same as that in our previous work [20,21,32]. 
Fig. 2(a) and (b) show the lattice parameters and the unit-cell volume of 
this HEO as a function of pressure, respectively. The volume with 
pressure is fitted with the Birch-Murnaghan equation of state, obtaining 
a bulk modulus of 189 ± 17 GPa or 210 ± 5 GPa with a fitted K0’ =5.3 
± 1.1 or a fixed K0’ =4, respectively. This value is comparable or slightly 
higher than the bulk modulus obtained under hydrostatic compression 
[17,18]. This is due to the fact that the nonhydrostaticity usually leads to 
an over estimation of bulk modulus as observed in other materials [20, 
33]. When compare with the relevant single-metal oxides, we found that 
the bulk modulus of this HEO compound was comparable with that of 

Fig. 1. X-ray diffraction patterns of (Mg,Co,Ni,Cu,Zn)O under pressure up to 40.1 GPa. (a) Integrated X-ray diffraction patterns upon compression and decom-
pression. Black stars * indicate diffraction peaks from Pt. (b) Selected unrolled diffraction patterns. Green arrows at the left side indicate the compression direction. 
(c) d-spacing as a function of azimuth angle of (111) and (200) at different pressure points. 
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the rhombohedral-distorted NiO and the cubic-type CoO, but much 
higher than that of the other compounds [26–29]. 

Lattice strain Q(hkl) was obtained using the “Radial Diffraction in the 
DAC” strain mode in MAUD, and results are shown in Fig. 2(c). At the 
initial compression stage, Q(200) increases rapidly and shows a value of 
0.01104 at 2.8 GPa, which is much larger than that of Q(111) (0.00452) 
and Q(220) (0.00688). Above 6.6 GPa, the value of Q(200) begins to 
decrease while Q(111) keps gradually increasing and Q(220) stays 
almost stable. From 21.4 GPa, Q(111) becomes the largest and reaches a 
value of 0.01034 at 40.1 GPa. Q(200) finally decreases to be the smallest 
with a value of 0.00763 at 40.1 GPa. 

According to the lattice strain theory developed by Singh et al. [34, 
35], we have 6Q(hkl) = t(hkl)/G, where t(hkl) is the differential stress 
and G is the aggregate shear modulus of the polycrystalline sample. The 

shear modulus at ambient condition for non-magnetic (Mg,Co,Ni,Cu,Zn) 
O has been calculated to be 88.6 GPa [36]. Its pressure derivation is still 
unknown and we assume that it has the same trend with MgO [37]. 
Then, the differential stress of this HEO under high pressure was 
calculated and results are shown in Fig. 2(d). It is clear that t(200) in-
creases much faster than the others below 10 GPa and then it enters into 
a plateau with a value ~ 7.0 GPa up to 40.1 GPa. On the contrary, the 
value of t(111) keeps growing with pressure during the whole 
compression process and reaches 9.4 GPa at the highest pressure 40.1 
GPa. The value and increase trend of t(220) with pressure is in between 
of t(200) and t(111). It becomes stable above pressure of 14.9 GPa and 
almost represents the average strength of the specimen. 

The texture information was obtained by imposing axial symmetry 
about the compression direction and represented in inverse pole figure 

Fig. 2. Refinement results of (Mg,Co,Ni,Cu,Zn)O at high pressure. (a) Lattice parameters, (b) unit-cell volume, (c) lattice strain, and (d) differential stress of this HEO 
as a function of pressure. Solid lines in (b) are EOS fitting results. The dotted lines in (c) are guide of eyes. 

Fig. 3. Texture evolution of (Mg,Co,Ni,Cu,Zn)O under pressure. Inverse pole figures of the compression direction are shown up to 40.1 GPa and after pressure 
release. The abbreviation dp indicates decompression. Pole densities are measured in multiples of a random distribution (mrd). For each IPF, the minimum and 
maximum pole densities are shown. Equal area projections. 
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(IPF) (Fig. 3). From 2.8 GPa, clear texture is shown with a maximum at 
001 (m.r.d: 3.85) in the IPF, which means 001 plane is oriented 
perpendicular to the compression direction. With the increase of pres-
sure, this texture also becomes stronger with an increasing m.r.d value. 
At 8.4 GPa, another weaker maximum appears at 110. But it does not 
last long and disappears from 21.4 GPa. The maximum pole density also 
decreases around 25% at this pressure point. The 001-texture lasts to 
40.1 GPa and can be retained when the pressure is released. 

The maximum uniaxial stress supported by a material is defined by 
the yield strength. So, t represents the lower end of the material yield 
strength under pressure. As compared with previous strength results of 
MgO [38,39] and MgFeO [40] (Fig. 4(a)), t of this polycrystalline HEO 
shows a similar pressure dependence, which increases rapidly with 
pressure and then saturates. Texture formed in the sample can affect the 
yield strength of a polycrystalline material. Density of dislocations in the 
sample increases with pressure and causes hardening which leads to the 
increase of the yield stress [41]. From texture results, we can see that the 
maximum pole density of IPFs initially increases dramatically with 
pressure and then begins to decrease and then saturates above 14.9 GPa 
(Fig. 4(b)). This agrees well with the pressure dependence of the yield 
strength. Thus, it is reasonable to infer that stress hardening has 
occurred in this HEO sample, with an increase of dislocation density up 
to a pressure of about 14.9 GPa. The maximum value of uniaxial stress 
obtained for this HEO is 8.2 GPa at 40.1 GPa. This value is much higher 
than that of MgO and MgFeO from Lin et al. [39] and Marquardt and 
Miyagi [40], but is comparable with the results for MgO obtained by 
Merkel et al. [38]. 

The three-independent elastic stiffnesses C11, C12, C44 have also been 
obtained and are plotted in Fig. 4(c). Both C11 and C12 display nearly 
linear pressure dependence while C11 shows a higher increasing speed. 
However, C44 shows quite abnormal pressure dependence. At 1.2 GPa, it 
shows a quite large value and then it decreases with pressure and 

saturates above 2.8 GPa. The increasing trend of C11 and C12 of this HEO 
with pressure is similar with MgO [37,38,42]. But the abnormal pressure 
dependence of C44 in the low-pressure range has not been reported in 
MgO. However, the similar phenomenon has been found in monoclinic 
CuO, in which C44 first decreases and then increases with pressure with a 
turning point at 15 GPa [43]. They claimed that this was due to the 
existence of structural abnormality. 

C44 refers to shear on {100} in the <0kl> direction and (C11-C12)/2 
represents resistance to shear on {110} in <110> direction. The ratio of 
these two is known as Zener ratio and can be used to represent the elastic 
anisotropy of cubic material [44]. Z equals to 1 means elastically isot-
ropy. In radial diffraction experiments, Z under the Reuss approximation 
can be directly measured without the use of any assumed bulk property 
[34,45,46]. For this HEO, Z shows a quite large value of ~ 4.9 at 1.2 GPa 
and then it decreases quickly with pressure and saturats at slightly lower 
than 1 above 21.4 GPa (Fig. 4(d)). Liu et al. has investigated the elastic 
properties of NiO in a distorted cubic structure compressed hydrostati-
cally up to 67 GPa and reported a negative elastic anisotropy value (S =
S11 − S12 − S44/2) through the full pressure range [47]. For MgO, both 
experimental and theoretical work give a positive elastic anisotropy 
value, which tends to decrease with pressure, and the material becomes 
almost elastically isotropic at pressure above ~20 GPa [37,38,42]. So, it 
is clear that this HEO behaves much more like MgO than NiO under high 
pressure. 

The operative slip direction in crystals having the NaCl crystal 
structure is predominantly <110>. This is also the case for cubic NiO 
and CoO in which {110}<110> system has been proposed to be the 
dominant slip system [48,49]. For MgO, although its deformation 
behavior under high pressure has been thoroughly investigated due to 
its importance in geophysics, the reported pressure effects are still 
controversial [50]. Early experiments and theoretical work inferred a 
dominant {110}<1–10> slip under high pressure[38,51,52]. 

Fig. 4. Elastic properties of (Mg,Co,Ni,Cu,Zn)O under high pressure. (a) Uniaxial stress component in the HEO measured in this work compared with previous 
measurements on MgO and MgFeO [38–40]. (b) Texture pole density as a function of pressure. (c) Elastic modules evolution of this HEO under pressure. Solid 
symbols represent moduli under high pressure calculated assuming no texture in the sample using the Reuss bound. (d) Elastic anisotropy represented by Zener ratio. 
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Calculations on critical resolved shear stress (CRSS) of single crystal 
MgO predicted a transition from {110}<1–10> to dominant {100}<
011> slip between 30 and 60 GPa [53]. And high pressure single crystal 
deformation experiments also showed a change in dominant slip system 
from to {110}<1–10> to {100}<011> at 23 GPa and 1000 K [54]. 
However, recent radial diffraction on MgO together with 
Elasto-ViscoPlastic Self Consistent (EVPSC) modeling results shows a 
competing of these two slip systems under pressure and {110}<1–10>
became the only activate slip system at ~50 GPa [39]. Research on (Mg, 
Fe)O shows that the ratio of Fe could affect the plastic behavior of (Mg, 
Fe)O and lead to different lattice strain and texture behavior [55]. 
However, the microscopic interpretation of this effect remains to be 
understood. 

Via EVPSC modeling, Lin et al. found that a dominant {100}<011>
slip system in MgO would cause a 110 texture together with a largest Q 
(200) and a lowest Q(111), while a dominant {110}<1–10> slip 
induced a 001 texture with a largest Q(111) and a lowest Q(200) [51]. 
For this HEO, the much higher Q(200) value in low pressure range 
suggests the large contribution of the {100}<011> slip system at the 
initial stage of compression, which can be rarely seen for any 
end-member components. Only one previous deformation-DIA experi-
ment to 8 GPa on MgO shows a similar Q-factor order with Q(200) >Q 
(200)>Q(200) [56]. However, in that work they did not go to higher 
pressure and no Q-factor order conversion has been observed. From ~5 
GPa, the activity of this slip system begins to decrease while {110}<
1–10> becomes more active, proved by the sudden drop of Q(200). Both 
slip systems contribute to the texture, and two maxima (100 and 110) 
could be found on the IPFs. From ~ 21.4 GPa, {110}<1–10> becomes 
the dominant slip system while slip {100}<011> gradually becomes 
inactive, as same as in the case of MgO [39], which cause the constant 
growth of Q(111) and the disappear of 110 maximum on the IPF. 

In summary, we systematically investigate the deformation behavior 
of a typical HEO, (Mg,Co,Ni,Cu,Zn)O, under high pressure via radial x- 
ray diffraction in a diamond anvil cell. It shows a quite large elastic 
anisotropy which decreases with pressure and the material becomes 
almost elastically isotropic above 21.4 GPa. The reverse of trend of Q 
(200) under pressure together with the evolution of texture suggest a 
transition of dominant slip systems of this HEO under extreme 
compression. Slip system {100}<011> is dominant at the initial 
compression stage and then the activity of slip system {110}<1–10>
increases and finally becomes dominant under higher pressure. 
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[5] B.L. Musicó, D. Gilbert, T.Z. Ward, K. Page, E. George, J. Yan, D. Mandrus, 

V. Keppens, APL Mater. 8 (4) (2020) 40912. 
[6] C.M. Rost, E. Sachet, T. Borman, A. Moballegh, E.C. Dickey, D. Hou, J.L. Jones, 

S. Curtarolo, J.P. Maria, Nat. Commun. 6 (1) (2015) 8485. 
[7] J. Gild, M. Samiee, J.L. Braun, T. Harrington, H. Vega, P.E. Hopkins, K. Vecchio, 

J. Luo, J. Eur. Ceram. Soc. 38 (10) (2018) 3578–3584. 
[8] A. Sarkar, R. Djenadic, D. Wang, C. Hein, R. Kautenburger, O. Clemens, H. Hahn, 

J. Eur. Ceram. Soc. 38 (5) (2017) 2318–2327. 
[9] J. Dąbrowa, M. Stygar, A. Mikuła, A. Knapik, K. Mroczka, W. Tejchman, 

M. Danielewski, M. Martin, Mater. Lett. 216 (2018) 32–36. 
[10] K.P. Tseng, Q. Yang, S.J. McCormack, W.M. Kriven, J. Am. Ceram. Soc. 103 (1) 

(2020) 569–576. 
[11] J. Zhang, X. Zhang, Y. Li, Q. Du, X. Liu, X. Qi, Mater. Lett. 244 (2019) 167–170. 
[12] J.L. Braun, C.M. Rost, M. Lim, A. Giri, D.H. Olson, G.N. Kotsonis, G. Stan, D. 

W. Brenner, J.P. Maria, P.E. Hopkins, Adv. Mater. 30 (51) (2018), 1805004. 
[13] H. Chen, J. Fu, P. Zhang, H. Peng, C.W. Abney, K. Jie, X. Liu, M. Chi, S. Dai, 

J. Mater. Chem. 6 (24) (2018) 11129–11133. 
[14] Q. Wang, A. Sarkar, D. Wang, L. Velasco, R. Azmi, S.S. Bhattacharya, T. Bergfeldt, 

A. Düvel, P. Heitjans, T. Brezesinski, H. Hahn, B. Breitung, Energy Environ. Sci. 12 
(8) (2019) 2433–2442. 

[15] T.K. Chen, M.S. Wong, Thin Solid Films 516 (2) (2007) 141–146. 
[16] W. Hong, F. Chen, Q. Shen, Y.H. Han, W.G. Fahrenholtz, L. Zhang, J. Am. Ceram. 

Soc. 102 (4) (2019) 2228–2237. 
[17] J. Chen, W. Liu, J. Liu, X. Zhang, M. Yuan, Y. Zhao, J. Yan, M. Hou, J. Yan, 

M. Kunz, N. Tamura, H. Zhang, Z. Yin, J. Phys. Chem. C 123 (29) (2019) 
17735–17744. 

[18] B. Cheng, H. Lou, A. Sarkar, Z. Zeng, F. Zhang, X. Chen, L. Tan, K. Glazyrin, H. 
P. liermann, J. Yan, L. Wang, R. Djenadic, H. Hahn, Q. Zeng, Mater. Today Adv. 8 
(2020), 100102. 

[19] B. Cheng, H. Lou, A. Sarkar, Z. Zeng, F. Zhang, X. Chen, L. Tan, V. Prakapenka, 
E. Greenberg, J. Wen, R. Djenadic, H. Hahn, Q. Zeng, Commun. Chem. 2 (2019) 
1–9. 

[20] B. Yue, F. Hong, S. Merkel, D. Tan, J. Yan, B. Chen, H.K. Mao, Phys. Rev. Lett. 117 
(13) (2016), 135701. 

[21] B. Yue, F. Hong, N. Hirao, R. Vasin, H.R. Wenk, B. Chen, H.K. Mao, Proc. Natl. 
Acad. Sci. 116 (30) (2019) 14905–14909. 

[22] B. Chen, Matter Radiat. Extrem. 5 (6) (2020), 068104. 
[23] N. Hirao, S.I. Kawaguchi, K. Hirose, K. Shimizu, E. Ohtani, Y. Ohishi, Matter 

Radiat. Extrem. 5 (1) (2020), 018403. 
[24] N.C. Holmes, J.A. Moriarty, G.R. Gathers, W.J. Nellis, J. Appl. Phys. 66 (7) (1989) 

2962–2967. 
[25] C. Prescher, V.B. Prakapenka, High Press. Res. 35 (3) (2015) 223–230. 
[26] J.E. Jaffe, J.A. Snyder, Z. Lin, A.C. Hess, Phys. Rev. B 62 (3) (2000) 1660–1665. 
[27] T. Eto, S. Endo, M. Imai, Y. Katayama, T. Kikegawa, Phys. Rev. B 61 (22) (2000) 

14984–14988. 
[28] Q. Guo, H.K. Mao, J. Hu, J. Shu, R.J. Hemley, J. Phys. Condens. Matter 14 (44) 

(2002) 11369–11374. 
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