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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A super-high-entropy alloy (SHEA) with 
ΔSmix > 2.0R was designed. 

• Octonary TiNbTaZrMoHfWCr SHEA was 
developed for biomedical applications 
(BioSHEA). 

• Biocompatibility of the BioSHEA was 
comparable to that of pure Ti. 

• BioSHEA showed high yield strength 
(~2000 MPa) due to solid-solution 
strengthening.  

A R T I C L E  I N F O   
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A B S T R A C T   

A super-high-entropy alloy (SHEA) with ΔSmix ≥ 2.0R (where R is the gas constant) was designed to produce 
metallic materials with superior mechanical properties to conventional alloys. As an alternative to conventional 
quinary high-entropy alloys (HEAs), herein, octonary SHEAs for biomedical applications (BioSHEAs) are pro-
posed for the first time, and the TiNbTaZrMoHfWCr BioSHEA was fabricated. Arc-melted BioSHEA exhibited an 
extremely high yield strength of 1953 ± 84 MPa, which was approximately 550 MPa higher than that of the 
quinary TiNbTaZrMo BioHEA. This yield strength is considerably higher than that estimated by the rule of 
mixtures for pure metals, confirming the achievement of significant solid-solution strengthening induced by a 
supermulticomponent solid solution composed of elements with different atomic radii. Its biocompatibility was 
comparable to that of pure Ti and the quinary BioHEA, and superior to that of SUS316L. This study demonstrates 
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the validity of a novel entropy-based guideline for increasing the mixing entropy to achieve metallic materials 
with ultrahigh strength.   

1. Introduction 

In recent years, high-entropy alloys (HEAs) have attracted increasing 
attention from both academia and industry as a new class of metallic 
materials that exhibit sophisticated mechanical functionality. HEAs with 
an extremely large number of elemental combinations and compositions 
have been reported. For these alloys, the formation of a solid solution 
(solid-solution strengthening) based on increased mixing and/or 
configurational entropy (ΔSmix) is the foundation of their properties, and 
in some cases, various precipitates and separated phases have been 
utilized to successfully develop excellent mechanical properties. Based 
on the success with increasing the mixing entropy (multi-
componentization), it has been suggested that increasing the mixing 
entropy to more than that in ordinary HEAs could be beneficial for 
achieving even higher functionality in metallic materials. A further in-
crease in the number of mixing elements (~10 elements), (and conse-
quently, a further increase in the mixing entropy) has been shown to 
improve solid-solution strengthening [1,2] owing to an increase in lat-
tice strain [2]. The greater variation in composition [3] may also pro-
mote HEA-specific nonlinear effects. However, the 
super-multicomponent alloys reported in previous studies contain 
harmful elements such as Ni and Co, because they are often developed 
for refractory applications. 

This study proposes super-HEAs (SHEAs) for biomedical applications 
(BioSHEAs), which have an even higher mixing entropy (ΔSmix ≥ 2.0R, 
where R is the gas constant) than HEAs (ΔSmix ≥ 1.5R), to bring metallic 
biomaterials to a novel class with superior mechanical properties. The 
‘S’ in the abbreviation of SHEA indicates both super and superior, which 
expresses the alloy’s superior strength expected. To achieve ΔSmix ≥

2.0R, at least eight elements are required in the equiatomic alloy system 
(Fig. 1(a)). 

We fabricated a BioHEA for the first time using only elements with 
low biotoxicity [4,5]. Subsequently, several researchers have developed 
and characterized new BioHEAs and medium-entropy (1.0R ≤ ΔSmix ≤

1.5R) alloys for metallic biomaterials (BioMEAs) [6–14]. However, 
BioSHEA for biomaterials has not yet been reported. This study aimed to 
develop a novel BioSHEA consisting only of elements with low bio-
toxicity. Moreover, the potential of BioSHEA was explored by evaluating 
their mechanical and biological functionalities. 

2. Materials and methods 

Ingots of the TiNbTaZrMoHfWCr BioSHEA and TiNbTaZrMo BioHEA 
were prepared via arc melting (ACM-S01, DIAVAC Ltd., Japan) using 
mixed lumps of pure elements. The alloys were melted at least ten times 
and maintained in a liquid state for approximately 120 s during each 
melting event to ensure chemical composition homogeneity. The cooling 
rate during arc melting was reported to be approximately 2 × 103 K/s 
based on secondary dendrite spacing [15,16]. 

The constituent phases and microstructures were investigated using 
optical microscopy (OM; BX60, Olympus, Japan), X-ray diffraction 
(XRD; D8 DISCOVER, Bruker, Japan), energy-dispersive X-ray spec-
troscopy (EDS; Aztec 3.1, Oxford Instruments, UK), and field-emission 
scanning electron microscopy (FE-SEM; JIB-4610F, JEOL, Japan). 

Rectangular specimens (2 × 2 × 5 mm) were prepared to charac-
terize the mechanical properties by compression, and the 5 mm side was 
parallel to the compressive force. Compression tests (n = 3) were con-
ducted using an Instron-type testing machine (AG-X, Shimadzu, Japan) 
at a nominal strain rate of 1.67 × 10− 4 s− 1 and room temperature. 
Nanoindentation hardness (ENT-1100, Elionix, Japan) was calculated 
using the Oliver and Pharr method [17]. 

To evaluate the biocompatibility, a cell culture experiment was 

Fig. 1. Dependence of mixing entropy (ΔSmix) on the number of constituent elements in the equiatomic alloy system. (a) Mixing entropy–number of constituent 
elements in the equiatomic alloy system. (b) Periodic table with melting temperatures including the elements involved in the SHEA design. (c) Equilibrium ther-
modynamic calculation results for TiNbTaZrMoHfWCr BioSHEA. (d) Distribution coefficients of the constituent elements of TiNbTaZrMoHfWCr BioSHEA at the 
liquidus temperature. 
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performed using a previously reported method [18]. Plate specimens (5 
× 5 × 1 mm) were prepared from commercially pure Ti (CP–Ti), 316 
L-type stainless steel (SUS-316L), and the TiNbTaZrMo alloy as refer-
ence materials, in addition to the TiNbTaZrMoHfWCr BioSHEA test 
specimens (n = 5). Primary osteoblasts were isolated from 3-day-old 
mouse calvariae, diluted to 8000 cells/cm2, and cultured on the speci-
mens for 24 h in a 5% CO2 humidified atmosphere. Cell density was 
evaluated using Giemsa staining (FUJIFILM Wako Chemicals, Japan). 
Cell morphology was evaluated using immunocytochemistry. Quanti-
tative results are expressed as the mean ± standard deviation values. 

Statistical significance was evaluated using one-way analysis of 
variance (ANOVA), followed by Tukey’s post-hoc test. A p-value <0.05 
is considered statistically significant. 

3. Results and discussion 

Based on the equiatomic quinary TiNbTaZrMo BioHEA, an equia-
tomic octonary TiNbTaZrMoHfWCr BioSHEA was designed by adding 
Cr, Hf, and W (Fig. 1(b)). While choosing the elements for the BioSHEA, 
toxic elements were excluded based on IC50 [19], which is a measure of 
biotoxicity. Furthermore, the following parameters, which are generally 
used in the design of BioHEAs, were used to select the elements: mixing 
enthalpy (ΔHmix) for evaluating the atomic interactions among the 
constituent elements, δ for evaluating the difference in the atomic size of 
the constituent elements, a dimensionless parameter Ω, which is defined 
by the combination of the ΔSmix, ΔHmix, melting-temperature values of 
the pure elements, and valence electron concentration (VEC) [20–27]. 

The contribution of solid-solution strengthening to strength (yield 
strength, Δσ) was estimated for the octonary BioSHEA and quinary 
BioHEA and was then compared using the following equations [28,29]: 

Δσ =
(∑

Δσ3/2
i

)2/3
, (1)  

Δσi =AGiδ
4/3
i c2/3

i , (2)  

where σi is the solution strengthening contribution of the i-th element, A 
is a constant that usually has a value of 0.04, Gi is the shear modulus of 
the i-th element. The value of δi was calculated using the following 
equations [28,29]: 

δi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δG2
i + βδr2

i

√

, (3)  

δri =
9
8
∑

cjδrij, (4)  

δGi =
9
8
∑

cjδGij, (5)  

δGij = 2
Gi − Gj

Gi + Gj
, (6)  

δrij = 2
ri − rj

ri + rj
, (7)  

where δG and δr are the shear modulus and atomic size misfit, respec-
tively; β is a constant with a value of 9; δGij and δrij are the shear modulus 
and atomic size misfit between the i-th and j-th elements, respectively. In 
Eqs. (3)–(7), one element first was considered as the solvent and the rest 
of the elements were considered as the solutes. Thereafter, the next 

element was considered the solvent, and other elements were considered 
as the solutes. The calculation was thus repeated as many times as the 
number of constituent elements. Using the G and δ values obtained from 
the literature (Table 1) [30–32], Δσ was estimated to be 2292 MPa for 
TiNbTaZrMoHfWCr BioSHEA and 1604 MPa for TiNbTaZrMo BioHEA. 
Thus, a higher solid-solution strengthening effect is expected for the 
BioSHEA. 

Fig. 1(c) shows the thermodynamic calculations for the TiNbTaZr-
MoHfWCr BioSHEA, which were performed using the Thermocalc soft-
ware (2022a) and TCHEA5 thermodynamic databases. A body-centered 
cubic (BCC) solid solution, referred to as BCC1, is expected to form from 
the liquid phase in the TiNbTaZrMoHfWCr BioSHEA. Fig. 1(d) shows the 
distribution coefficients (k) of the constituent elements at the liquidus 
temperature in the TiNbTaZrMoHfWCr BioSHEA, as determined by 
thermodynamic calculations. The k value of the i-th element (ki) is 
defined as the ratio of the concentration of the i-th element in the BCC1 
phase (CS,i) to that in the liquid phase (CL,i), that is, CS,i/ CL,i, at the 
liquidus temperature. Elements with relatively high melting points, such 
as W, Ta, Nb, and Mo, are enriched in the BCC1 phase, whereas elements 
with low melting points, such as Ti, Zr, Hf, and Cr, exhibit the opposite 
tendency during solidification (Fig. 1(d)). 

Fig. 2(a) shows the XRD patterns obtained from the central region of 
the arc-melted TiNbTaZrMo BioHEA and TiNbTaZrMoHfWCr BioSHEA 
ingots and the calculated XRD peak intensities for the C15 intermetallic 
compound. The peaks in the TiNbTaZrMo BioHEA were indexed to two 
BCC phases with different lattice constants: a main BCC phase with a 
lattice constant of 0.329 nm (○) and a minor BCC phase with a lattice 
constant of 0.341 nm (●) [1]. The TiNbTaZrMoHfWCr BioSHEA 
exhibited intense peaks corresponding to a BCC1 phase with a lattice 
constant of 0.326 nm (○) and minor peaks corresponding to a BCC2 
phase with a lattice constant of 0.344 nm (●). In addition, peaks cor-
responding to the precipitated phase were marked (◆). These peaks are 
consistent with the C15 phase shown in the bottom-part of Fig. 2(a), and 
the precipitation of C15 phase is predicted from the thermodynamic 
calculations (Fig. 1(c)). Fig. 2(b) shows the solidification microstruc-
tures in the arc-melted ingots. The SEM-backscattered electron 
(SEM-BSE) images of the central region of the arc-melted TiNbTaZr-
MoHfWCr BioSHEA (Fig. 2(b), left panel) indicate a clear solidification 
microstructure composed of a dendrite (D) region with bright contrast 
and an interdendrite (ID) region with dark contrast. The results shown in 
Fig. 1(d) indicate that the elements W, Ta, Nb, and Mo with relatively 
small atomic radii and averagely large atomic numbers should be 
enriched in the D region that initially solidified from the liquid phase. 
The EDS data (Fig. 2(c and d)) essentially capture this trend. BCC1, 
which shows a higher peak intensity and a smaller lattice constant in the 
XRD peak profile, corresponds to the D region, as indicated by the 
relative atomic radii and the volume fraction. In contrast, Ti, Zr, Hf, and 
Cr enrichment in the ID region and the formation of BCC2 and Laves 
phases were predicted by equilibrium thermodynamic calculations 
(Fig. 1(c and d)). As indicated in Fig. 2(b), the ID region was further 
divided into two phases, referred to as ID-1 and ID-2. ID-1 was enriched 
in Ti, Zr, Hf with relatively larger atomic radii, which would correspond 
to BCC2 in the XRD profile with larger lattice constant. Cr was charac-
teristically partitioned to ID-2. Cr exhibits a very large atomic size misfit 
with Ti, Zr, and Hf. As reported by Hume-Rothery [33], a sufficiently 
large size mismatch between solvent and solute atoms implies that the 
solid solution tends to become unstable. Studies evaluating the effect of 
atomic size mismatch have found, for example, that when Al is included 

Table 1 
The atomic radius (r), yield strength (σ0.2), shear modulus (G) of pure metals. These values were used to calculate the solid solution strengthening of BioSHEA [30–32].  

Element Ti Zr Nb Ta Mo Hf W Cr 

r (Å) [30,31] 1.462 1.603 1.429 1.430 1.363 1.578 1.367 1.249 
σ0.2 (MPa) [30,32] 140 207 105 172 345 230 550 260 
G (GPa) [30,31] 45.6 30.0 37.5 69.0 125.5 56.0 160.6 115.1  
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in the alloy, a larger mismatch corresponds to a lower HEA solid solution 
formation probability [34]. The ID-2 region with enriched Cr as well as 
Zr and Hf (Fig. 2(d)) corresponded to the C15-Laves phase. The forma-
tion of the Cr-rich Laves phase in the ID region as a minor phase is 
similar to that observed in the Cr-containing TiZrHfCoCrMo BioHEAs 
[10]. Thus, the arc-melted ingots of the TiNbTaZrMoHfWCr BioSHEA 
comprise the main W–Ta–Nb–Mo-rich BCC1 dendritic phase and a minor 
Ti–Zr–Hf–Cr-rich ID region with BCC2 and fine Laves phases. 

Fig. 3 shows the biocompatibilities of the arc-melted TiNbTaZr-
MoHfWCr BioSHEA, TiNbTaZrMo BioHEA, CP-Ti, and SUS316L. Fluo-
rescent images (Fig. 3(a)) of the cytoskeletal components and focal 
adhesion of osteoblasts on the specimens indicated that the osteoblasts 
on the TiNbTaZrMoHfWCr BioSHEA exhibited a widespread 
morphology with a dense network of actin fibers, which were similar to 
those on CP-Ti. Fig. 3(b) shows the osteoblast density for the specimens, 
which was evaluated by Giemsa staining. The cell density of the TiNb-
TaZrMoHfWCr BioSHEA (5246 ± 176 cells/cm2) was comparable to 
that of CP-Ti (5192 ± 379 cells/cm2) and TiNbTaZrMo BioHEA (4712 ±
343 cells/cm2), but significantly higher than that of SUS316L (2835 ±
619 cells/cm2). No significant differences were observed in the cell areas 
on the materials (Fig. 3(a)). The alloy design strategy wherein only el-
ements with low biotoxicity were used may have enabled a uniform 

spread and tight adhesion of the cells. Thus, the design guideline based 
on element-specific toxicity was effective for fabricating BioHEAs, even 
with supermultiple elements. 

The mechanical properties of the arc-melted TiNbTaZrMoHfWCr 
BioSHEA and TiNbTaZrMo BioHEA were compared and the results are 
shown in Fig. 4. Fig. 4(a) shows the engineering stress–plastic strain 
curve, and the inset shows 0.2% proof stress (yield strength). The yield 
strengths of the BioSHEA and BioHEA were 1953 ± 84 MPa and 1402 ±
4 MPa, respectively. The yield strength of the octonary BioSHEA was 
approximately 550 MPa higher than that of the quinary BioHEA. 
Assuming a solid solution, the yield stress can be estimated as the sum of 
average yield strength of the constituent element and the solid solution 
strengthening [35,36]: 

σest
y = σROM

y + Δσ, (8)  

σROM
y =

∑n

i=1
ciσy,i, (9)  

where σest
y is the estimated yield strength, σROM

y is the yield strength 
obtained using the rule of mixtures from each constituent element, ci is 
the molar fraction of each element, and σy,i is the yield strength of each 

Fig. 2. Solidification microstructures in the arc-melted ingots of the TiNbTaZrMoHfWCr BioSHEA and TiNbTaZrMo BioHEA. (a) XRD patterns of the arc-melted 
TiNbTaZrMo BioHEA and TiNbTaZrMoHfWCr BioSHEA and the calculated peaks of the C15-Laves phase. (b) SEM-BSE images and (c) EDS mapping of Ta, Ti, 
and Zr for the TiNbTaZrMoHfWCr BioSHEA. (d) Chemical composition of the constituent elements obtained from the D, ID-1, and ID-2 regions. 

Fig. 3. Biocompatibilities of the arc-melted TiNbTaZrMoHfWCr BioSHEA, CP-Ti, SUS316L, and TiNbTaZrMo BioHEA. (a) Fluorescent staining images. (b) Osteoblast 
density on the specimens evaluated by Giemsa staining. **: p < 0.01. 
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constituent element. The σy,i values ranged from 140 MPa (Ti) to 550 
MPa (W) [30,32] (Table 1), and the σROM

y values varied slightly between 
the TiNbTaZrMo BioHEA (~200 MPa) and TiNbTaZrMoHfWCr BioSHEA 
(~260 MPa). Therefore, the significant difference in the yield strength is 
due to solid-solution strengthening. However, the yield strengths ob-
tained were lower than the calculated values. This might be because the 
calculation assumes a uniform solid solution of the designed composi-
tion without any segregation. However, the alloys fabricated herein 
were not in the form of a complete single-phase solid solution as rep-
resented in Fig. 2. The compositions deviated from equiatomic compo-
sitions owing to microsegregation and precipitate formation. Therefore, 
the strengths of the specimens were lower than the calculated ideal 
values. Such reductions in the strength from the ideal values owing to 
compositional deviations have been previously reported [28,37]. To 
inhibit segregation and develop the original solid-solution strength-
ening, it is advantageous to fabricate products by laser powder bed 
fusion, where ultrarapid cooling is possible [13,38]. However, the 
preparation of alloyed powders using this method is challenging owing 
to the super-multicomponent system. 

Compared with the quinary TiNbTaZrMo BioHEA, the octonary 
TiNbTaZrMoHfWCr BioSHEA exhibited reduced plastic strain at the cost 
of high strength. In BCC HEAs, lowering the valence electron concen-
tration (VEC) improves the room temperature ductility [27,39]. In a 
previous study, we achieved a considerable increase in ductility of 
quinary BioHEAs by shifting the composition from equiatomic one to 
reduce VEC [12]. In this study, only the equiatomic composition was 
examined to elucidate the effects of increase in the number of alloying 
elements. Improving the ductility of BioSHEA by adjusting the blending 
ratio of the elements for reduced VEC may be considered in future work. 

The ingot exhibited plastic deformation during the compression 
tests. The presence of a fine Laves phase as a minor phase in the ID re-
gion has been reported to be effective in enhancing the mechanical 
properties of bulk plasticity in Ti alloys [40]. Moreover, a fine Laves 
phase dispersion in the ID region has been reported to be effective in 
increasing the hardness of the TiZrHfCoCrMo BioHEA ingots [10]; the 
TiNbTaZrMoHfWCr BioSHEA may possess a similar mechanism. Fig. 4 
(b) shows the nanoindentation hardness of the ID and D regions in the 
arc-melted TiNbTaZrMo BioHEA and TiNbTaZrMoHfWCr BioSHEA. For 
the TiNbTaZrMoHfWCr BioSHEA, the nanoindentation hardness in the 
ID region was obtained from a mixture of ID-1 and ID-2 regions (Fig. 2 
(b)). The nanoindentation hardnesses for the ID and D regions of the 
TiNbTaZrMo BioHEA were 5.67 GPa and 5.82 GPa, respectively, while 
those for the TiNbTaZrMoHfWCr BioSHEA were 8.40 GPa and 9.61 GPa, 
respectively. The nanoindentation hardness in the D region of the Bio-
SHEA without the precipitated phase was significantly higher than those 

in the main BCC dendritic and minor BCC interdendritic regions of the 
BioHEA. This indicates that a solid-solution strengthening effect occurs 
in the D region (BCC1 phase) via elemental interactions in the BioSHEA. 
In accordance with Eqs. (1)–(7), the significantly higher hardness in the 
D region of the TiNbTaZrMoHfWCr BioSHEA than that in the ID region 
was attributed to the higher shear moduli of the concentrated elements, 
primarily W, Mo, and Ta. 

Solid-solution strengthening is widely recognized as a predominant 
mechanism responsible for the exceptionally high strength of HEAs with 
similar compositions of SHEA reported in thus study such as 
(TiZrNbTa)–Mo [41] and TaNbHfZrTi [28,42]. Moreover, the BioSHEA 
reported in this study showed Laves phase. The strengthening effect of 
Laves phase dispersion in HEAs has been previously reported [10]. 
Other possible contributions from nanoscale phase separation, short 
range order, and fine precipitates have not been considered in this 
analysis. The contributions from these effects must be analyzed using 
transmission electron microscopy and scanning transmission electron 
microscopy, which is a challenge for future work. 

In addition to high biocompatibility, biomaterials used in bone im-
plants should exhibit excellent mechanical properties. In particular, 
joint replacement implants induce relative motion between mating parts 
and should withstand wear on the mating surfaces [43]. Since hardness 
is strongly correlated with wear resistance, these results suggest that 
super-multicomponent BioSHEA may exhibit good wear resistance. 

In this study, a metallic biomaterial with high strength as well as 
good biocompatibility was obtained via super-multicomponentization. 
A high strength allows for a reduction in the cross-sectional area of 
the implant (e.g., bone plate) to meet the mechanical requirements, 
which in turn allows for a reduction in the stiffness of the implant. Thus, 
it can contribute to the inhibition of stress shielding to the bone [44]. 
Furthermore, the toxicity of metal ions to living organisms is not a linear 
function of ion concentration, but increases considerably at certain 
concentrations [19]. This means that even elements with a marginally 
lower biocompatibility than Ti, such as W and Cr, which may be toxic at 
high concentrations, can be used in the non-toxic range. Therefore, 
"super-high-entropy" is an effective strategy to increase the strength of 
metallic biomaterials while maintaining their biocompatibility. 

4. Conclusion 

This study clarified that an increase in entropy from BioHEA to 
BioSHEA was significantly effective in increasing the mechanical 
strength via solid-solution hardening. Moreover, BioSHEA exhibited 
excellent biocompatibility, which was comparable to that of CP-Ti and 
BioHEA. In conclusion, this study demonstrated the concept of SHEAs 
for application as metallic biomaterials (BioSHEAs) with ΔSmix ≥ 2.0R 

Fig. 4. Mechanical properties of the arc-melted TiNbTaZrMoHfWCr BioSHEA and TiNbTaZrMo BioHEA. (a) Typical engineering stress-engineering plastic strain 
curves obtained from the compression test at room temperature with an inset showing the yield strength of the TiNbTaZrMo BioHEA and TiNbTaZrMoHfWCr 
BioSHEA. The data for TiNbTaZrMo BioHEA were reported in Ref. [4]. (b) Nanoindentation hardness at the dendritic and interdendritic regions in the TiNbTaZrMo 
BioHEA and TiNbTaZrMoHfWCr BioSHEA. **: p < 0.01. 
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and the development of the TiNbTaZrMoHfWCr BioSHEA. The main 
constituent phase of the BioSHEA ingot was the BCC phase, with minor 
Laves phases. The biocompatibility of the BioSHEA was comparable to 
that of CP-Ti and previously reported BioHEAs. The mechanical strength 
of BioSHEA was significantly higher than that of BioHEA owing to the 
solid-solution hardening of the BCC phase and the fine Laves phase 
dispersion. Thus, the developed strategy involving an increase in the 
entropy of HEAs serves as a novel entropy-based guideline for the 
development of a new class of metallic biomaterials. 
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