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Abstract: Isothermal section of Ti-Nb-Sn at 1173 K was experimentally studied by back-scattered
electron, electron probe microanalysis and X-ray diffraction analysis. Solid solution phase 3(Ti, Nb),
liquid Sn and eight intermetallic compounds Ti3Sn, TiySn, TisSng, TigSns, NbgSns, Nb3zSn, TizsNb,Sny
and TizNbSn coexisted. Four ternary phase regions Ti3Sn + TisNbSn + (3(Ti, Nb), TisNbSn + Ti3sNb3Sn;
+ Ti3Sn, TipSn + TizSn + TisNb3Sn, and TigSns + TisNbzSny + Nb3Sn were experimented. In addition,
the proper composition range of the single phase was suggested. All the detected Ti-Sn and Nb-Sn
compounds have a remarkable solubility along the isoconcentration of Sn. 3(Ti, Nb) has a relatively
large solution while liquid Sn has a little in the isothermal section.

Keywords: isothermal section; Ti-Nb-5n ternary system; phase equilibrium

1. Introduction

Titanium alloys have characteristics of high strength, super-elasticity and good biocompatibility.
They are promising materials in many fields especially in a biomedical aspect. Nb and Sn are alloy
elements of biocompatibility, and do not increase the martensitic transformation temperature of
metastable B titanium alloys [1-6]. It is necessary to know the phase equilibrium in Ti-Nb-Sn ternary
system. Therefore, the knowledge of the phase diagram is of great importance in the design and
development of titanium alloys.

The information of Ti-Sn, Nb-Sn and Ti-Nb binary systems can be easily found in recent studies.
Ti-Sn has been systematically studied [7-14]. The version of Ti-Sn system (Figure 1a) as given by
Yin et al. was taken because the coordinates of eutectic L <> (3-Ti) + TizSn correspond better to the
version of the system presented in these studies. It is also suggested that the thermodynamic model
agrees well with the experimental phase diagram [10]. There are nine phases: liquid, 3-Ti (bcc), «-Ti
(hcp), B-Sn (bct), &-Sn, TizSn, TipSn, TisSnsz and TigSns. The composition range of solution phase 3-Ti
and o-Ti in Ti-Sn system is 0-7.5 at. % Sn and 0-17.0 at. % Sn, respectively. The solid solubility of
Sn in TizgSn and Ti;Sn is 23.0-25.0 at. % and 32.7-35.9 at. %, respectively. In addition, TigSns has two
crystal structures: orthorhombic «-TigSns and hexagonal 3-TigSns, the later one being found when the
temperature was higher than 943 K [8,9].
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Figure 1. The binary phase diagrams: (a) Ti-Sn; (b) Nb-Sn; (c) Ti-Nb.

The Nb-5n phase diagram was assessed by Toffolon et al. in 1998 [15], and the compound Nb3Sn
is assumed to be unstable below 1069 K. The system was reassessed by Toffolon ef al. in 2001 [16] by
taking the experimental enthalpy of Nb3Sn at 1623 K into account, as well as the stability of Nb3Sn at
room temperature. Toffolon et al.’s reassessment agrees well with the experiment results [16]. Later,
NbSn, was re-optimized by Li et al. using two sublattice model to treat the homogeneity range of
NbSn; in Cu-Nb-5Sn system based on Toffolon et al.’s reassessed work. The Nb-Sn phase diagram in
the work (Figure 1b) is form Toffolon et al.’s reassessed work, for the good thermodynamic description
fitting in some ternary system [16]. Three solution phases: liquid, 3-Nb and (3-Sn as well as three
intermediate compounds: NbsSn, NbgSns and NbSn; exist in it. The solubility of Nb3Sn and Nb,Sn
is 19.2-26.7 at. % Sn and 65.3-66.7 at. % Sn, respectively, and compound NbgSns is a stoichiometric
compound. The Ti-Nb phase diagram (Figure 1c) comes from the model proposed by Zhang et al. [17],
and the thermodynamic description agrees well with the experimental results. It contains three stable
phases: liquid, 3(Ti, Nb) and «-Ti.

According to the previous work [18], the Ti-Nb-5n system has been investigated at 973 K below
50 at. % Sn. Ternary compound Ti3sNb3Sn, was found in the isothermal section at 973 K. It was also
reported in some literatures [19-21]. The crystal structure is same to Nb3Sn [22]. Meanwhile, the
crystal structure data of phases in the Ti-Sn, Nb-Sn and Ti-Nb can be found in [14,22-24]. The purpose
of this work is to evaluate the phase relations and compositions of Ti-Nb-Sn at 1173 K by means of
the equilibrated alloy method (experimental assessment of two-phase and three-phase equilibria).
Based on the phase diagram information, the relation of microstructure, processing and mechanical
properties of titanium alloys can better understood.
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2. Experimental Details

Twenty three Ti-Nb-Sn alloys were studied to evaluate the phase diagram of the ternary system.
Each sample was prepared to have the weight of 6 g by pure Ti of 99.99 wt. %, Nb of 99.98 wt. %
and Sn of 99.999 wt. %. They were melted in an arc furnace with nonconsumable tungsten electrode
on a water-cooled copper platform in an Ar atmosphere purified by Ti-melted. The buttons were
returned no less than four times to reach the homogeneity in the melting process. The specimens
were encapsulated in clean quartz tubes under an argon atmosphere to prevent oxidation and other
contaminations at high temperature. The 23 alloys were annealed at 1173 K for 1440 h to reach the
phase equilibrium and quenched in cold water.

The samples were examined by X-ray powder diffraction (XRD, Dmax-2500VB, Rigaku
Corporation, Tokyo, Japan), scanning electron microscopy (SEM Philips PSEM-500, FEI, Hillsboro, OR,
USA) and electron probe microanalysis (EPMA, JXA-8230, JEOL, Tokyo, Japan). Before XRD tests, the
samples were milled to less than 250 meshes in an agate mortar. XRD measurements were obtained
through the Dmax-2500V B, using Bragg-Brebtano geometry, with Cu K« radiation.

The quantitative element analysis was carried out by EPMA JXA-8230 at a voltage of 20 kV and
a current of 20 nA. The specimens for quantitative analysis were polished with diamond paste until
scratches disappeared.

3. Results and Discussion

Twenty three Ti-Nb-5Sn alloys were prepared to determine the isothermal section of Ti-Nb-5n
system at 1173 K. All phases found in the two-phase and three-phase equilibrium alloys and their
compositions determined by SEM and EPMA are summarized in Table 1. In addition, most of the
constituent phases are further confirmed by XRD patterns.

Table 1. Compositions of the equilibrium phases in multiphase alloys.

Alloy Composojtions Phase Compositions (at. %)

(at. %) Ti Nb Sn
1 Tigs sNby1 39N 1 B(Ti, Nb) 83.7 113 5.0
2 Ti76A6Nb19A6sn3A8 B(Ti, Nb) 76.5 19.6 3.9
3 Ti3‘4Nb95.18n145 B(Ti, Nb) 34 95.1 1.5
. TisSn 73.3 43 24
4 Tizs7NbuaSnian g ) 769 145 8.6
. TisNbSn 59.0 20.8 20.2
5 Tie2 2Nb23 55n14.3 B(3Ti Nb) 65.8 265 7.7
. TisNbSn 53.8 26.8 194
6 TissaNbs16Snis2 7y np) 57.0 36.8 6.2
. TizNbsSn. 45.0 329 21
7 Tiz92Nbs215ng 7 63(Ti IS\Ib)Z 36.7 603 30
. TisNb3Sn 35.3 432 215
8 Tiz7.5Nbe7.85n4 7 BS(Ti 13\lb)2 26.7 70.3 3.0
. Nb3Sn 217 56.6 217
? TigaNbeoaSnizs oy "Np) 15.8 79.5 47
. NbsSn 10.9 66.8 2223
10 Tig 3Nbgp 65n10.1 [S(TisNb) 8.2 89.1 2.7
. TisSn 67.8 8.5 237
1 Tisg 9Nb19 75n21.4 Ti3IEIbSn 543 25.6 20.1
. TisNb3Sn 35.3 40.2 245
12 Tizg.7Nb4g 65n23.7 ?\11333511 ’ 354 225 421
. TiySn 62.0 43 33.7
13 Tizs sNbs3 25n23.5 Tiosn 68.6 59 25.5
. TigSn, 49.0 5.4 456

14 Tis0.9Nbg2Sn42.9 625

TirSn 55.7 8.7 35.6
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Table 1. Cont.

Alloy Corr;ptoi;t;ons Phase Compositions (at. %)
at 7o Ti Nb Sn
A TigSns 439 11.1 45.0
15 TiszaNb192Snas6 i Ny Gny 39.0 35.1 25.9
. NbgSns 7.3 47.7 45.0
16 Ti7 5Nbs0.15n42.4 Nb3Sn 8.1 66.4 255
. Liquid Sn 0.3 0.6 99.1
17 Tiap oNb17sSns07 o g 35.8 193 45.0
TizSn 71.5 6.4 22.1
18 Tig1.5Nb197Sn1gg TizNbSn 59.7 20.2 20.2
3(Ti, Nb) 68.0 24.0 8.0
TizNbSn 51.6 28.5 19.9
19 Ti54'2Nb23_9Sn21A9 Ti3Nb3Sl’12 47.8 30.34 21.9
TizSn 66.2 9.1 247
TiSn 51.7 12.2 36.1
20 Tisp ¢Nb179Sn31 5 TizSn 61.4 13.5 25.1
TizNb3Sn; 432 31.6 25.2
TipSn 51.7 12.2 36.1
21 Ti50'7Nb21,1Sn28,2 TiSSIl 614 135 251
TisNbsSn, 432 31.6 252
TiSn 51.7 12.2 36.1
22 Ti46'8N-b24'8Sl’128'4 Ti3Sl’1 61.4 13.5 25.1
TizNb3Sn; 43.2 31.6 25.2
TigSns 39.3 15.2 455
23 T132,3Nb37,18n30,6 Ti3Nb3Sn2 36.6 36.8 26.6
Nb3Sn 249 499 25.2

Figure 2a shows the microstructure of Alloy 12 (Tizs 7Nbag ¢Sny37). A gray phase with some crack
phase TizNbsSn; and bright matrix phase Nb3Sn are observed. The results are confirmed with the XRD
diffractogram of Alloy 12 in Figure 3a. Figure 2b is the microstructure of Alloy 16 (Tiy 5Nbsg 15n47 4).
Following similar analytical procedures, two phases coexisted: a gray solidification phase Nb35Sn and
gray matrix phase NbgSns. The results agree with the XRD diffractogram of alloy 16 in Figure 3b.

Figure 2c is the microstructure of Alloy 17 (Tisp gNbi73Snsg 7). It displays a bright gray phase
liquid Sn with some holes and the gray matrix phase TigSns coexisted. It agrees with the XRD patterns
of alloy 17 in Figure 3c.

Figure 2d-g features the microstructure of three phase region alloys. Figure 2d is the
microstructure of Alloy 18 (Tig; 5Nb1975n;1g8). Two precipitates dark gray phase TizSn and gray
stripy phase 3(Ti, Nb), as well as a bright gray matrix phase TizNbSn were observed. Figure 2e shows
the microstructure of Alloy 19 (Ti5p7Nbs1 15ny82). There are two solidification phases, gray reticular
phase TizNbSn and black gray stripy phase, as well as bright gray matrix phase Ti3Nb3Sn, coexisted
in the alloy.

Figure 2f shows the microstructure of Alloy 20 (Ti5p sNb17.9Sn31 5), which displays two precipitates
containing dark gray stripy phase TizSn and bright gray reticular phase Ti;Sn, as well as a gray matrix
phase Ti3sNb3Sn, observed. Meanwhile, the XRD diffractogram of Alloy 20 is identical in Figure 3d.
Compared with Alloy 19, Alloy 20 contains two same phases, but the size of solidification phases
is small and slender. The size of the solidification phase is related to the content of the phase in the
annealed alloy at 1173 K, while, the shape is determined by the crystal structure of phase.

Figure 2g is the microstructure of Alloy 23 (Tizp3Nb3zy15n306). A little blocky dark gray phase
TisNb3Sny, bright reticular phase TigSns and a gray matrix phase NbsSn are observed. The result is
consistent with the XRD diffractogram of Alloy 23 in Figure 3e.
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TisNbSn
B(Ti, Nb)

TisNbSn:

TisNb3Sn Ti3Nb3Sn2

Figure 2. Microstructure of the typical alloys in Ti-Nb-Sn system annealed at 1173K for 1440 h.
(a) Alloy 12; (b) Alloy 16; (c) Alloy 17; (d) Alloy 18; (e) Alloy 19; (f) Alloy 20; (g) Alloy 23.
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Figure 3. The XRD patterns of typical alloys in Ti-Nb-Sn system annealed at 1173 K for 1440 h. (a) Alloy
12; (b) Alloy 16; (c) Alloy 17; (d) Alloy 20; (e) Alloy 23.

The solubility of the equilibrium phases in the Ti-Nb-Sn ternary system at 1173 K is elucidated
based on experimental analysis. The phase boundaries along the Ti-Sn, Ti-Nb and Nb-5n sides can
be obtained from the binary phase diagrams. In addition, the solubility of the equilibrium phases
in Ti-Sn, Ti-Nb and Nb-5n binary at 1173 K systems also given as follows. The solubility of Sn in
3(Ti), TizSn, TipSn and liquid Sn in Ti-Sn system is 0-11.1 at. %, 23.8-25.0 at. %, 33.3-34.9 at. % and
79.2-100.0 at. %, respectively. The solubility of Sn in 3(Nb), Nb3Sn and liquid Sn is 0.0-3.7 at. %,
25.0-27.4 at. % and 99.8-100.0 at. %, respectively. The compounds TizSn3, TigSns and NbgSns are
regarded as stoichiometric compounds. The equilibrium phase in Ti-Nb at 1173 K contains only one
solid solution phase 3(Ti, Nb).

The solubility of Sn in 3(Ti, Nb) solid solution phase can be determined by compositions of the
equilibrium phases of the typical annealed alloys, and the maximum value is 3.7-11.1 at. %, which
is a relative large solubility. Liquid Sn is located at the Sn rich side, and the boundary composition
range is 79.2-0.2 at. % Sn from Ti side to Nb side, based on Alloy 17 and Ti-Sn and Nb-Sn binary phase
diagrams, which is a smaller solubility.

The solubility of TizSn is found to be 22.1-25.5 at. % Sn and 0.0-13.6 at. % Nb. The solubility
of TipSn extended along the isoconcentration of Sn, which is about 33.3-36.1 at. % Sn and more than
12.2 at. % Nb. Binary compounds TigSns and NbgSns are treated as stoichiometric compounds for the
very narrow homogeneity range according to experimental results, and the solubility extent of the
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two compounds are along the isoconcentration of Sn. The maximum solubility of TigSns, NbgSns was
found to be no less than 19.3 at. % Nb and 7.4 at. % Ti, respectively, according to the equilibrium phase
compositions of alloys 16 and 17. The solubility of Nb3Sn is measured to be about 0.0-24.9 at. % Ti
and 21.7-27.4 at. % Sn. The solubility of Nb in compound TisSns can be deduced to be no more than
7.9 at. % Nb, based on equilibrium phase of Alloy 16. Overall, all of the detected binary compounds
has a considerable solution along isoconcentration of Sn. This indicates that a certain amount of Ti
atoms are replaced by Nb atoms in Ti-Sn compounds, and some Nb atoms are substituted by Ti atoms
in Nb-5n compounds.

Two ternary compounds TizNb3Sn; and TisNbSn are found in the isothermal section. The
solubility of ternary compound TisNb3Sn;, is measured to be about 21.7-43.2 at. % Nb and 21.5-26.6
at. % Sn, based on the compositions of equilibrium phase of typical alloys. The solubility of TizNbSn
is about 20.2-28.5 at. % Nb, which is regarded as the stoichiometric compound according to the
experimental results, and the extending is along the isoconcentratation of Sn.

The proposed isothermal section of Ti-Nb-Sn ternary system at 1173 K in this research was
determined and is presented in Figure 4. Meanwhile, the tie-lines of the two-phase alloys by the
experimental measurement were given in the isothermal section. The estimated equilibria are
represented by dotted lines, which are named “tentative”, as they were not confirmed by XRD,
SEM and EPMA analysis.

Sn —— experimental line
1 - - - ~estimated line
=tie line
® —three-phase sample
¥ —two-phase sample
® —single-phase sample

0 0.2 0.4 0.6 0.8 1
Ti XNb—» Nb

Figure 4. Isothermal section of Ti-Nb-Sn ternary system at 1173 K.

The XRD, SEM and EPMA results confirm 10 stable phases: two solution phases, six binary
compounds and two ternary compounds in the isothermal section. They are 3(Ti, Nb), liquid Sn,
Ti3Sn, TiySn, TisSns, TigSns, NbgSns, NbsSn, TisNb,Sn, and TisNbSn. Four ternary phase fields in the
isothermal section were experimental measured, and they are Ti3Sn + TizNbSn + 3(Ti,Nb), TisNbSn +
Ti3Nb351’12 + TigSl’l, TiZSl"l + Ti3Sl’1 + Ti3Nb381’12 and Ti6Sn5 + Ti3Nb381’12 + Nngl’l.

4. Conclusions

The isothermal section of Ti-Nb-5Sn ternary system at 1173 K was determined by the means of
equilibrated alloy method. One single phase region, 14 binary phase regions and four ternary phase
regions were experimentally measured. The probable composition range of all single phases was given.
The characteristic of the system is a relatively large region of the 3(Ti, Nb) continuous bcc solid solution,
and a small region of liquid Sn. The maximum solubility of Sn in 3(Ti, Nb) is 3.7-11.1 at. %. All the
detected Ti-Sn and Nb-5n binary compounds have a remarkable solid solution in the isothermal section.
This means that a certain amount of Ti atoms were replaced by Nb atoms in Ti-Sn compounds, and
some Nb atoms were substituted by Ti atoms in Nb-5n compounds. There are two ternary compounds
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TisNbsSn, and TisNbSn, both of which have a little solid solution. The solubility of TizNb3Sn; is
measured to be about 21.7-43.2 at. % Nb and 21.5-26.6 at. % Sn, and the solubility of TizNbSn is about
20.2-28.5 at. % Nb.
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