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Abstract: A combinatorial material synthesis and analysis method can offer a great promise of mapping the 
elasto-plastic and diffusion properties in refractory multi-element alloys of Ti−Nb−Zr−W system with various 
compositions. Six groups of Ti−Nb−Zr−W quaternary diffusion couples annealed at 1273 K for 25 h were prepared and 
measured by electron probe microanalysis and nanoindentation tests. Subsequently, the composition-dependent 
elasto-plastic properties in a wide composition range of Ti−Nb−Zr−W system were obtained by using two analytical 
methods including Oliver−Pharr analysis and reverse analysis algorithms. Moreover, elasto-plastic property and 
interdiffusion coefficient databanks of BCC Ti−Nb−Zr−W system were established by using the machine learning and 
pragmatic numerical inverse methods, respectively. A hot workability parameter defined by the ratio of Young’s 
modulus to main interdiffusion coefficient was proposed to evaluate the behavior during the hot working. Finally, wear 
resistance of refractory multi-element alloys was also discussed and verified by the experimental results. The results 
reveal that Ti-rich refractory multi-element alloys with the low W content have high hardness, good wear resistance, 
high stress, and excellent processability during the hot working, while the relatively high W content cannot improve the 
elasto-plastic properties of Ti-rich refractory alloys. 
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1 Introduction 
 

Refractory multi-element alloys are attracting 
more and more attention due to exceptional 
elasto-plastic properties [1−3]. The recently 
designed refractory multi-principal element alloys 
have good room temperature and elevated 
temperature elasto-plastic properties and oxidation 
resistance, which can be utilized as promising 
alloys with optimum integrated properties for 
aerospace and aircraft applications [4−6]. Due to 
the low density of element Ti, Ti-rich refractory 

alloys with the body-centered cubic (BCC) 
structure have rather lower densities compared to 
other refractory alloys, and have potential for 
development into newly low-density refractory 
alloys. Moreover, Ti–Nb–Zr-based alloys have good 
bio-compatibility and low Young’s modulus, which 
are considered as a great potential for biomedical 
applications [7−9]. Fundamental information is very 
helpful for the design of novel Ti−Nb−Zr-based 
alloys, and the investigations on the Young’s 
modulus, hardness, and diffusion coefficients of the 
Ti-rich Ti−Nb−Zr−(Cr, Hf, Mo, and Ta) quaternary 
alloys have been reported in the literature [9−13]. 
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However, there is no systematic study on the effect 
of W on the elasto-plastic and diffusion properties 
of BCC Ti−Nb−Zr-based alloys to date. Therefore, 
more explorations to understand several elasto- 
plastic and diffusion property data of the 
W-containing Ti−Nb−Zr-based alloys are strongly 
necessary. 

Depth-sensing instrumented indentation is 
widely used for many material systems to extract 
elasto-plastic properties from the load (P) of the 
indenter tip and displacement (h) of the tip into the 
materials [14]. The well-known Oliver−Pharr 
analysis method [15] has been embedded into 
operating system to determine the basic properties 
(Young’s modulus (E) and hardness (H)). In 
addition, reverse analysis algorithm [16], which is 
based on the step-by-step analytical method [17], 
can be directly utilized to obtain the elasto-plastic 
properties which include modulus, hardness, 
representative stress (σ0.033, σ0.082, or even yield 
strength), and strain hardening coefficient (n). 
Nanoindentation on the specimens with the 
composition gradient (diffusion couples or 
multiples) is used as a high-throughput method to 
determine the composition-dependent elasto-plastic 
property data. Very recently, machine learning  
(ML) method has been utilized to predict the 
Young’s modulus and hardness of multicomponent 
alloys [18,19]. Interdiffusion coefficient in the 
materials represents the influence of concentration 
gradient of one solute element on the diffusion rate 
of one solute element in the presence of a solvent 
element, which can be determined from 
composition profile of the diffusion couple [20]. 

The objective of this work is to explore the 
elasto-plastic and diffusion properties of BCC 
Ti−Nb−Zr−W alloys within a wide range of 
composition. Firstly, six diffusion couples of 
Ti−Nb−Zr−W system were annealed at 1273 K. 
Then, nanoindentation tests and electron probe 
microanalysis (EPMA) were conducted on the 
diffusion couples to obtain the elasto-plastic 
properties and compositions, respectively. Then, the 
composition-dependent databanks on elasto-plastic 
properties and interdiffusion coefficients of BCC 
Ti−Nb−Zr−W system were respectively developed 
by the ML and pragmatic numerical inverse 
methods, which were used to analyze the 
processability of Ti-rich Ti–Nb–Zr–W alloys during 

the hot working. Finally, wear resistance of 
refractory multi-element alloys was discussed and 
verified by the wear experiments. 
 
2 Experimental 
 
2.1 Material preparation and characterization 

Ti (purity: 99.999%), Nb (purity: 99.95%), W 
(purity: 99.95%), and Zr (purity: 99.9%) slugs were 
used in this experiment. The Ti-rich ternary alloys 
remelted by arc melting under an Ar atmosphere 
using a non-reactive W electrode (WKDHL−1, 
Opto-electronics Co., Ltd., Beijing, China) were  
cut into blocks, and then homogenized in 
vacuum condition at (1273±2) K for 7 d in an 
ELF1106 type furnace (Carbolite Gero Co., Ltd., 
United Kingdom). The crystalline phase of the 
heat-treated blocks was identified by X-ray 
diffraction (XRD) using an Ultima IV diffractometer 
(Rigaku, Tokyo, Japan) with monochromatic Cu Kα 
radiation, which is presented in Fig. 1. The XRD 
patterns indicated that the samples prepared after 
annealing at 1273 K for 7 d were composed of a 
single BCC phase. And a Schottky field emission 
scanning electron microscope (FE-SEM, JSM- 
IT800, JEOL, Japan) equipped with an electron 
backscatter diffraction (EBSD) unit was used to 
observe grain size and texture. After that, the 
ground blocks with any two components were 
bound by Mo clamps, and annealed in 
vacuum condition at (1273±2) K for 25 h. After the 
vacuum annealing and quenching in the flowing 
water, the quaternary Ti−Nb−Zr−W diffusion 
couples were obtained. Cross-sections of the 
diffusion couples were ground and polished by  
SiC papers and diamond pastes, respectively. 
Compositions of six quaternary Ti−Nb−Zr−W 
diffusion couples were determined by EPMA 
(JXA−8530, JEOL, Japan), and the corresponding 
end-members are listed in Table 1. Young’s moduli 
and hardness were obtained by the nanoindenter 
(Keysight G200, Agilent Technology, USA) 
according to Oliver−Pharr analysis [15]. The 
corresponding energy as shown in Fig. 2 was 
obtained from the load−displacement curve, which 
can be adopted for the calculation of elastic 
recovery. Moreover, reverse analysis algorithm 
proposed by DAO et al [16] was also utilized for 
the Young’s modulus, hardness, and stress. 
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Fig. 1 XRD patterns of heat-treated Ti−Nb−Zr (a), 
Ti−Nb−W (b), and Ti−Zr−W (c) alloys in Ti−Nb−Zr−W 
system after annealing at 1273 K for 7 d 
 
Table 1 Alloy compositions (%) in Ti−Nb−Zr−W 
diffusion couples 

Couple No. Composition 

1 Ti−9Nb−9.89Zr/Ti−9.79Nb−1.17W 

2 Ti−9.4Nb−0.75W/Ti−9.48Zr−1.66W 

3 Ti−10.07Zr−1.66W/Ti−9Nb−9.89Zr 

4 Ti−17Nb−20.17Zr/Ti−18.7Nb−5.3W 

5 Ti−17.71Nb−6.29W/Ti−20.52Zr−4.72W 

6 Ti−20.74Zr−4.57W/Ti−18.04Nb−20.45Zr 

 

 
Fig. 2 Schematic diagram of loading and unloading in a 
cycle of indentation and corresponding energy fractions 
 

In addition, four alloys including Ti− 
12.5%Nb−9.5%Zr−5.7%W, Ti−3%Nb−6%Zr− 
1.4%W, Ti−11%Nb−8.5%Zr−4%Sn, and Ti− 
18.7%Nb−12.8%Zr−3.5%Hf (mole fraction) were 
prepared by using arc melting and marked as TW6, 
TW1, TS, and TH, respectively. Several blocks with 
the size of 10 m × 10 m × 5 mm were homogenized 
in vacuum condition at (1273±2) K for 2 h, and 
then quenched in flowing water. The polished 
blocks in the as-cast (AC) and solution-treated (ST) 
states were tested on the reciprocating tribology 
tester (MFT−5000, Rtec-Instruments Multi- 
Functional Tribometer Co., Ltd., USA) combined 
with a zirconia ball (5 mm in diameter) as the 
friction pair. The detailed parameters for the 
experiments performed under an atmospheric 
atmosphere were a load of 2 N, time of 1 h, and 
frequency of 1 Hz. Friction coefficient of the 
sample was automatically generated during the 
experiment. And wear rate (Q) was calculated from 
the ratio of wear volume loss to sliding distance. 
 
2.2 Prediction of Young’s modulus and hardness  

ML approach has been increasingly used to 
discover the correlations between compositions  
and properties including Young’s modulus and 
hardness [21,22]. In this work, the measured alloy 
compositions in the above diffusion couples were 
denoted as input variables, while the Young’s 
moduli or hardness were denoted as response 
variables. Cross validation method was used to 
randomly divide the input data into training and 
testing data without repeats. Gaussian processes 
regression (GPR), support vector regression (SVR), 
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and linear regression (LR) models were employed 
to establish the ML prediction. Measured Young’s 
moduli and hardness of 232 compositions were 
used as training and testing data. 
 
2.3 Determination of interdiffusion coefficients  

A pragmatic numerical inverse method based 
on Fick’s second law was proposed to determine the 
composition-dependent interdiffusion coefficients 
in binary and multicomponent systems [23,24]. 
Calculations of composition-dependent interdiffusion 
coefficients of Ti-rich Ti−Nb−Zr−W system can be 
conducted by using a free accessible code called 
High-throughput Determination of Interdiffusion 
Coefficients (HitDIC) [25]. In this work, the thermo- 
dynamic parameters presented in Refs. [26,27] and 
an ideal solid solution model were utilized, and the 
mobility parameters reported in Refs. [28−31] were 
also used. 
 
3 Results 
 

Considering that all the end-members of 
diffusion couples are within a single BCC phase 
region of Ti−Nb−Zr−W system, Ti−18.7%Nb− 
5.3%W alloy was selected as the typical one. EBSD 
maps of Ti−18.7%Nb−5.3%W alloy are presented 
in Fig. 3. The Ti−18.7%Nb−5.3%W alloy fabricated 
by arc-melting and solution treatment is 
polycrystalline, as shown in the maps including 
inverse pole figure (IPF) and pole figure. EBSD 
orientation map indicates that this alloy has a 
generally homogeneous microstructure with no 
abnormal grain growth or preferred grain 
orientation. After a long annealing time at 1273 K, 
Ti−Nb−W alloy has an average grain size larger 
than 300 μm, which is appropriate for the 
investigations of bulk diffusion without the obvious 
effect of grain boundary. 

The measured composition variations in the 
Ti−Nb−Zr−W diffusion couples have been 
presented in Fig. S1 in Supplementary Materials 
(SM). It can be seen from Fig. S1 that the measured 
composition profiles of Ti, Nb, Zr, and W in the 
BCC Ti−Nb−Zr−W diffusion couples can be well 
reproduced by the fitted data. Therefore, the fitted 
composition profiles are used to determine the 
compositions of the indentations, which can provide 
smooth and continuous data. The experimental 
elasto-plastic property data (i.e., Young’s modulus, 
hardness, and elastic recovery) of the Ti−Nb−Zr−W 
alloys have been obtained from Oliver−Pharr 
method and presented in Fig. S2 in SM. As shown 
in Fig. S2, the variations of the experimental 
Young’s moduli, hardness, and elastic recovery of 
the Ti alloys in the BCC Ti−Nb−Zr−W diffusion 
couples are within the range of 59−100 GPa, 
2.5−5.2 GPa, and 0.20−0.36, respectively. Contact 
boundary of the diffusion couple is utilized as   
the reference position to correlate the fitted 
composition versus position with the nano- 
indentation results versus position. And then, 
elasto-plastic properties corresponding to the alloy 
composition variations can be obtained. Figure 4 
shows the composition-dependent Young’s modulus, 
hardness, and elastic recovery of BCC ternary and 
quaternary Ti-based alloys in the Ti−Nb−Zr−W 
diffusion couples. In Figs. 4(a−c), the experimental 
Young’s moduli of the BCC Ti alloys slowly 
increase from the side of Ti−9%Nb−10%Zr to that 
of Ti−10%Nb−1%W, and then rapidly increase to 
that on the side of Ti−%10Zr−1.6%W. The 
experimental hardness and elastic recovery of the 
BCC Ti alloys in the diffusion couples of 
Ti−9.0%Nb−9.9%Zr/Ti−9.8%Nb−1.2%W and Ti− 
9.4%Nb−0.75%W/Ti−9.5%Zr−1.7%W have a 
similar trend. Since the elastic recovery of the 
Ti−10%Zr−1.6%W alloy is lower than that of the  

 

 
Fig. 3 Inverse pole (a) and pole figures (b−d) of Ti−18.7%Nb−5.3%W alloy after annealing at 1273 K for 7 d obtained 
from EBSD measurement 
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Fig. 4 Experimental Young’s modulus, hardness, and elastic recovery of BCC Ti alloys in Ti−9.0%Nb−9.9%Zr/ 
Ti−9.8%Nb−1.2%W (a), Ti−9.4%Nb−0.75%W/Ti−9.5%Zr−1.7%W (b), Ti−10.1%Zr−1.7%W/Ti− 9.0%Nb−9.9%Zr (c), 
Ti−17.0%Nb−20.2%Zr/Ti−18.7%Nb−5.3%W (d), Ti−17.7%Nb−6.3%W/Ti−20.5%Zr−4.7%W (e), and Ti−20.7%Zr− 
4.6%W/Ti−18.0%Nb−20.4%Zr (f) diffusion couples annealed at 1273 K for 25 h based on Oliver−Pharr method 
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Ti−9%Nb−10%Zr alloy, the elastic recovery on the 
side of Ti−10%Zr−1.6%W slowly increases to that 
on the Ti−9%Nb−10%Zr side. Moreover, there is 
the inverse relationship between the experimental 
hardness variations in the diffusion couples and the 
Nb concentration. It can be seen from Figs. 4(d−f) 
that the measured Young’s moduli on the Ti− 
17%Nb−20%Zr side increase to those on the 
Ti−18%Nb−6%W and Ti−20%Zr−5%W sides, and 
the experimental Young’s moduli of the quaternary 
alloys between the composition range of 
Ti−18%Nb−6%W and Ti−20%Zr−5%W have a 
sudden change. A minimum value of Young’s 
modulus for the quaternary alloy exists in the above 
sudden change. The variation trend of the hardness 
in the Ti−17.0%Nb−20.2%Zr/Ti−18.7%Nb−5.3%W, 
Ti−17.7%Nb−6.3%W/Ti−20.5%Zr−4.7%W, and Ti− 
20.7%Zr−4.6%W/Ti−18.0%Nb−20.4%Zr diffusion 
couples is similar to that of the elastic recovery. 
Moreover, the experimental Young’s modulus varies 
with the Ti concentration, while the variations of 
the experimental hardness and elastic recovery are 
inversely related to the Nb concentration. It is found 
that the addition of W can enhance the hardness of 
Ti−Zr alloys while the addition of W has a less 
effect on the elasto-plastic property of Ti−Nb alloys 
than that of Zr. 

The reverse analysis algorithm [16] can 
provide elasto-plastic properties from the 
experimental load−depth curves by using a step-by- 
step method. Figure 5 shows the comparisons 
between the results of reverse analysis algorithm 
and the data of Oliver−Pharr method. In this figure, 
the Young’s moduli and hardness obtained from 
Oliver−Pharr method are 7.05% and 11.58% higher 
than those of reverse analysis algorithm, respectively. 
The results obtained from two methods are close  
to each other, indicating that the two methods 
including Oliver−Pharr method and reverse analysis 
algorithm can be used to determine the reliable 
Young’s modulus and hardness values. The 
relationship among the Young’s modulus, hardness, 
and stress of reverse analysis algorithms for the 
BCC Ti−Nb−Zr−W system is presented in Fig. 6. 
Here, the stress corresponding to strain which is 
equal to 0.082 is within the range of 0.86−1.82 GPa. 
Moreover, hardness is 2.44 times stress when 
representative strain is 0.082. In addition, the stress 
when strain is 0.033 and strain hardening exponent 
of the BCC Ti−Nb−Zr−W system can be obtained  

 

 
Fig. 5 Comparisons between experimental results of 
Oliver−Pharr method and data obtained from reverse 
analysis algorithm in Ti−Nb−Zr−W diffusion couples:  
(a) Young’s modulus; (b) Hardness 
 

 

Fig. 6 Elasto-plastic property relationship of BCC 
Ti−Nb−Zr−W alloys based on reverse analysis algorithm 
 
and shown in Fig. S3 in SM. In Fig. S3, the   
stress when strain is 0.033 has a large fluctuation 
(1.1−3.5 GPa) while the strain hardening exponent 
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of BCC Ti−Nb−Zr−W system slightly fluctuates  
up and down near 0.2 (0.16−0.24). Moreover, the 
point projections of the measured data into a 
two-dimensional stress−hardness drawing (solid 
circles in orange color) in Fig. 6 show that there is a 
linear relationship between hardness and stress and 
the ratio of hardness to stress is 2.44. 

The Young’s modulus and hardness databanks 
of the Ti−Nb−Zr−W system are developed by using 
ML approach based on the measured data (232 data 
points). The root mean-squares error (RMSE) and 
the coefficient of determination (R2) for GPR, SVR, 
and LR models are listed in Table 2. It can be seen 
from Table 2 that GPR model has the lowest RMSE 
and the highest R2. The results indicate that this 
model has the high prediction accuracy for the 
calculations of Young’s modulus and hardness    
in the Ti−Nb−Zr−W system. Thus, the Young’s 
modulus and hardness corresponding to the 
measured alloy compositions can be predicted from 
the present databank based on GPR model, which 
are presented in Fig. 7, showing that the predicted 
Young’s moduli and hardness are consistent with 
the measured data, indicating the accuracy of the 
present ML databank in a certain composition space. 
The Young’s moduli predicted from ML databank 
are used in the subsequent calculations. The 
predictions of ML method are evaluated from the 
given data without the prior assumption. However, 
their validity strongly depends on the composition 
range of the given Young’s modulus and hardness. 
 
Table 2 RMSE and R2 of GPR, SVR, and LR models for 
Young’s modulus and hardness in Ti−Nb−Zr−W system 

Property 
GPR  SVR  LR 

RMSE/ 
GPa R2  RMSE/ 

GPa R2  RMSE/ 
GPa R2 

Young’s  
modulus 2.69 0.89  

 3.23 0.85  
 2.99 0.87 

Hardness 0.23 0.84  
 0.24 0.83  

 0.26 0.81 

 
In the determination of interdiffusion 

coefficients, both the thermodynamic parameters 
and ideal solid solution model are utilized here   
to provide the thermodynamic factors. Thus, the 
interdiffusion coefficients with and without the 
consideration of thermodynamic parameters can  
be obtained and accompanied with two sets of the 
model-predicted composition profiles. Figure S4 

 

 

Fig. 7 Comparison between measured Young’s modulus 
(a) and hardness (b) of Ti−Nb−Zr−W alloys and 
predicted data by using ML method 
 
in SM shows the comparison between six sets of 
model-predicted composition profiles of Ti−Nb− 
Zr−W diffusion couples at 1273 K and the 
measured data. It can be seen from the figure that 
the model-predicted composition profiles in the 
assumption of an ideal solid solution model (solid 
lines) agree better with the experimental profiles 
than those with the consideration of thermodynamic 
parameters (dash lines). Several singular turning 
points of the simulated composition profiles     
are caused by the thermodynamic parameters, 
indicating that the thermodynamic parameters of 
BCC Ti−Nb−Zr−W system need to be modified 
according to the present diffusion information. 
Therefore, the results of an ideal solid solution 
model are determined here as the interdiffusion 
coefficients of Ti-rich Ti−Nb−Zr−W system at 
1273 K, and demonstrated by the color variations in 
the composition space of a quaternary system. The 
main interdiffusion coefficients obtained by using 
pragmatic numerical inverse method are shown in 
Fig. 8. The interdiffusion coefficients obviously 
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vary with the compositions of three solute elements 
Nb, Zr, and W. Moreover, three main interdiffusion 
coefficients including Ti

WWD , Ti
NbNbD , and 

Ti
ZrZrD  are all positive, and the values of Ti

ZrZrD  and 
Ti
WWD  are the largest and the lowest, respectively. 

 

 
Fig. 8 Main interdiffusion coefficients Ti

WWD
 
(a), Ti

NbNbD  (b), 
and Ti

ZrZrD  (c) of Ti-rich Ti−Nb−Zr−W system at 1273 K 
determined by using pragmatic numerical inverse 
method 
 

Diffusive creep and superplasticity are very 
important for the production and applications in aero- 
space, biomedical, and automotive sectors [32,33]. 
The deformation rate, which is considered a regime 
of high temperature creep or superplasticity, is 
expressed in terms of steady state strain ε  [34,35]. 

For diffusion-controlled processes, the steady  
state strain rate can be expressed in explicit form  
as [36−38]  

q

m

FDσ
E

ε =                               (1) 
 
where F is an interaction constant, D is the 
diffusivity, σ is the stress, E is the Young’s modulus, 
and exponents q and m are the values which are 
equal to or larger than 3. For simplicity, the Young’s 
modulus at intermediate temperature is assumed  
to be linearly related with that at room temperature, 
which is in good agreement with the linear 
relationship between modulus and temperature 
utilized in Ref. [38]. Moreover, based on the 
comprehensive comparisons between steady   
state creep characteristics and lattice diffusion 
characteristics [35], the effective diffusivity Deff is 
related to the main interdiffusion coefficient of the 
solute element with large atomic radius. Therefore, 
a hot workability parameter is defined here by ratio 
of main interdiffusion coefficient of large solute  
to cube of Young’s modulus, which is tightly related 
to the behaviors during the hot working. By using a 
combination of the ML-type Young’s modulus 
databank and interdiffusion coefficients determined 
via the pragmatic numerical inverse method at 
1273 K, hot workability parameter Deff/E3 at each 
composition point of Ti-rich Ti−Nb−Zr−W system 
can be obtained. Figure 9 shows the variations    
of Deff/E3 for the Ti-rich Ti−Nb−Zr−W alloys. It 
should be noted that the values of effective 
diffusivity Deff are the interdiffusion coefficients 

Ti
WWD , Ti

NbNbD , and Ti
ZrZrD  for BCC Ti−W, Ti− 

Nb(−W), and Ti−Zr(−Nb−W) alloys at 1273 K, 
which is caused by the atomic radii of three solute 
elements W, Nb, and Zr. In Fig. 9, the Deff/E3 value 
of the Ti−Nb−Zr−W alloys ranges from 8.8×10−22 
to 3.2×10−19 m2/(s·GPa). The results indicate that 
the hot workability parameter strongly depends on 
the composition variations. The Deff/E3 value 
decreases with the increasing content of solute 
elements W and Nb, which can enhance the 
Young’s modulus and slow the diffusion rate. It also 
indicates that the W content should be controlled in 
the aspect of the nice processability. However, the 
refractory multi-element alloys with the low hot 
workability parameter may have good high 
temperature creep resistance. The addition of element 
Zr is helpful for improving the processability of Ti 
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Fig. 9 Variations of Deff/E3 in Ti-rich Ti−Nb−Zr−W 
system (In this work, the values of Deff for BCC Ti−W, 
Ti−Nb(−W), and Ti−Zr(−Nb−W) alloys are the 
interdiffusion coefficients Ti

WWD , Ti
NbNbD , and Ti

ZrZrD  at 
1273 K, respectively) 
 
alloys during the hot working. In addition, 
according to the diffusion mobility descriptions [39] 
and experimental Young’s modulus data [40], a 
value of 7.25×10−20 m2/(s·GPa3) is acquired as the 
hot service parameter of Ti−6Al−4V alloy, which 
can be used for comparisons in terms of 
processability. The hot service parameter of Ti 
alloys is larger than 7.25×10−20 m2/(s·GPa3), which 
may indicate that Ti alloys have nice processability 
at intermediate temperatures. Based on the 
experimental elasto-plastic properties and the 
calculated hot workability parameters, Ti−    
(2.5−3.5)%Nb−(5.5−6.5)%Zr−(1.2−1.6)%W alloy 
has the specific Young’s modulus ((88.5−90.5) GPa), 
high hardness ((4.1−4.3) GPa), reasonable elastic 
recovery (0.295±0.002), and high hot workability 
parameter ((2.4−2.7)×10−19 m2/(s·GPa3)), which 
satisfies the requirements of the artificial enamel 
and can be utilized as promising alloy with 
optimum integrated properties for dental 
applications. It is also found that Ti−12.5%Nb− 
9.6%Zr−5.6%W alloy has low Young’s modulus of 
(64±1) GPa, relatively high hardness of 
(3.4±0.1) GPa, and hot workability parameter of 
(1.3±0.1)×10−19 m2/(s·GPa3), which is suitable for 
the development of bio-alloy with low modulus. 

The high-throughput method used in the 
present work provides a huge amount of elasto- 
plastic and diffusion properties data from limited 
samples with minimal experimental efforts, and is 

very beneficial to substantially accelerating the 
design and development of bio-alloys with desired 
properties [41]. According to the previous 
investigations [8,13], Ti−11%Nb−8.5%Zr−4%Sn 
and Ti−18.7%Nb−12.8%Zr−3.5%Hf alloys were 
found to be potential Ti bio-alloys with nice 
mechanical properties. Ti−11%Nb−8.5%Zr−4%Sn 
alloy has a Young’s modulus of (53±3) GPa and 
hardness of (3.1±0.3) GPa, while Ti−18.7%Nb− 
12.8%Zr−3.5%Hf has a Young’s modulus of 
(61±4) GPa and a hardness of (3.2±0.2) GPa. 
Therefore, four Ti−Nb−Zr-based alloys including 
Ti−12.5%Nb−9.6%Zr−5.6%W, Ti−3%Nb−6%Zr− 
1.4%W, Ti−11%Nb−8.5%Zr−4%Sn, and Ti− 
18.7%Nb−12.8%Zr−3.5%Hf are selected and 
prepared for the subsequent wear tests. Figure 10(a) 
shows the friction coefficients of the Ti−Nb−Zr−W 
(TW1 and TW6), Ti−Nb−Zr−Sn (TS), and 
Ti−Nb−Zr−Hf (TH) alloys. The friction coefficients 
of the solution-treated alloys are slightly lower than 
those of the arc-melted alloys. Arc-melted 
Ti−Nb−Zr−Sn alloy has the maximum friction 
coefficient, and the friction coefficient of ST 
Ti−Nb−Zr−Hf alloy is higher than those of 
Ti−Nb−Zr−W and Ti−Nb−Zr−Sn alloys after the 
solution annealing. The wear rates of the 
Ti−Nb−Zr−W, Ti−Nb−Zr−Sn, and Ti−Nb−Zr−Hf 
alloys are presented in Fig. 10(b). In Fig. 10(b), the 
wear rate of the solution-treated alloys is lower than 
that of the arc-melted alloys, which indicates that 
the wear property can be significantly improved by 
the short solution annealing. TS and TW6 alloys 
have the highest and lowest wear rate, respectively. 
The low wear rate of TW6 alloy may be related to 
the high W content. The wear rate of AC TW6 alloy 
is slightly higher than that of Ti−Zr−Nb−Ta−Mo 
high entropy alloys, but the result of ST TW6 alloy 
is lower than the literature data [42]. The 
experimental wear volume of Ti−Nb−Zr-based 
alloys is illustrated in Fig. S5 in SM, and is similar 
to the variations of wear rate. The two-dimensional 
cross-sections of AC and ST Ti−Nb−Zr-based 
alloys after the wear tests are presented in 
Figs. 10(c, d), respectively. It is seen from 
Figs. 10(c, d) that AC TS alloy has the largest 
grinding width and depth, while ST TW6 alloy has 
the smallest grinding width and depth. The cross- 
sections also display that TW6 alloy after the 
solution treatment has an excellent wear property. 
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Fig. 10 Coefficient of friction (a), wear rate (b), and two-dimensional cross-sections of AC (c) and ST (d) Ti−Nb−Zr- 
based quaternary alloys after wear tests 
 
 
4 Discussion 
 

Considering the fact that Young’s modulus   
is directly proportional relationship with bulk 
modulus and bulk modulus is in negative 
correlation with equilibrium lattice constant (or 
equilibrium volume), equilibrium lattice constant 
can be reflected by the Young’s modulus, namely, 
the higher the Young’s modulus, the lower the 
equilibrium lattice constant. Thus, the variation 
trend of the equilibrium lattice constant in the BCC 
Ti−Nb−Zr−W system can be obtained from 
Fig. 7(a). The equilibrium lattice constant of binary 
Ti alloy increases with increasing the Nb or Zr 
content, but decreases with increasing the W 
content. The result is consistent with the effect of 
atomic radii of solutes. The variation of equilibrium 
lattice constant for multicomponent Ti alloys in the 
Ti−Nb−Zr−W system is complex due to the mutual 
influence of solute elements Nb, Zr, and W. Thus, 

empirical parameter, for example, atomic size 
difference, can be utilized for the design of BCC Ti 
alloys. The similar work has been performed in 
Ref. [43], which refers to the design basis of high 
entropy or multi-principal element alloys. 

It can be seen from the dimensionless 
functions that the stress when strain is 0.033 is very 
sensitive to the loading curvature which ranges 
from 70 to 120 GPa, and the stress when strain is 
0.082 is less sensitive to the experimental scatter. 
Therefore, stress when strain is 0.082 can be 
considered as a representative stress for the BCC 
Ti−Nb−Zr−W system. The step-by-step procedure 
is used in the calculations of reverse analysis 
algorithm to construct the elasto-plastic parameters. 
It is noted that the required elasto-plastic property 
parameters including the Young’s modulus and 
stress when strain is 0.082 are achieved with the aid 
of limited amount of experimental indentation 
information, which are accurate and suitable for 
comparing with the results of tensile tests. 
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Generally, the materials which have high wear 
resistance can be used for a long service time [44]. 
Wear resistance can be indirectly explored by using 
the hardness to elastic modulus ratios (H/E and 
H3/E2). Here, these two ratios are calculated with 
the experimental Young’s moduli and hardness   
to evaluate the wear resistance of the BCC-Ti  
alloys. In Ref. [11], the values 0.04 and 0.009 are 
recommended as the reference data of H/E and 
H3/E2 for comparisons, respectively, which are also 
used in this study. According to statistical analysis 
of the results for 232 composition points, the H/E 
value of 204 composition points is larger than or 
equal to 0.04. And at these points, the H3/E2 value 
of 132 points is larger than or equal to 0.009 GPa. 
The result indicates that the Ti−Nb−Zr−W alloys 
have relatively high wear resistance, which can be 
used for bio-applications (i.e., orthopedic and dental 
applications). Actually, the above analysis is also 
supported by the Young’s modulus and hardness 
data obtained from reverse analysis algorithm.  
The friction coefficient reflects the lubrication 
effect of the materials, and there is no direct 
correlation between friction coefficient and wear 
property [42,45]. However, the wear property of the 
materials is generally determined by the wear rate. 
The relationship between wear rate and indirect 
wear resistance parameter (H/E and H3/E2) has been 
plotted in Fig. 11. It is found that the higher the 
indirect wear resistance parameter is, the lower 
wear rate is. TW1 alloy has higher hardness value 
and lower indirect wear resistance parameter, and 
thus the wear rate of TW1 alloy is greater than that 
of TW6 alloy. Hardness has an important effect on 
the wear property, but the combination of hardness  
 

 

Fig. 11 Relationship between wear rate and indirect wear 
resistance parameter for Ti−Nb−Zr-based alloys 

and Young’s modulus is more successful to be a 
indicator of wear property for Ti alloys. The TS 
alloy has the high ratio of hardness to Young’s 
modulus but the highest wear rate. The significant 
abrasive wear and fatigue spallation of TS alloy 
may be caused by frictional heating during the dry 
sliding and the low frictional coefficient for the 
lubrication effect. 
 
5 Conclusions 
 

(1) The experimental Young’s moduli, 
hardness, elastic recovery, and representative stress 
of the multicomponent Ti alloys are composition- 
dependent, which are within the range of 
59−104 GPa, 2.3−5.2 GPa, 0.20−0.36, and 0.86− 
1.82 GPa, respectively. The elasto-plastic property 
and interdiffusion coefficient databanks of the BCC 
Ti−Nb−Zr−W system are respectively developed by 
using the ML and pragmatic numerical inverse 
methods and verified by comparing with the 
measured data. 

(2) A plot of a hot workability parameter in the 
Ti−Nb−Zr−W system is shown, which indicates 
that the addition of element Zr improves the 
processability of Ti alloys during the hot working 
while the addition of element W lowers their 
processability. Moreover, Ti−12.5%Nb−9.6%Zr− 
5.6%W alloy is found to have the lowest wear rate 
during the dry sliding compared to the other three 
Ti−Nb−Zr-based quaternary alloys. 

(3) The results indicate that the addition of W 
can enhance the wear resistance of Ti alloys, which 
is caused by the fact that solute element W can 
effectively improve the hardness of Ti−Nb−Zr- 
based alloys. This work reveals that Ti–Nb−Zr−W 
alloys have high hardness and good wear resistance, 
which are very suitable for bio-applications. 
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摘  要：组合材料合成和分析方法能够很好地描述 Ti−Nb−Zr−W 体系难熔多元合金的弹塑性和扩散特性。在

1273 K 温度固溶退火 25 h 后制备 6 组 Ti−Nb−Zr−W 四元扩散偶，并对其开展电子探针显微分析和纳米压痕测    

试。随后，采用 Oliver−Pharr 和反向分析算法等方法获得 Ti−Nb−Zr−W 体系宽广成分范围的随成分变化弹塑性。

此外，采用机器学习和实用高效数值回归方法分别建立 Ti−Nb−Zr−W 体系体心立方相的弹塑性和互扩散系数数据

库。同时，提出由杨氏模量与主互扩散系数之比所定义的热加工性能参数来评估热加工过程行为。最后，讨论难

熔多元合金的耐磨性并进行实验验证。结果表明，低钨含量的富 Ti 难熔多元合金具有高硬度、良好的耐磨性、高

应力和良好的热加工性能，而高钨含量并不能改善富 Ti 难熔合金的弹塑性。 

关键词：弹塑性；互扩散系数；Ti−Nb−Zr−W 合金；扩散偶；纳米压痕 
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