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Abstract: The mechanical and diffusion properties of bcc Ti-Nb—Zr—Sn alloys in the Ti-rich corner were analyzed
through a high-throughput method with the combination of nanoindentation and diffusion couple techniques. Nine
groups of quaternary Ti—Nb—Zr—Sn diffusion couples were prepared after annealing at 1273 K for 25h. The
composition-dependent mechanical properties were determined by nanoindentation and electron probe microanalysis
(EPMA) techniques. Moreover, the corresponding interdiffusion coefficients were confirmed from the composition
gradients of the quaternary diffusion couples using a pragmatic numerical inverse method. A composition-dependent
database on the mechanical and diffusion properties was utilized to discuss the processability during the hot working.
The results reveal that the solute elements Nb and Sn are strictly controlled to increase the hardness and wear resistance
of Ti—-Nb—Zr—Sn alloys, and the additional element Zr is mainly useful to improve the processability during the hot
working.
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1 Introduction

Sn-containing Ti alloys have attracted more
and more attention due to their low Young’s
modulus and superior corrosion resistance [1—3].
The alloy with the composition of Ti—24Nb—
4Zr—8Sn (wt.%) was found with a modulus
of 33 GPa [1], consequently several Ti—-Nb—Zr—Sn
alloys with a single bcc structure were prepared
through experimental approaches and their
mechanical properties were measured via the
stress—strain curves of tensile tests or the load—
displacement curves of nanoindentation tests [4—6].
However, systematic studies on the composition-
dependent mechanical and diffusion properties of
quaternary alloys are still missing. An in-depth

understanding on the mechanical and diffusion
properties in the Ti—Nb—Zr—-Sn alloys is a
prerequisite for the design of novel bio-alloys.
Young’s modulus, hardness and interdiffusion
coefficient refer to the important mechanical and
diffusion properties of the materials, which are
necessarily considered during the design of the
novel metallic implant biomaterials [7—9]. The
traditional method, using repeated compositional
adjustments and experimental testing, merely
provides the limited experimental data, which
seriously blocks the development of the mechanical
property database. For the sake of more
experimental Young’s modulus and hardness of the
alloys, ZHAO [10] proposed a high-throughput
method by combining the nanoindentation tests
with the diffusion couple technique and it was
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conducted for several Ti—Nb—Zr-based alloy
systems [11-15]. In addition, interdiffusion
coefficients can be calculated from the composition
gradient of diffusion couples by using a pragmatic
numerical inverse method [16—18]. Since they are
related to the steady-state rate at intermediate
temperature, the diffusion information and Young’s
modulus are generally used to judge the difficulty
of processing [14].

In this work, the combination of diffusion
couple and nanoindentation techniques was selected
to explore the mechanical and diffusion properties
in the Ti-rich Ti-Nb—Zr—Sn system over a wide
composition range at 1273 K. Firstly, 9 groups of
Ti—Nb—Zr—Sn diffusion couples were annealed at
the selected temperature to ensure the alloys within
a single bec phase. Secondly, a nanoindentation test
on the diffusion couples was carried out to measure
Young’s modulus, hardness, and elastic recovery
varied with the indentation positions, and the
field emission  electron probe microanalysis
(Fe-EPMA) was adopted to determine the
compositions of the indentations. Subsequently, the
composition-dependent mechanical properties of
the Ti-based alloys were obtained. As for the
interdiffusion coefficients at 1273 K, a pragmatic
numerical inverse method was taken in the
Ti—Nb—Zr—Sn alloys. Finally, the composition-
dependent mechanical and diffusion properties of
Ti-rich Ti—-Nb—Zr—Sn alloys were discussed.

2 Experimental

2.1 Material preparation and characterization
The slugs of Nb (purity: 99.95 wt.%), Sn
(purity: 99.95 wt.%), Ti (purity: 99.999 wt.%), and
Zr (purity: 99.9 wt.%) from Zhongnuo Advanced
Material (Beijing) Technology Co., Ltd., were used
for the fabrication of the Ti—Nb—Zr—Sn diffusion
couples. The compositions of couples C1—C9 in the
Ti-rich Ti—-Nb—Zr—Sn system are presented in
Table 1. Up to 18 ternary alloys prepared 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 with
the size of 7mm x 7 mm x 2 mm. The ground
blocks sealed into vacuum quartz tubes were
homogenized at (1273+2) K for 7d. After the
homogenization annealing, the ground blocks with
any two components were bound by Mo clamps,

sealed into vacuum quartz tubes, and annealed at
(1273+£2) K for 25 h in an ELF1106-type furnace
(Carbolite Gero Co., Ltd., United Kingdom). After
the annealing, the Ti—-Nb—Zr—Sn diffusion couples
were quenched in the flowing water. Cross-sections
of the diffusion couples were ground and polished
by SiC papers and diamond pastes, respectively.
The alloy compositions along the composition
gradient direction of nine quaternary Ti—Nb—Zr—Sn
diffusion couples were determined with the support
of Fe-EPMA (JXA—8530, JEOL, Japan). Young’s
moduli (£) and hardness (H) were measured by the
nanoindenter (Keysight G200, Agilent Technology,
USA) with an in-depth control (2000 nm) according
to the Oliver-Pharr analysis [19]. Moreover, the
corresponding energy was obtained from the
load—displacement curve, and ratio of the elastic
indentation energy to the total deformation energy
(Ua/Uy) was calculated as the elastic recovery [14].

Table 1 Alloy compositions for Ti—Nb—Zr—Sn diffusion
couples

Couple Composition/at.%

Cl Ti—7.8Nb—9.8Zr/Ti—8.1Nb—1.5Sn
C2 Ti—9.3Nb—1.8Sn/Ti—9.5Zr—1.4Sn
C3 Ti—10.1Zr—1.5Sn/Ti—7.8Nb—9.8Zr
C4 Ti—18.1Nb—20.6Zr/Ti—19.4Nb—4.5Sn
Cs Ti—18.6Nb—4.6Sn/Ti—19.0Zr-4.8Sn
C6 Ti—19.7Zr—4.5Sn/Ti—16.0Nb—19.4Zr
Cc7 Ti—26.4Nb—32.3Zr/Ti—27.4Nb—7.5Sn
C8 Ti—28.0Nb—7.5Sn/Ti—27.9Zr-6.7Sn
C9 Ti—29.9Zr—6.8Sn/Ti—21.7Nb—31.3Zr

2.2 Determination of interdiffusion coefficients
Based on the Fick’s second law, a pragmatic
method was proposed to
determine the interdiffusion coefficients along with
the composition variations of the binary or
multicomponent diffusion couples, which can be
related with the mobility according to the
Manning’s random alloy model [16,17]. The
composition-dependent interdiffusion coefficients
of Ti-rich Ti—Nb—Zr—-Sn system were calculated
with the support of a high-throughput determination
of interdiffusion coefficients (HitDIC) code [20]. In
the present work, the thermodynamic parameters
presented in Refs. [21-23] were utilized, and the
used mobility parameters on the self and impurity

numerical inverse
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diffusion coefficients were reported in Refs. [24,25].
3 Results and discussion

3.1 Mechanical and wear properties of Ti—Nb—

Zr—Sn alloys

Figure 1 shows the load—displacement curves
of C9 annealed at 1273 K for 25 h, indicating that
the mechanical properties are dependent on the
alloy compositions. Using the contact boundary of
the end-members as the reference position,
mechanical properties including Young’s modulus,
hardness, and elastic recovery as a function of
composition can be obtained by correlating the
fitted composition vs position curves with the
nanoindentation results vs position, which has been
performed in Ref. [26]. Figure 2 illustrates the
composition-dependent mechanical properties (i.e.,
Young’s modulus, hardness, and elastic recovery) in
the Ti—-Nb—Zr—Sn diffusion couples, accompanied
with the corresponding experimental
Obviously, the measured results are composition-
dependent. As shown in Fig. 2, the variations of the
experimental Young’s modulus, hardness, and
elastic recovery are within the range of 53—103 GPa,
2—6 GPa, and 0.2—0.39, respectively. It can be seen
from Fig. 2(a) that the experimental Young’s
modulus and hardness from the side of Ti—-8Nb—10Zr
to those of Ti—8Nb—2Sn do not vary significantly,
and then rapidly increase to those in the side of
Ti—10Zr—1Sn. However, the elastic recovery
decreases from the side of Ti—-8Nb—10Zr to that of
Ti—8Nb—2Sn, and then continues to decrease to that
in the side of Ti—10Zr—1Sn. The experimental
hardness variations from Ti—Nb—Zr to Ti—Zr—Sn in
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Fig. 1 Load—displacement curves of C9 annealed at
1273 K for 25 h

Figs. 2(b) and 2(c) are similar to the trend in
Fig. 2(a). In Figs. 2(b) and 2(c), the elastic recovery
of the bcc Ti alloys decreases from the side of
Ti—Nb—Zr to that of Ti—-Nb—Sn, and then increases
to that in the side of Ti—Zr—Sn. Moreover, the
results also show an inverse relationship between
the hardness and Nb concentration, which is similar
to the previous investigation on the Ti—Nb—Zr—Hf
system [14].

In general, high wear resistance can prolong
the service life of the materials [27,28]. According
to the wear theory [29], wear resistance can be
represented by using the ratios of hardness to
Young’s modulus including H/E and H’/E*, which
separately represents the ability to resist elastic
deformation and plastic deformation in loaded
contact. Based on the above-mentioned Young’s
modulus and hardness, these two ratios are
presented to evaluate the wear resistance of the
bee-Ti alloys, and the calculations are presented in
Fig. 3. The values 0.04 and 0.009 recommended in
Ref. [13] are accepted as the reference states of H/E
and H*/E* for comparison. In Fig. 3, the H/E ratio
of most composition points in the Ti—Nb—Zr—Sn
diffusion couples is larger than 0.04, while the
H*/E* value of several points is larger than 0.009
GPa. It indicates that Ti—Nb—Zr—Sn alloys have
high ability to resist elastic deformation, but limited
wear resistance during the plastic deformation.

The relationship between Young’s modulus
and hardness for Ti—-Nb—Zr—Sn alloys is consistent
with the expression of isotropic crystal presented in
Ref. [30]:

_(1-20)E

6(1+v) M

where v is the Poisson ratio. In addition, the
Young’s modulus and Poisson ratio can be related
with the bulk modulus B and shear modulus G [31]:

9BG
= (2)
3B+G
e 3B-2G 3)
23B+G)

And then, the following expressions can be
given by
_(E+3H)E
~ 27H
_E+3H
3

B 4)

G

)
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Fig. 2 Experimental composition profiles, Young’s modulus, hardness, and elastic recovery of bcc Ti-based alloys in
couples of C1-C3 (a), C4—C6 (b), and C7—C9 (c) annealed at 1273 K for 25 h
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Thus, the approximate bulk and shear moduli the composition-dependent bulk and shear moduli
can be deduced from the measured Young’s in the Ti—-Nb—Zr—Sn diffusion couples are shown in
modulus and hardness of nanoindentation tests, and Fig. 4. It is seen that the bulk modulus variation is
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similar to the variation of Young’s modulus,
resulting from the fact that bulk modulus is mainly
dominated by Young’s modulus. In Figs. 4(a) and
(b), shear modulus increases from Ti—Nb—Zr to
Ti—Nb—Sn, and then rapidly increases to Ti—Zr—Sn.
While shear modulus increases from Ti—Nb—Zr to
Ti—Nb—Sn, and then decreases to Ti—Zr—Sn.

3.2 Diffusion properties of Ti-Nb—Zr—Sn alloys
Figure 5 displays the model-predicted
composition profiles of Ti—Nb—Zr—Sn diffusion
couples at 1273 K, compared with the measured
data. Most of the experimental profiles are in good
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agreement with the model-predicted composition
profiles, meaning that the modeling parameters are
reliable and can be utilized to provide accurate
interdiffusion  coefficients. =~ The  constructed
interdiffusion coefficients of Ti-rich Ti—Nb—Zr—Sn
system at 1273 K are demonstrated by using the
color variations in the composition space of a
quaternary system in Fig. 6. The figure shows that
the main and cross interdiffusion coefficients using
pragmatic numerical inverse method vary with the
Nb, Zr, and Sn concentrations. Among them main
interdiffusion coefficients, DST;sH, DNIE{,NB and DNEZT
are all positive, decreasing with the increasing
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Fig. 6 Main and cross interdiffusion coefficients of Ti-rich Ti—-Nb—Zr—Sn system at 1273 K determined by using

pragmatic numerical inverse method

concentrations of Nb and Sn in the Ti—-Nb—Zr—Sn

system. Dgic and DJi, slightly increase with
the increasing Zr concentration, while D;;Zr

decreases with the increase of Zr. Compared with
the main interdiffusion coefficients, the cross
interdiffusion coefficients show more complex
variations with the concentrations of Nb, Zr, and
Sn.

3.3 Hot processability prediction of Ti—Nb—

Zr—Sn alloys

Very recently, the ratio of effective diffusion
coefficient to cube of Young’s modulus (Dey/E’)
was proposed as a hot working parameter to
characterize the processability during the hot
working [14]. It is noted that the effective diffusion
coefficient is equivalent to the main interdiffusion
coefficient of the solute element with large atomic
radius, which is consistent with the experimental
investigations in Ref.[32]. The hot working
parameters (D./E°) at each composition point of
Ti—Nb—Zr—Sn diffusion couples can be obtained
from the experimental Young’s moduli and the main
interdiffusion coefficients at 1273 K, which are

shown in Fig. 7. Due to the atomic radii of three
solute elements Nb, Sn, and Zr, the effective diffusion
coefficient (D.g) of Ti—Nb—Zr—Sn, Ti—Nb(—Sn),
and Ti—Sn alloys and pure Ti are the interdiffusion
coefficients DJi DNbNb and DJi , and self-
diffusion coefficient DT , respectively. In Ref. [14],
a value of 7.25x10 > m*(s-GPa’) is recommended
as the reference data of Ti—6Al-4V alloy for
comparison. In Fig. 7(a), the hot working parameter
of Ti—8Nb—2Sn alloy is than the
recommended value, but those of other Ti alloys in
the Ti—-Nb—Zr—Sn diffusion couples are larger than
the recommended value. It is seen from Figs. 7(b)
and (c) that the ternary and quaternary alloys which
are adjacent to Ti—19Zr-5Sn and Ti—29Zr—7Sn
have a high hot working parameter. The results
indicate that Ti alloys with high concentrations of
solute elements Nb and Sn may not perform the
nice processability at intermediate temperatures.
The addition of Zr is helpful for the increase
of effective diffusion coefficient and then the
increase of hot working parameter, which is
expected for the thermomechanical treatment of
bio-Ti alloys.

lower



(a)
0.12
&
2010
c
©
N 0.08
g
4
'S 0.06
[
2
S 0.04
E
@
[<]
s 0.02f
0
~ 35
o
o 30
@
% 25
5
s 20
3
8 15
=
& 10
S
EL 5

1022

Zhu-hao WEN, et al/Trans. Nonferrous Met. Soc. China 31(2021) 3405-3415

1 T T T T T T T T T 0.92

T
: zr
r Nb = ue= S00iTany,, 0% sssanansssssasass 7 0.90
$eroeoy e ,
Nb verebravesy Nb
| L A B v oo - 0.88
i 8 3 00°°
o | 0 A of
# o i el a -
v °,* [Experimental dat. "o o )
SR o | 1273k 25hr v
i L Nba Zr °
ey A s 1o ot T,

o9vY . - sn s L ° ALY 0.82
e '
N . '

pacacpaoadpans || = : 0.80
i o 4ee 3

S BN P I ST
-400 -300 -200 -100 O 100 200 300 -400 -300 -200 -100 O 100 200 300 -400 -300 -200 -100 O 100 200 300 400

Distance(um)

Distance(um)

Distance(um)

(b) _ Ti-19Nb-5Sn Ti-19zr-58n
0.25 T T T T p— T 0.80
5 ; n
VIveevIvY, WYY oo i
5 020 Tassas,, e Wi 53 . AAAALITITEN pasd
o B v o 2 8!
S 015 s, N 4 0°
Z 5 s e
° \ Experimental data = 3 70.70
S 1273 K, 25 hr 2 N
5 0101 o Nbazr 4 .
© vié o Sn g Ti . | .
% vie “r " Tilee0.65
2 ""vvvvvvvv'f- %
S 0.05f Sn A 30 Sn
= i u:g 908 ooo°°% oy
T s ° 8
o
0 fomengerentes ey asasht | f——peooas I “24nccadecced 0.60
18
L6t
Q
= 14f
2
o 121
§
s 10
Q
L m +
S
2 8k
g l** * ht
13
S bttt g Hhuahy
T ++.' 'y ’6*
5 ]
-20 1
10 L L L L *qesceq coepcecepe L L L L L L I L L L
-400 -300 -200 -100 O 100 200 300 -400 -300 -200 -100 0 100 200 300 -400 -300 -200 -100 0 100 200 300 400
Distance(um) Distance(um) Distance(pm)
. T — T T T T
= ninuu. 3 " .
r i |
o 0.30 T ]
V9TIIIIIIIIIIIY o 40.65
'E ",:‘““o“oo“oo: ® 7 260000000000000 !8&!3838!88;;; 008
- 0251 2 ° # v
N Experimental data | o v J0.60
3 1273 K, 25 hr . e 000000000000
2 020 Nb a 2 o o°
B e o
k] " oSy Ti S & e |88
c - °
S 015F o ;
8 . ‘ ° - 0.50
E o010 o s
o Y Ti
= 0.051 i R °0e0e0sno,, Ho.45
L4 d o
0 essssissses fprssorered fossssfessst) j—oespanc e {Penaskasad 0.40
W 2sp
S
o 20+
k5
5
: i i
[0
o
L Y
e HHE
2 t #
S st ¢
4 4,
102° | conposeapsesspecsfoete . et o g P Cpoecsseseseet
-400 -300 -200 -100 0 100 200 300 -400 -300 -200 -100 0 100 200 300 -400 -300 -200 -100 0 100 200 300 400

Distance(um)

Distance(um)

Distance(|

um)

11 4O UOI}dRIY B|ON

1140 oo} 9J0 I

11 J0 UonOR1Y BJO

3413

Fig. 7 Hot working parameters of bce Ti-based alloys in C1—C3 (a), C4—C6 (b), and C7—C9 (c) diffusion couples
annealed at 1273 K for 25 h
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4 Conclusions

(1) The experimental mechanical properties of
the bcc Ti—Nb—Zr—Sn alloys are composition-
dependent, which is urgently needed for the alloy
design. The experimental Young’s moduli, hardness,
and elastic recovery of the Ti—-Nb—Zr—Sn alloys are
in the range of 53—103 GPa, 2—6 GPa, and 0.2—0.39,
respectively.

(2) The high H/E and low H*/E” ratios indicate
that Ti—-Nb—Zr—Sn alloys have high wear resistance
during the elastic deformation, but limited wear
resistance during the plastic deformation. The bulk
and shear moduli of Ti—Nb—Zr—Sn alloys over a
wide composition range are estimated from the
experimental Young’s modulus and hardness.

(3) The composition-dependent interdiffusion
coefficients of the bcc Ti—Nb—Zr—Sn alloys are
determined by using the pragmatic numerical
inverse method from the experimental composition
profiles of quaternary diffusion couples. Hot
working parameters in the Ti-rich Ti—-Nb—Zr—Sn
system are presented. This work reveals that
additive concentrations of the solute elements Nb
and Sn are strictly controlled to increase the
hardness of Ti alloys, and the addition of element
Zr is useful for improving the processability during
the hot working.
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