L 4

ks Science

Available online at www.sciencedirect.com

“e.* ScienceDirect

Transactions of
Nonferrous Metals
Society of China

FLSEVIER Press Trans. Nonferrous Met. Soc. China 32(2022) 3963—-3972

www.tnmsc.cn

High-throughput determination of mechanical and
diffusion properties of Ti—Ta—Fe alloys

Hao-qgin LIN', Jin-feng LING', Wei-min CHEN', Yao WANG?, Xiao-ke WU?, Li-jun ZHANG?

1. Institute of Advanced Wear & Corrosion Resistant and Functional Materials,
Jinan University, Guangzhou 510632, China;
2. Centre of Excellence for Advanced Materials, Dongguan 523808, China;
3. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China

Received 28 September 2021; accepted 19 January 2022

Abstract: The mechanical and diffusion properties of Ti—Ta—Fe alloys in the Ti-rich region were investigated
by utilizing a high-throughput method, with the combination of nanoindentation and diffusion couple techniques.
Five groups of ternary Ti—Ta—Fe diffusion couples were prepared after annealing at 1273 K for 25h. The
composition-dependent mechanical properties of bcc Ti—Ta—Fe system were experimentally determined by means of
nanoindentation and electron probe microanalysis (EPMA) techniques. Moreover, the interdiffusion coefficients of
Ti—Ta—Fe alloys at 1273 K were confirmed from the composition gradients of the ternary diffusion couples with the
support of a pragmatic numerical inverse method. A composition-dependent database on the mechanical and diffusion
properties of Ti—Ta—Fe alloys was carefully established and utilized for the discussion of the processability during the
hot working. The results indicated that the content of Fe should be controlled for the Ti alloys with high hardness and

low Young’s modulus.

Key words: Ti—Ta—Fe alloys; diffusion couple; nanoindentation; interdiffusion coefficients; mechanical properties

1 Introduction

Due to superior mechanical properties
including low Young’s modulus and high specific
strength, Ti alloys containing Ta have attracted
more and more attention [1—-3]. Ti—Ta-based alloys
are regarded as one of the potential biomedical
titanium alloys, but the expensive cost extremely
restricts their applications. In order to overcome the
drawback, cheaper alloying metal like Fe is more
suitable to be added into Ti—Ta alloys. Moreover,
the addition of Fe can stabilize f(bcc) phase of
Ti alloys, resulting in the improvement of the
mechanical properties [4]. However, systematic
studies on the composition-dependent mechanical

and diffusion properties in the Ti-rich Ti—Ta—Fe

system are still missing. A deep understanding on
the mechanical and diffusion properties of the
Ti—Ta—Fe alloys is necessary to be pursued 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 [5-8]. 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 much more
experimental Young’s moduli and hardness of the
alloys, a high-throughput method through the
combination of the nanoindentation tests with the
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diffusion couple technique was proposed [9] and
conducted for several Ti—Nb—Zr-based alloy
systems [10—15]. In addition, interdiffusion
coefficients can be also obtained from the
composition gradient of diffusion couples via a
pragmatic numerical inverse method [16—18].
Considering that they are related to the steady-state
rate at the 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, field emission electron probe microanalysis
(Fe-EPMA), and nanoindentation techniques are
utilized to investigate the mechanical and diffusion
properties in the single bcc phase of Ti-rich
Ti—Ta—Fe system over a wide composition range at
1273 K. Moreover, a pragmatic numerical inverse
method is used to determine the interdiffusion
coefficients of the Ti—Ta—Fe alloys at 1273 K. And
then, the composition-dependent mechanical and
diffusion properties of Ti-rich Ti—Ta—Fe alloys are
discussed.

2 Experimental

2.1 Material preparation and characterization
The slugs of Fe (purity: 99.95 wt.%), Ta
(purity: 99.95 wt.%), and Ti (purity: 99.999 wt.%)
were used for the fabrication of the Ti—Ta—Fe
diffusion couples. Figure 1(a) shows the isothermal
section of the Ti-rich Ti—Ta—Fe system at 1273 K
calculated from the thermodynamic parameters [4].
Based on the calculated isothermal section, the
binary and ternary alloys in the single bcc phase
zone of Ti—Ta—Fe system were designed, and the
compositions of couples C1—C5 in the Ti-rich
Ti—-Ta—Fe system were presented in Table 1.
Specimens 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
7 mm x 7 mm X 2 mm. Being sealed into vacuum
quartz tubes, the ground blocks were homogenized
at (1273£2) K for 7 d. 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 25h in an ELF1106-type furnace (Carbolite
Gero Co., Ltd., United Kingdom). After annealing,
the Ti—Ta—Fe diffusion couples were quenched in

(a) 0.5 7% FeTi

Fe,Tas+FeTi+
bce A2

bee A2

N 1 1
Ti 0.1 0.2 0.3 0.4 0.5
Mole fraction of Ta

100 um

Fig. 1 Calculated isothermal section at 1273 K in Ti-rich
Ti—Ta—Fe system by using thermodynamic parameters
available in Ref. [4] (a), and backscattered electron
of Ti—1.36Fe/Ti—18.95Ta—7.10Fe
couple (b)

image diffusion

Table 1 Alloy compositions for Ti—Ta—Fe diffusion

couples
Couple Composition/at.%
Cl Ti—3.00Fe/Ti—8.60Ta
C2 Ti—6.50Fe/Ti—17.95Ta
C3 Ti—9.00Fe/Ti—25.00Ta
C4 Ti—1.36Fe/Ti—18.95Ta—7.10Fe
C5 Ti/Ti—7.56Ta—11.25Fe

the flowing water. Cross-sections of the diffusion
couples were ground and polished by SiC papers
and diamond pastes, respectively. The compositions
along the composition gradient direction of 5
ternary  Ti—Ta—Fe diffusion couples were
determined with the support of Fe-EPMA (JXA-
8530, JEOL, Japan), and the composition resolution
for each component was =£0.5at% in the
measurement of EPMA. Young’s moduli (£) and
hardness (H) were measured by the nanoindenter
(Keysight G200, Agilent Technology, USA) with
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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/Uiet) was calculated as the elastic recovery [14].

2.2 Determination of interdiffusion coefficients

in alloys

Based on the Fick’s second law, a pragmatic
numerical proposed to
determine the interdiffusion coefficients along with
the composition variations of the binary or
multicomponent diffusion couples [16,17]. The
composition-dependent interdiffusion coefficients
of Ti-rich Ti—-Ta—Fe 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 Ref. [4] were utilized as well as the
mobility parameters reported in Refs. [21,22].

inverse method was

3 Results and discussion

3.1 Mechanical and wear properties of Ti—Ta—Fe
alloys

Considering that all the annealed diffusion
couples are located in the single bcc phase region,
one typical microstructure is given in Fig. 1(b),
which shows the backscattered electron image of
C4 annealed at 1273 K for 25 h. 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. [23]. Figure 2
illustrates the composition-dependent mechanical
properties (i.e., Young’s modulus, hardness, and
elastic recovery) in the Ti—Ta—Fe diffusion couples,
accompanied with the corresponding experimental
Obviously, the
properties are composition-dependent. As shown in
Fig. 2, the variations of the experimental Young’s
moduli, hardness and elastic recovery are within the
range of 88—165 GPa, 3.2—7.2 GPa and 0.18-0.36,
respectively. It can be seen from Figs. 2(a'—c’) that
the experimental Young’s moduli and hardness from
the side of Ti—Fe rapidly decrease to those of Ti—Ta,

erTors. measured mechanical

while the elastic recovery doesn’t vary very
significantly. The experimental hardness and elastic
recovery variations from Ti—Fe to Ti—Ta—Fe in
Fig. 2(d, d’) are similar to the trends in Fig. 2(e, ¢'),
which show a maximum value at the interface of
the couples. In Figs. 2(d, d', e, ¢'), the Young’s
moduli of the bcc Ti alloys decrease and then
increase from the side of Ti—Fe to the side of
Ti—Ta—Fe.

In general, high wear resistance can prolong
the service life of the materials [24,25]. According
to the wear theory [26], wear resistance can be
indirectly represented by wusing the ratios of
hardness to Young’s modulus including H/E and
H?/E*, which separately symbol 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. In the figure, the variations of H/E and
H?/E? of the Ti alloys in the Ti—Ta—Fe diffusion
couples are similar to each other. The values 0.04
and 0.009 GPa recommended in Ref. [12] are used
as the reference states of H/E and H’/E* for the
comparison. In Fig. 3, the H/E ratio of Ti alloys
with high concentrations of Ta and Fe is larger than
0.04, while the H*/E? value of most composition
points is less than 0.009 GPa. The result indicates
that Ti—Ta—Fe alloys have a certain ability to resist
elastic deformation, but limit wear resistance during
the plastic deformation.

It can be seen that the experimental database of
Young’s modulus, hardness, and indirect wear
resistance parameter corresponding to the different
alloy compositions (200 points) was built for the Ti
alloys in the bcc Ti—Ta—Fe system using the
diffusion couple technique. To screen the bio-Ti
alloy with desired mechanical properties, a five-
dimensional scatter plot of the data points is shown
in Fig. 4, in which the X, Y and Z axes seperately
represent the Fe content, Ta content and Young’s
modulus, while the color scale and size of symbols
are determined by hardness and indirect wear
resistance, respectively. It is noted that the point
projections of the measured data into a two-
dimensional plane (solid circles in orange, aqua and
pink colors) are also presented in Fig. 4, which can
enable us to assess the exact values of alloy
compositions and Young’s moduli.
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Fig. 3 Ratios H/E and H*/E? of bec Ti-based alloys in C1-C5 diffusion couples annealed at 1273 K for 25 h: (a) Cl;
(b) C2; (c) C3; (d) C4; (e) C5
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Fig. 4 Relationship among alloy composition, Young’s modulus, hardness, and H/E of bcc Ti-based alloys in Ti—Ta—Fe
diffusion couples
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3.2 Diffusion properties of Ti—Ta—Fe alloys
Figure 5 displays the model-predicted
composition profiles of Ti—Ta—Fe diffusion couples
amealed at 1273 K, compared with the measured
data. Most of the experimental profiles are in good
agreement with the model-predicted composition
profiles, meaning that the modeling parameters are
reliable and can be utilized to provide the accurate
interdiffusion coefficients. The constructed inter-
diffusion coefficients of Ti-rich Ti—Ta—Fe system at
1273 K are demonstrated by using the color
variations in the composition space of a ternary
system in Fig. 6. The figure shows that the main
interdiffusion using
pragmatic numerical inverse method varied with the

and cross coefficients

Hao-qin LIN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3963—3972

contents of elements Ta and Fe. Main interdiffusion
coefficients, D..., and DI, are positive, while
both the cross interdiffusion coefficients, Dpip,
and [)TT;Fe, are negative. The main interdiffusion
coefficient D/..  decreases mainly with the
increasing content of Ta in the Ti—Ta—Fe system,
and the other main one D[, decreases with the
increasing Fe and Ta contents. In addition, the cross
interdiffusion coefficients show complex variations
with the contents of Ta and Fe.

3.3 Hot processability prediction of Ti—Ta—Fe
alloys
Recently, the ratio of effective diffusion
coefficient to cube of Young’s modulus (De/E>)
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(b) C2; (c) C3; (d) C4; (e) C5
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was proposed as a hot workability parameter
to characterize the processability during the hot
working [13]. 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. [27]. The hot workability
parameter Des/E® at each composition point of
Ti—Ta—Fe diffusion couples can be obtained from
the experimental Young’s moduli and the main
interdiffusion coefficients at 1273 K, which is
shown in Fig. 7. Due to the atomic radii of two
solute elements Ta and Fe, the effective diffusion
coefficient D of Ti—Ta(—Fe) and Ti—Fe alloys and
pure Ti are the interdiffusion coefficients Dy,
and DFT;FG , and self-diffusion coefficient DI,
respectively. In Ref. [13], a wvalue of 7.25x
10m*s™"-GPa? is recommended as the reference
of Ti—6Al-4V alloy for the comparison. In Fig. 7,
the hot workability parameters of Ti—Fe alloys are
larger than the recommended value, but those of
other Ti alloys in the Ti—Ta—Fe diffusion couples
are lower than the recommended value, which is
caused by the low interdiffusion coefficients in Ti
alloys containing the element Ta. Moreover, the hot
workability parameter of Ti—Fe alloys decreases
with the increasing Fe content. The results indicate
that the addition of Ta and high content of solute
element Fe are detrimental to the processability of

Ti alloys at intermediate temperatures. In order to
improve the processability, element Zr with larger
atomic radii and higher diffusion coefficient can be
added into Ta-containing Ti alloys according to the
recent investigations [13,15].

4 Conclusions

(1) The experimental mechanical properties of
the bce Ti—Ta—Fe alloys are composition-dependent,
which are urgently needed for the alloy design. The
experimental Young’s moduli, hardness and elastic
recovery of the Ti—Ta—Fe alloys are in the range
of 88-165GPa, 3.2-7.2GPa and 0.18-0.36,
respectively. The increasing content of Fe brings in
the simultaneous increase of hardness and Young’s
modulus. Thus, the content of Fe should be
controlled to obtain the Ti alloys with low Young’s
modulus.

(2) The high H/E ratio and low H°/E’ ratio
indicate that Ti-Ta—Fe alloys have high wear
resistance during the elastic deformation, but limit
wear resistance during the plastic deformation. This
result is caused by the fact that the increment of
Young’s modulus with the contents of Ta and Fe is
obviously more than that of hardness in the Ti-rich
Ti—Ta—Fe system. The plot of mechanical and wear
properties for Ti—Ta—Fe alloys over a wide
composition range is presented.
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(3) The composition-dependent interdiffusion
coefficients of the bcc Ti—Ta—Fe alloys are determined
by using the pragmatic numerical inverse method
from the experimental composition profiles of
ternary diffusion couples. A plot of a hot
workability parameter in the Ti-rich Ti—Ta—Fe
system is presented. This work reveals that high
content of the solute element Ta is unfavourable for
the processability during the hot working. Elements
with large atomic radii and high diffusion
coefficient need to be added in the Ti alloys for the
nice hot processability.
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Ti-Ta—Fe §& hF MY 8t e S B =N E
AR, RAGRY, BRBER Y, E %2, ZBRA3 KAES

1. R K% Skt B A TR AR F e, )M 5106325
2. REEMPBIIER SRS TR, &5 523808;
3. FRRYE MK EEFELLEE, K7 410083

W OE: &EPKERAT BURIEN Ti-Ta-Fe &4&% Ti Wl e Ay B Re T R mid i ot . it 7
1273 K [E¥$IR K 25 h #il#% 5 H=7C Ti-Ta—Fe § #ff. BIPOKEIRA B FIREF S HORIE Ti-Ta—Fe 14 R0
777 AHBA RS A F7 2 R o I S e CEUE BV 75 kA = e BB R A B B R 3R 1273 KOIREE IR
TR BTSRRI E—E Ti-Ta-Fe & &M F7 5 A4 B Re R e . 12850808 22 7T T4k
BN LR BN LA TR 0B . S5 RN, ] Fe & & ] 2 m Bk & 6 10 A FEACAS IR B .

KH2IR: Ti-Ta—Fe Gd FHUE: 9PKEIR: I HEREG J15ethae

(Edited by Xiang-qun LI)



