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a b s t r a c t 

Novel composites of HfNbTaTiZrV refractory high-entropy alloy (RHEA) reinforced with 0–4 vol.% Al 2 O 3 

particles have been synthesized by vacuum arc melting. The microstructure evolution, compressive me- 

chanical properties at room and elevated temperatures, as well as strengthening mechanism of the com- 

posites were analyzed. The HfNbTaTiZrV RHEA reinforced with 4 vol.% Al 2 O 3 displayed excellent phase 

stability at elevated temperatures. A superior compressive yield strength of 2700 MPa at room tempera- 

ture, 1392 MPa at 800 °C, and 693 MPa at 10 0 0 °C was obtained for this composite. The improved yield 

strength resulted from multiple strengthening mechanisms caused by Al 2 O 3 addition, including solution 

strengthening, interstitial strengthening, grain boundary strengthening, and dispersion strengthening. Be- 

sides, the effects of interstitial strengthening increased with temperature and was the main strengthen- 

ing mechanism at elevated temperatures. These findings not only promote the development of oxide- 

reinforced RHEAs for challenging engineering applications but also provide guidelines for the design of 

light refractory materials with multiple strengthening mechanisms. 

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

In the pursuit of high strength for metallic materials, high- 

ntropy alloys (HEAs) with multiple principal elements have at- 

racted extensive attention as a new class of metallic materials 

ver the past two decades. The high configurational entropy of 

EAs contributes to the decreased Gibbs free energy in these al- 

oys, which retards the formation of intermetallics and stabilizes 

ingle solid solution phase [1–6] . Among them, refractory HEAs 

RHEAs) that contain elements with high melting temperatures 

xhibit high strength at elevated temperatures and excellent ra- 

iation resistance in extreme environment, which are considered 

s promising materials for high-temperature applications such as 

hafts and turbines for aeroengines, wing tip leading edge of hy- 

ervelocity aircraft [ 7 , 8 ]. Nevertheless, most RHEAs exhibit small 

uctility at room temperature and/or poor phase stability at high 

emperature. HfNbTaTiZr RHEA is one of the most thoroughly stud- 

ed RHEAs with large ductility at room temperature and a small 

ensity of 9.9 g/cm 

3 , which makes it a potential substitution for 
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i-based superalloy [9–11] . However, HfNbTaTiZr RHEA exhibits a 

ow yield strength of 929 MPa at room temperature, which seri- 

usly limits its application. In addition, HfNbTaTiZr RHEA displays 

hermodynamic instability and phase decomposition at high tem- 

eratures. It was found the HfNbTaTiZr alloy annealed at 700 °C for 

nly 2.5 h shows a phase decomposition of the originally body- 

entered-cubic (BCC) high entropy phase into a NbTa-rich BCC 

hase and ZrHf-rich hexagonal-close-packed (HCP) phases [12] . 

herefore, it is crucial to improve the strength and phase stabil- 

ty of HfNbTaTiZr RHEA. Addition of metallic elements, oxides or 

xygen atom has been reported to effectively improve the strength 

nd hardness of HEAs. Firstly, alloying with V element can stabi- 

ize BCC phase and refine the grains, and thus leads to improve- 

ent of strength [13] . Senkov et al. reported that the addition of V 

mproved the room-temperature yield strength of NbMoTaW RHEA 

rom 1058 to 1246 MPa, and yield strength at 1600 °C was en- 

anced from 405 to 477 MPa [14] . They also demonstrated that the 

olution of V in CrNbTiZr HEA nearly doubled the yield strength at 

00 °C (from 115 to 259 MPa) [15] . Secondly, the addition of fine-

cale oxide particles, including Y 2 O 3 , Al 2 O 3 , and TiO 2 , to produce

xide dispersion strengthened (ODS) alloys is an effective means 

o improve the strength of alloys at room and elevated tempera- 

ures by reducing the grain size and inducing Orowan strengthen- 
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Fig. 1. XRD patterns of the as-cast x vol.% Al 2 O 3 -reinforced HfNbTaTiZrV alloys at 

room temperature. 
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ng [16–18] . Because of the dispersion of Y 2 O 3 particles, the grain 

ize of ODS CoCrFeNiMn HEA reduced from 0.8 to 0.4 μm, while 

he yield strength increased from 10 0 0 to 1200 MPa [19] . Due

o typical Orowan strengthening caused by Al 2 O 3 particles, obvi- 

us improvement of the compressive yield strength is achieved in 

l 2 O 3 -CoCrFeMnNi HEA, the yield strength increased from 1180 to 

600 MPa [20] . Thirdly, the addition of oxygen atoms in HEAs can 

vercome the strength-ductility trade-off through the interstitial 

trengthening. For example, due to the interstitial strengthening of 

xygen atoms in HfNbZrTi HEA, the tensile yield strength increased 

rom 776 to 1110 MPa. Besides, the elongation had nearly doubled, 

ncreasing from 14.3 to 27.7% [21] . 

However, the effect of the combination of above-mentioned 

hree strengthening methods in ODS HEAs is rarely studied, and 

he contribution of each strengthening mechanism needs to be un- 

overed. In this work, we introduced V element and Al 2 O 3 parti- 

les into HfNbTaTiZr RHEA by vacuum arc-melting. V element with 

igh melting point is expected to stabilize phase structure and 

mprove the strength of the alloy. Al 2 O 3 was utilized as supplier 

or interstitial oxygen atoms to promote the interstitial strength- 

ning and the oxide phases to introduce dispersion strengthen- 

ng simultaneously. The effects of interstitial oxygen atoms and 

he nanoscale Al 2 O 3 particles on the compressive mechanical prop- 

rties of the HfNbTaTiZrV RHEA at room and elevated tempera- 

ures were investigated, the dominant strengthening mechanisms 

esponsible for compressive properties were investigated. 

. Experimental 

Al 2 O 3 -reinforced HfNbTaTiZrV ingots were prepared with pure 

etals (purity > 99.99 wt%) and Al 2 O 3 particles (purity > 99.9 wt%) 

y vacuum arc-melting in an argon atmosphere. x vol.% Al 2 O 3 - 

einforced HfNbTaTiZrV ( x = 0, 1, 2, 3, 4) RHEAs, hereinafter 

re referred to as HfNbTaTiZrV, 1 vol.% Al 2 O 3 , 2 vol.% Al 2 O 3 ,

 vol.% Al 2 O 3 , 4 vol.% Al 2 O 3 . Alloy ingots were remelted for more

han 6 times to eliminate the composition segregation, and then 

rop-cast into a water-cooled copper mold with dimensions of 

10 × 60 mm. The samples for compressive tests were cut into 

ylinders with 2 mm in diameter and 4 mm in height. The room- 

emperature compression tests were carried out at a crosshead 

train rate of 1 × 10 −3 /s using a Sans 5305 system, while the 

igh-temperature compression tests were performed using a Zwick 

APPA 100 machine with the argon atmosphere. Crystal struc- 

ure and phase constitution of the alloy was analyzed by X-ray 

iffractometer (XRD, Bruker D8-Discover) with Cu K α radiation in 

 2 θ range from 20 to 100 °. The atomic structure of samples 

as analyzed using a transmission electron microscope (TEM, Ta- 

os F200X). High angle annular dark field scanning (HAADF-STEM) 

mages were recorded using an annular-type detector with col- 

ection semi-angle ∼100–269 mrad. Volume fraction of the oxide 

hase was measured from TEM images by employing a commer- 

ial software package (Image-Pro-Plus) by using at least 6 TEM 

mages from different grains. Elemental mappings of the samples 

ere acquired by energy-dispersive spectroscopy (EDS). To prepare 

he samples for TEM analysis, thin foils were electro-polished to 

 mm in diameter and 50 μm in thickness by a DJ20 0 0 twin-jet

nit at around -35 °C by using a mixed solution of 6% perchloric 

cid, 30% n -butyl alcohol, and 64% methyl alcohol. Subsequently, 

he specimen was ion thinned by using a Gatan 691 iron beam 

hinner for around 30 min. The electron back-scattering diffraction 

EBSD) images were obtained using a field emission scanning elec- 

ron microscope (SEM, JSM-7800F). Specimens for EBSD analysis 

ith dimensions of 10 × 10 × 1 mm 

3 were electrochemically pol- 

shed by using a mixed solution of 6% perchloric acid, 30% n -butyl 

lcohol, and 64% methyl alcohol solution at a direct voltage of 30 V 

t room temperature. 
192 
. Results 

.1. Phase identification 

The XRD results of the as-cast x vol.% Al 2 O 3 reinforced- 

fNbTaTiZrV alloys are shown in Fig. 1 . All diffraction peaks are 

ndexed to the BCC crystalline structure. As shown in Fig. 1 , the 

eak position of (110) diffraction tends to move towards lower 

alue with the increasing amount of Al 2 O 3 , indicating that oxygen 

toms exist as interstitials in the BCC crystalline lattice. Based on 

he Rietveld method [22] , the lattice parameters of the 0–4 vol.% 

l 2 O 3 alloys are calculated to be 3.359, 3.366, 3.371, 3.377, and 

.381 Å, respectively. The presence of interstitial oxygen atoms in- 

reases the crystalline lattice parameter. 

.2. Mechanical properties 

Fig. 2 (a) shows the room-temperature compressive engineer- 

ng stress-strain curves of the HfNbTaTiZrV alloys reinforced with 

–4 vol.% Al 2 O 3 particles. The alloys exhibit work hardening in 

he compression process. The mechanical properties of the Al 2 O 3 - 

einforced HfNbTaTiZrV alloys are listed in Table 1 . The HfNbTa- 

iZrV alloy exhibits a yield strength of 1300 MPa. With the addi- 

ion of 1–4 vol.% Al 2 O 3 , the alloys exhibit a progressive increase 

n yield strength from 1986 to 2700 MPa. The HfNbTaTiZrV alloy 

isplays 32% plastic strain and the addition of 1 vol.% Al 2 O 3 do 

ot cause significant reduction in the strain. However, a notable 

eduction in the plastic strain is observed in Al 2 O 3 -reinforced sam- 

les with content more than 2 vol.% of Al 2 O 3 . The oxide-reinforced 

EAs exhibit higher strength at the expense of the plasticity of the 

lloy. This is typical mechanical behavior for ODS alloys [ 23 , 24 ]. It

s worth mentioning that although the plastic strain of 2–4 vol.% 

l 2 O 3 alloys is small, it still shows work hardening in the de- 

ormation process. The work hardening may come from the ex- 

stence of the interstitial oxygen atom, which improves the crit- 

cal shear stress necessary for dislocation nucleation and enables 

n excellent balance in interactions between dislocations and oxy- 

en interstitials, thereby leads to a high strain-hardening reserve 

 21 , 25 , 26 ]. Thus, the alloys retain plastic deformation ability while

he strength is improved. 

Since the 4 vol.% Al 2 O 3 alloy exhibits the highest yield strength 

t room temperature, it is chosen for elevated temperature com- 
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Table 1 

Compressive mechanical properties for x vol.% Al 2 O 3 -reinforced HfNbTaTiZrV alloys at room temperature. 

Properties Alloys 

HfNbTaTiZrV 1vol.%Al 2 O 3 2vol.%Al 2 O 3 3vol.%Al 2 O 3 4vol.%Al 2 O 3 5vol.%Al 2 O 3 

Yield strength (MPa) 1300 1986 2149 2283 2700 2696 

Fracture strength (MPa) 2246 3164 2467 2719 2739 2726 

Plastic strain (%) 32 22 7 6.5 6 4 

Fig. 2. Compressive engineering stress-strain curves of (a) the as-cast 0–4 vol.% 

Al 2 O 3 -reinforced HfNbTaTiZrV alloys at room temperature, (b) 4 vol.% Al 2 O 3 alloy 

at elevated temperatures. 
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ression. The compressive engineering stress-strain curves of the 

 vol.% Al 2 O 3 alloy at 40 0, 60 0, 80 0, and 10 0 0 °C are shown in

ig. 2 (b). The strength of the alloy decreases with the increase of 

esting temperature. The work hardening phenomenon is kept dur- 

ng compression of the 4 vol.% Al 2 O 3 alloy at 400 °C. At 600 °C and

bove, the alloy exhibits obvious dynamic recrystallization, which 

eaches the maximum strength at the initial stage of deformation, 

nd strain softening occurs in the subsequent deformation [10] . 

 vol.% Al 2 O 3 alloy shows excellent mechanical properties at high 

emperatures. The yield strength of 4 vol.% Al 2 O 3 alloy is 1392 MPa 

t 800 °C and remains 693 MPa at 1000 °C. 

.3. Microstructure characterization 

The fracture surfaces of the Al 2 O 3 -reinforced alloys after com- 

ressing at room temperature are shown in Fig. 3 . With the incre- 
193 
ent of Al 2 O 3 content, the fracture surface changes from ductile 

o quasi-cleavage fracture. As shown in Fig. 3 (a), the HfNbTaTiZrV 

lloy shows a large number of dimples, which is typical ductile 

racture morphology. Fig. 3 (b) shows the fracture surface of the 

 vol.% Al 2 O 3 alloy. Compared with HfNbTaTiZrV alloy, the number 

f dimples decreases and quasi cleavage fracture morphology ap- 

ears. The dimple morphology disappears and only quasi-cleavage 

racture can be observed on the room-temperature fracture sur- 

aces of the 2 vol.% Al 2 O 3 and 4 vol.% Al 2 O 3 alloys. As shown in

ig. 3 (c, d), similar fracture morphologies are observed in both al- 

oys. The zigzag-shaped fracture surface indicates effective energy 

issipation during deformation process, which ensures the alloy 

as a high strength and 6% plastic strain at the same time [16] . 

The grain structure of the as-cast HfNbTaTiZrV alloys rein- 

orced with 0–4 vol.% Al 2 O 3 particles characterized by EBSD anal- 

sis is displayed in Fig. 4 . As shown in Fig. 4 (a–e), the grains of

l 2 O 3 reinforced-HfNbTaTiZrV alloy are refined with the increasing 

mount of Al 2 O 3 apparently. It indicates that the changes in me- 

hanical behavior are partly due to the addition of Al 2 O 3 particles. 

he Al 2 O 3 particles act as barrier for grain boundary migration, 

hich significantly refine the grains. The grains of 4 vol.% Al 2 O 3 al- 

oys are smaller and more homogeneous ( Fig. 4 (e)). Fig. 4 (f) shows

he average grain size of the alloys. It reveals that the alloys con- 

ist of equiaxed grains with sizes varying in a wide range from 80 

o 13 μm. Since the grain size of the oxide particle is small, both 

RD and EBSD results of the alloys show single BCC phase. The 

xide phase is characterized by TEM in Fig. 5 . 

The reason for the change of mechanical properties of the alloys 

s further uncovered from the TEM analyses. Bright-field TEM im- 

ges of HfNbTaTiZrV and 1 vol.% Al 2 O 3 alloys are shown in Fig. 5 (a,

), respectively. The oxide particles can hardly be observed in the 

atrix of the 1 vol.% Al 2 O 3 alloy, probably due to the low oxygen 

ontent. TEM images of 2 vol.% Al 2 O 3 and 4 vol.% Al 2 O 3 alloys are

hown in Fig. 5 (c, d), respectively. With the increasing content of 

xygen atoms, brittle oxide phases gradually segregate in the alloy. 

herefore, the strength increases with the increasing Al 2 O 3 and the 

lastic strain decreases at the time. 

Taking HfNbTaTiZrV and 4 vol.% Al 2 O 3 alloys as examples, the 

istribution of oxygen atoms was investigated. HAADF-STEM map- 

ing of the as-cast 4 vol.% Al 2 O 3 alloy is shown in Fig. 6 . Obvious

lement segregation can be observed in the 4 vol.% Al 2 O 3 alloy and 

igh content of oxygen atom is detected in the matrix. It indicates 

hat oxygen atom changes the distribution of elements in the alloy 

atrix. Furthermore, it can be seen from Fig. 6 that some Al atoms 

re evenly distributed in the matrix. Al atom with an atomic ra- 

ius of 0.143 nm tends to form substitutional solid solution, which 

lays the role of solution strengthening and reduces the alloy den- 

ity [ 27 , 28 ]. 

Oxygen atom is observed all over the sample, further confirm- 

ng it exists not only as oxides but also as interstitial solid solu- 

ion atoms. This explains the phenomenon that the (110) diffrac- 

ion peak shifts to the left from the XRD results in Fig. 1 . To fur-

her identify the effects of Al 2 O 3 addition on the microstructure 

volution in the deformation process, bright-field TEM images of 

fNbTaTiZrV and 4 vol.% Al 2 O 3 alloys with 5% strain at room tem- 

erature are obtained. In Fig. 7 (a), low-density dislocation entan- 

lement can be observed in the HfNbTaTiZrV alloy, the disloca- 
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Fig. 3. Fracture surfaces of the Al 2 O 3 -reinforced alloys compressed at room temperature (a) HfNbTaTiZrV alloy, (b) 1 vol.% Al 2 O 3 alloy, (c) 2 vol.% Al 2 O 3 alloy, (d) 4 vol.% 

Al 2 O 3 alloy. 

Fig. 4. EBSD images of the as-cast Al 2 O 3 -reinforced HfNbTaTiZrV alloys at room temperature (a) HfNbTaTiZrV alloy, (b) 1 vol.% Al 2 O 3 alloy, (c) 2 vol.% Al 2 O 3 alloy, (d) 3 vol.% 

Al 2 O 3 alloy, (e) 4 vol.% Al 2 O 3 alloy, (f) Average grain size of the alloys. 

194 
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Fig. 5. Bright-field TEM images as-cast Al 2 O 3 -reinforced alloys (a) HfNbTaTiZrV alloy, (b) 1 vol.% Al 2 O 3 alloy, (c) 2 vol.% Al 2 O 3 alloy, (d) 4 vol.% Al 2 O 3 alloy. 

Fig. 6. HAADF-STEM micrograph of the as-cast 4 vol.% Al 2 O 3 alloy along the [110] zone axis (Im-3m) and EDS mappings showing the distribution of elements. 
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ion motion is dominated by plane slip. The corresponding selected 

rea electron diffraction (SAED) pattern is shown in Fig. 7 (b), ex- 

ibiting BCC crystalline structure. Multiple ultrafine oxide parti- 

les are uniformly distributed in the matrix of 4 vol.% Al 2 O 3 alloy, 

inning and hindering the movement of dislocations during defor- 

ation. SAED pattern of the oxide phase in Fig. 7 (c) (marked by 

reen arrows) is shown in Fig. 7 (d), which reveals that some of 

he nanoscale particles are Al 2 O 3 viewed along the zone axis of 

001] Al2O3 . The nanoscale Al 2 O 3 particles contribute to dispersion 

trengthening, which is one of the reasons for the increase of yield 

trength. 
195 
Fig. 8 (a, b) illustrates the high-resolution transmission electron 

icroscopy (HRTEM) images of HfNbTaTiZrV and 4 vol.% Al 2 O 3 al- 

oys viewed along the [111] direction, respectively. The random 

istribution of the contrast indicates a random distribution of 

he constituent elements [29–31] . Inversed Fast Fourier Transform 

FFT) images of the HfNbTaTiZrV and 4 vol.% Al 2 O 3 alloys are 

hown in Fig. 8 (c, d), respectively. The 4 vol.% Al 2 O 3 alloy shows

igh density of lattice misfits, while no lattice misfit is observed 

n the HfNbTaTiZrV alloy. It confirms that the interstitial solution 

f oxygen atoms changes the lattice parameters and causes severe 

attice distortion [ 26 , 32 ]. To further verify this hypothesis, corre- 
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Fig. 7. Bright-field TEM images of alloy with 5% strain at room temperature (a) HfNbTaTiZrV alloy, (b) SAED pattern of (a), (c) 4 vol.% Al 2 O 3 alloy, (d) SAED pattern of (c). 
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ponding mappings of the lattice strains along [121] were deter- 

ined by using Peak Pairs Algorithm (PPA). As shown in Fig. 8 (e, 

), the 4 vol.% Al 2 O 3 alloy has a less homogeneous distribution of 

attice strains than the HfNbTaTiZrV alloy, revealing higher lattice 

istortion resulting from interstitials. Besides, as large lattice dis- 

ortions impose more friction resistance to dislocation migration, 

he strength of 4 vol.% Al 2 O 3 alloy is improved [26] . 

To evaluate the phase stability of the Al 2 O 3 -reinforced alloy at 

levated temperatures, the XRD diffraction patterns of the alloy 

fter 800 °C compression and annealing at 800 °C for 3 h are 

hown in Fig. 9 (a). It can be seen that the alloys keep the same

rystalline structure under two kinds of treatments at 800 °C as 

he as-cast 4 vol.% Al 2 O 3 alloy. The corresponding bright-field TEM 

mages and SAED pattern viewed along zone axis of [110] BCC are 

hown in Fig. 9 (b, c), respectively. Based on the SAED patterns, 

he phase compositions of the alloys after compressing and an- 

ealing at 800 °C are the same as the those of as-cast 4 vol.%

l 2 O 3 alloy. It mainly consists of BCC matrix and the Al 2 O 3 par-

icles. No phase decomposition is detected, which indicates that 

he 4 vol.% Al 2 O 3 alloy exhibits excellent phase stability at 800 °C. 

BSD image of the 4 vol.% Al 2 O 3 alloy after 800 °C compression 

s shown in Fig. 9 (d). The coarse grains are observed, which in- 

icates that dynamic recrystallization fully completed at the defor- 

ation temperature. It proves that the decrease of yield strength at 

igh temperatures is mainly due to the recrystallization softening 

10] . Fig. 9 (e) illustrates the polar figures of the 4 vol.% Al 2 O 3 al-

oy compressed at various temperatures. The corresponding micro- 

extures also changed significantly. The maximum texture inten- 

ities of 4 vol.% Al O alloy deformed at room temperature and 
2 3 

196 
00 °C are 7.62 and 6.53 mud, respectively. When the alloy de- 

ormed above 600 °C, the preferred orientation of the alloy is evi- 

ently weakened by the dynamic recrystallization and the strength 

s reduced at the same time. This indicates texture strengthening 

nduced by preferred orientation of grains during deformation con- 

ributes to the resistance to softening at elevated temperatures. At 

resent, the alloy still has the problem of room temperature brit- 

leness. In the future research, the alloy can be further optimized 

y adjusting the texture volume fraction by controlling the growth 

f texture to expand the application of the alloy. 

. Discussion 

.1. Strengthening mechanisms 

As revealed by the above analyses, it is inferred that the yield 

trength of 4 vol.% Al 2 O 3 alloy is improved at room and elevated 

emperatures by the interstitial strengthening of oxygen atoms, 

he refined grains, the dispersion strengthening by Al 2 O 3 parti- 

les simultaneously. The strengthening mechanisms of the Al 2 O 3 - 

einforced HfNbTaTiZrV alloy at room and elevated temperatures 

an be summarized by four individual parts, including solution 

trengthening ( σss ), interstitial strengthening ( σis ), grain bound- 

ry strengthening ( σgb ), and the dispersion strengthening ( σp ). 

he schematic diagram of the four strengthening mechanisms is 

hown in Fig. 10 (a). In order to determine the contribution of each 

trengthening mechanism, the yield strength of the 4 vol.% Al 2 O 3 

lloy can be calculated as follows [33] : 

0 . 2 = �σss + �σis + �σgb + �σp (1) 
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Fig. 8. Lattice uniformity analysis of the HfNbTaTiZrV and 4 vol.% Al 2 O 3 alloy alloys (a) and (b) HRTEM images of the HfNbTaTiV and 4 vol.% Al 2 O 3 alloys viewed in [110] 

direction, respectively. (c) and (d) Inversed FFT images of (a) and (b), respectively. (e) and (f) Distribution maps of interatomic distances along [121] in the HfNbTaTiZrV and 

4 vol.% Al 2 O 3 alloys, respectively. 
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Take the calculation at room temperature as an example, σss 

s the yield strength of the HfNbTaTiZrV alloy coming from solid 

olution at room temperature (983 MPa), and for 800 °C the value 

s 364 MPa. According to classical Hall-Petch relationship, the grain 

oundary strengthening ( σgb ) can be defined as [34] 

σgb = σ0 + k y 
1 

d 1 / 2 
(2) 

Here, σ0 is the intrinsic frictional stress offered by the lattice, k y 
s the Hall-Petch coefficient (390 MPa μm 

1/2 ) [34] , d is the average

rain size. The strength increase caused by refined grain size can 

e derived as: 

σgb = k y 

(
d 2 

− 1 
2 − d 1 

− 1 
2 

)
(3) 
197 
In this study, d 1 is the average grain size for HfNbTaTiZrV al- 

oy (80 μm), d 2 is the average grain size for 4 vol.% Al 2 O 3 alloy

13 μm). Therefore, the strength increment caused by the grain 

oundary is calculated to be 82 MPa. 

The increase in yield strength due to Al 2 O 3 particles is esti- 

ated by using Ashby-Orowan relationship [35] : 

σp = M 

0 . 4 Gb 

π
√ 

1 − v 
·

ln 

(
2 

√ 

2 
3 

r/b 

)
2 

√ 

2 
3 

r 
(√ 

π
4 f v 

− 1 

) (4) 

Here, M is the Taylor factor, which is about 3.06 for BCC poly- 

rystalline matrix, v = 0.373 is the Poisson’s ratio for HfNbTaTiV 

EA and is used here as estimates [34] . G is the shear modulus. 

he Young’ modulus of the base HEA is 128.09 ± 7.6 GPa, obtained 
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Fig. 9. Microstructure of the 4 vol.% Al 2 O 3 alloy (a) X-ray diffraction patterns of various treatment, (b) Bright-field TEM image of the 4 vol.% Al 2 O 3 alloy after 800 °C 
compression, (c) Bright-field TEM image of the 4 vol.% Al 2 O 3 alloy after annealing at 800 °C for 3 h, (d) EBSD image of the 4 vol.% Al 2 O 3 alloy after 800 °C compression, (e) 

Pole figures for {110} BCC of the 4 vol.% Al 2 O 3 alloy deformed at various temperatures. 

Fig. 10. (a) Schematic diagram of the solid strengthening, interstitial strengthening, grain boundary strengthening, and dispersion strengthening, respectively. Contributions 

of different strengthening mechanisms in the 4 vol.% Al 2 O 3 alloy during compression at (b) Room temperature and (c) 800 °C. 

f

b  

i

o

e

i

A

b

λ

rom compression measurements. The shear modulus is calculated 

y G = E /2(1 + v ), which is determined to be 56 GPa [21] . r = 15 nm

s the average radius of Al 2 O 3 particles. f v is the volume fraction 

f Al 2 O 3 particles (2.6 vol.% for room temperature). b is the Burg- 

rs vector equals to 
√ 

2 a/ 2 ( a is the lattice parameter, 3.381 Å). λ
s the edge-to-edge distance between particles. Assuming spherical 
198 
l 2 O 3 particles are distributed on a cubic grid, it can be calculated 

y the following equation [36] : 

= 2 ̄γ

(√ 

π

4 f v 
− 1 

)
(5) 
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Fig. 11. Mechanical property comparison between the 4 vol.% Al 2 O 3 alloy and other RHEAs (a) Temperature dependence on the yield strength, (b) Density-yield strength at 

elevated temperatures of 80 0 and 10 0 0 °C. 
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a

γ̄ = 

√ 

2 / 3 γ is the mean radius of a circular cross in a random 

lane for a spherical oxide phase. Therefore, the increase in yield 

trength due to Al 2 O 3 phase is calculated to be 356 MPa. Ulti- 

ately, the contribution from the interstitial strengthening ( σis ) is 

etermined according to �σis = σ0 . 2 − σss − σgb − σp = 1279 MPa. 

he ratios of σss , σis , σgb , σp are 36%, 47%, 3%, and 14%, respec- 

ively. Thus, the interstitial solution strengthening plays an impor- 

ant role in improving the strength of the 4 vol.% Al 2 O 3 alloy. 

The contribution of various strengthening mechanisms of the 

 vol.% Al 2 O 3 alloy during 800 °C compression at yield strain was 

alculated by using the same method. Here, we list the detailed 

arameters for strengthening calculation at elevated temperatures 

n Table 2 . The ratios of σss , σis , σgb , and σp for 800 °C com-

ression are 27%, 64%, 2%, and 7%, respectively. The comparison 

f various strengthening mechanisms at room and elevated tem- 

eratures are shown in Fig. 10 (b, c), respectively. The results re- 

eal that the contribution of interstitial strengthening exhibits a 

radual increase from 47% to 64% in the compressive yield strength 
199 
hen the experimental temperature increases from 25 to 800 °C, 

hile the dispersion strengthening increases slightly. The reduc- 

ion degree of each strengthening mechanism, which is defined as 

= ( σ RT - σ 800 °C )/ σ RT , is totally different. δss , δis , δgb , and δp are 

4%, 29%, 52%, and 70%, respectively, suggesting the variation of 

he contribution from different strengthening mechanisms when 

he temperature changes. Based on the strengthening mechanism 

alculation, we can infer that interstitial strengthening improves 

he high-temperature softening resistance of the alloy. 

.2. Mechanical property comparison of RHEAs 

Mechanical properties of 4 vol.% Al 2 O 3 alloy at 40 0, 60 0, 80 0,

0 0 0, and 120 0 °C are compared with some recently reported 

HEAs [ 7 , 11 , 14 , 15 , 37–42 ]. As shown in Fig. 11 (a), the 4 vol.%

l 2 O 3 alloy possesses a unique advantage at temperatures above 

00 °C. At 800 °C, the yield strength of 4 vol.% Al 2 O 3 alloy is

lmost three times higher than that of NbMoTaW of 552 MPa, 
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Table 2 

Parameters for strengthening mechanism calculation for HfNbTaTiZrV and 4 vol.% Al 2 O 3 
alloys during 800 °C compression at yield strain. 

Alloy Grain size d ( μm) Oxides radius r (nm) Oxides fraction f v (%) 

HfNbTaTiZrV 203 — —

4vol.%Al 2 O 3 50 40 1.9 

a

E  

5

a  

h

a

M

A

h

5

o

e
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nd is higher by 65% than that of MoNbTaWV alloy of 846 MPa. 

ven at 10 0 0 °C, it is higher by 26% than that of MoNbTaW of

48 MPa. In addition, comparisons of density and yield strength 

t 800 and 1000 °C are shown in Fig. 11 (b). 4 vol.% Al 2 O 3 alloy

as a relatively lower density of 9.26 g/cm 

3 and higher strength 

mong the RHEAs. Compared with the high-density alloys such as 

oNbTaW (13.61 g/cm 

3 ) and MoNbTaWV (12.29 g/cm 

3 ), 4 vol.% 

l 2 O 3 alloy displays notable characteristics of lightweight and 

igh-temperature resistance. 

. Conclusions 

In summary, this work uncovers that proper addition of Al 2 O 3 

xide in HfNbTaTiZrV RHEA strengthened the alloy at room and 

levated temperatures. 4 vol.% Al 2 O 3 alloy exhibited a strength of 

700 MPa at room temperature, 1392 MPa at 800 °C, and 693 MPa 

t 10 0 0 °C. The addition of Al 2 O 3 induced interstitial strengthen- 

ng, grain boundary strengthening, and dispersion strengthening 

imultaneously. On one hand, the interstitial solution of oxygen 

toms increased the lattice distortion and displayed excellent inter- 

titial strengthening effect. On the other hand, the Al 2 O 3 particles 

ot only pinned at the grain boundary to inhibit the grain growth 

nd refine the grain, but also hindered the movement of disloca- 

ion. Dynamic recrystallization was mainly responsible for the de- 

rease of strength at elevated temperatures. Texture was developed 

nd the alloy could be further optimized by adjusting the texture 

olume fraction. This work reveals the feasibility of adding oxide 

articles through vacuum arc-melting to improve the mechanical 

roperties and phase stability of RHEAs at elevated temperatures, 

hich broadens the application range of light refractory high en- 

ropy alloys. 
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