Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 30(2020) 1839-1848

Transactions of
Nonferrous Metals
Society of China

" & Science
ELSEVIER Press

www.tnmsc.cn

Crystal structures and elastic properties of
Ti(Cu,Pt), and Ti(Cu,Pt); phases

Wei-jing ZENG, Kun HU, Hua-shan LIU, Hai-long PENG, Ge-mei CAl, Zhan-peng JIN
School of Materials Science and Engineering, Central South University, Changsha 410083, China
Received 22 July 2019; accepted 8 June 2020

Abstract: This paper focused on the crystal structures of two new ternary phases, Ti(Cu,Pt), and Ti(Cu,Pt);, which were
studied by X-ray powder diffraction data using Rietveld method. Electron probe microanalysis was used for sample
composition examination. Elastic properties of these phases were further measured by nano-indentation, and meanwhile
calculated with first-principle (FP) calculations. It is found that the crystal structure of Ti(Cu,Pt), is of orthorhombic cell
space group Amm?2 (No. 38) with structural prototype of VAu,. The resolved structure of Ti(Cu,Pt); is of tetragonal
AlPt; type, belonging to the space group P4/mmm (No. 123). The nano-indentation measurement and FP calculations
show that the elastic modulus of Ti(Cu,Pt), increases firstly then decreases with Pt content, whereas that of Ti(Cu,Pt);

almost linearly increases with Pt content.
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1 Introduction

Ti—Cu intermetallic compounds have been
used as implantable devices and dental prostheses
because of their good biocompatibility [1], high
hardness and strength, low melting temperature,
and strong antibacterial ability [2—5]. The addition
of other elements can improve their physical
properties because of formation of solutions or new
ternary compounds. For example, six ternary
phases, 71-Ti(Cu,Nij—)s, 7-Tip(Cu,Ni;—,);_H,
73-Tip(CuNi—); L, 74-TisCuNijy, 75-T1ICuNi,
(CusSb type), and 75-TiCuNi, (TiAl; type) [6—10]
were found in the Ti—Cu—Ni system, and
TiCugsFegs [11], TigCuCoy [12], TiCuZr [13],
TiCuyZr [14], TiCuPds[15] and Ti4CuAg [16], were
also reported in other systems. The hardness (H)
and elastic modulus (£) of TiCuyZr can reach
(7.5£0.3) GPa and 128.4 GPa, respectively, which

are significantly higher than those of most binary
Ti—Cu or Zr—Cu phases [14]. As a non-toxic
element, Pt is commonly added to improve the
physical property of cp-Ti, and Ti—Pt binary
compounds are promising candidates for dental
applications due to their grindability and
mechanical compatibility with bone tissue than
cp-Ti [17]. In light of alloying theory, it is expected
that property of the binary Ti—Cu compounds may
be improved and new compounds may be stabilized
by adding Pt in Ti—Cu binary system.

Recently, two new ternary phases of Ti(Cu,Pt),
and Ti(Cu,Pt); have been reported by our research
group [18]. The Pt contents for Ti(Cu,Pt), and
Ti(Cu,Pt); are (4.0—47.6) at.% and (42.2—65.6) at.%
at 1073 K, respectively. However, crystal structure
and related properties of these two phases were not
studied in detail. In this work, crystal structures and
elastic properties of these two phases were
investigated.
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2 Experimental

2.1 Materials and synthesis

Eight alloys of the Ti(Cu;-.Pt,), (x=0.05, 0.2,
0.35, 0.5) and Ti(Cu;-,Pt)); (x=0.6, 0.7, 0.8, 0.9)
compounds with a mass of 2 g were arc-melted
from high-purity metals, i.e. 99.99 Ti, 99.99 Cu and
99.99 Pt (wt.%), in a chamber filled with argon gas.
These alloys were remelted four times to ensure
complete fusion and composition homogeneity
before being enclosed in an evacuated quartz tube
and annealed at 1073 K for 60 d. The annealed
alloys were then instantaneously quenched in water
to room temperature.

2.2 Structure characterization and hardness
measurement

The elemental compositions of the Ti(Cu,Pt),
and Ti(Cu,Pt); compounds were obtained through
wavelength-dispersive spectroscopy (WDS) on a
JEOL JXA—8800R electron probe micro analyzer
(EPMA).

Powder X-ray diffraction patterns of Ti(Cu,Pt),
and Ti(Cu,Pt); compounds were collected at room
temperature using a Rigaku D/max 2550V powder
diffractometer equipped with a Cu K, radiation and
a diffracted-beam graphite monochromator. The
diffractometer was operated at 40 kV and 250 mA,
the 26 scan range was from 10° to 100° with a step
size of 0.02° and a count time of 2 s per step. The
Materials Data Inc. software Jade 5.0 [19] was used
for phase identification. After data collection, the
stability of both the X-ray source and the samples
was checked by recording the diffraction lines again
at low angles.

The H and E were measured on single phase
or polycrystalline samples with nano-indentor
(UNHT+MCT+MST, CSM, Switzerland). Test was
repeated five times on each of the target phase. The
surface of each sample was polished before the test.

3 First-principle calculations

Structural optimization and elastic constant
calculations were performed with the VASP
code [20,21], of which the generalized gradient
approximation (GGA) with the Perdew—Burke—
Ernzerh (PBE) functional [22] was used as the
exchange-correlation potential. Integration over the

Brillouin zone was performed using the Monkhorst-
Pack set [23] with 450 eV of energy cutoff. The
structural parameters of Ti(Cu,Pt), and Ti(Cu,Pt);
were acquired from experimental values of lattice
parameter, and the terminal phase models of
Ti(Cu,Pt), and Ti(Cu,Pt); were constructed from a
unit cell in which the mixed sites are filled either
with Cu or with Pt. The k-point meshes of
Ti(Cu—Pt,), (x=0, 1) and Ti(Cu_Pt,); (x=0, 1)
were set as 15x9x15 and 15x15x15, respectively.
The tolerances of total energy difference for
geometry optimization were 107 eV/atom, the
maximum force of 0.001 eV/A, and the maximum
displacement of 1.0x107* A. Bulk modulus and
volume dependence of the total energies were
calculated by fitting the energy against volume data
with Birche—Murnaghan equation of states.

4 Results and discussion

4.1 Crystal structure of Ti(Cuy¢sPt)35). phase

Electron probe microanalysis (EPMA) was
employed to analyze whether the annealed
alloys of Ti(Cu;-Pt,), (x=0.05, 0.2, 0.35, 0.5) are
single phase or not. Figure 1 shows the phases
present in the annealed alloys. It is seen that only
the Ti(Cu;_,Pt,), (x=0.35) alloy is single phase
(Fig. 1(c)), while other samples contain at least two
phases. So the single-phase sample Ti(CugesPto35)2
was chosen to determine its crystal structure of
Ti(Cu,Pt),.

High-quality X-ray diffraction patterns of
the Ti(CuggsPto3s)> alloy powder were collected,
as illustrated in Fig. 2. By using the Jade 5
program [19], the crystal structure of the
Ti(Cuyg65Pto35)2 phase was successfully indexed and
it has an orthorhombic unit cell with the following
lattice parameters: a=4.5688(2) A, »h=8.1822(2) A,
c=4.5603(3) A. Reflection conditions (hkl: k+I=2n;
Okl: k+1=2n; hOl: [=2n; hkO: k=2n; Hh00: no
conditions; 0k0: &=2n; 00/: /[=2n) indicated the
possible space groups: Cmcm (No. 63), Amm?2
(No. 38), Cmm2 (No.35), (€222 (No.21). By
comparing the lattice parameters and PXRD pattern
of the Ti(Cuy¢sPto35), phase with those presented in
the structure-type database, it was found that
Ti(CugesPtoss), and VAu, [24] have the same
structure type. So the space group Amm2 (No. 38)
and the atomic position parameters of VAu, were
taken as the starting values to refine the structural
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Fig. 1 Backscattered electron (BSE) images of Ti(Cu_Pt,), (x=0.05-0.5) alloys annealed at 1023 K for 60 d:
(@) Ti(Cug95Pto.05)2; (b) Ti(CugsPto2)2; () Ti(CugsPtoss)2; (d) Ti(CuosPto5)2
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Fig. 2 Observed, calculated and residual powder XRD
patterns and Bragg peak positions of Ti(CugesPto3s)2
alloy

parameters of Ti(CuggsPtoss),. The structural
refinement of Ti(CugesPto3s), was then performed
using the Fullprof suite program [25]. The pseudo-
Voigt function was used for the simulation of the
peak shapes. There are 27 refined parameters,
including scale factor, cell parameters, atomic
coordinates, full width at half maximum (FWHM),
preferred orientation, and isotropic displacement
parameters. Background correction used a 12-term
polynomial. When Ti atoms occupy 2a and 2b

positions of V atoms, Cu and Pt atoms statistically
occupy 4d and 4e positions, final refinement
converged to rather good residual value (profile
factor Rp=5.07%, weighted profile factor Rwp=
6.83%, Bragg factor Rp=7.85%, crystallographic
Re-factor Rp=5.63%) and yielded a formula of
Ti33.33Cus320Pty3 33 which was in good agreement
with the composition of a mnew phase of
Ti(CugesPto3s)2 (32.95 at.% Ti, 43.20 at.% Cu, and
23.85 at.% Pt) by EPMA.

The crystal data, structural refinement,
standardized atomic positions and isotropic atomic
displacement parameters (B.q) of the Ti(Cug 5Pty 35)>
phase are listed in Table 1.

A set of interatomic distances in
Ti(CugesPto3s), are given in Table 2. The shortest
bond length in the structure is dri_cuypp=2.6076 A,
which corresponds to 95.6% of the sum of the
atomic radii. The crystal structure of Ti(Cug ¢sPto 35)2
is shown in Fig. 3.

It should be pointed out that CENZUAL
et al [26] also reported another structural type of
Au,V which crystallized in orthorhombic space
group Cmcm (No. 63). The unit cell has 12 atoms,
4 V atoms occupy 4c¢ positions and 8 Au
atoms occupy 8g positions. The results of structural
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Table 1 Crystal data and structural refinement parameters for Ti(Cuy ¢sPty 35), phase

Atom Position x y z Occupancy B /A’
Ti, 2a 0 0 0.0606(2) 1 1.3928(1)
Ti, 2b 0.5 0 0.3355(9) 1 0.3355(9)
Cu, 4d 0 0.1770(8) 0.5484(3) 0.6189(5) 1.2223(1)
Pt, 4d 0 0.1770(8) 0.5484(3) 0.3810(5) 1.2223(1)
Cus de 0.5 0.1499(2) 0 0.6797(6) 0.8404(3)
Pt, de 0.5 0.1499(2) 0 0.3202(4) 0.8404(3)

Ti(Cug.65Pto3s)2: Orthorhombic VAu,-type; Amm2 (No. 38); a=4.5688(2)A; b=8.1822(2)A; ¢=4.5603(3) A; Dewc=10.789 g/cm’, Z=4;

R-factors: Rp=5.07%; Rwp=6.83%; Ry=5.63%; Rp=7.85%

Table 2 Typical interatomic distance for Ti(CuggsPto35)>

phase
Bond Distance/A  Multiplicity

Ti,—Ti, 3.428(5) x2
Ti,—Cuy(Pt)) 2.748(6) x2
Ti,—Cu,(Pty) 2.607(6) x 4
Ti,—Cu,(Pt)) 2.714(1) x 4
Ti,—Cu,(Pt,) 2.864(4) x2
Cuy(Pt))—Cuy(Pt)) 2.573(5) x 2
Cu,(Pt))—Cuy(Pty) 2.696(5) x2
Cuy(Pty)—Cu,(Pty) 2.807(4) x2
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Fig. 3 Schematic illustration of crystal structure of
Ti(Cu,Pt), phase

refinement of Ti(CugesPtoss), are R,=6.46% and
Rwp=7.76% which are not as good as the results
obtained with Amm2. This may be related to the
quenching in water of the samples at 1073 K.

4.2 Crystal structure of Ti(Cug;Pt(7);

Microstructures  of  the alloys  with
compositions of Ti(Cu;-,Pt,); (x=0.6, 0.7, 0.8, 0.9)
are presented in Fig. 4. As can be seen,
Ti(Cug;3Pto7); alloy (Fig. 4(b)) is almost single
phase. The elemental composition (25.08 at.% Ti,
22.52 at.% Cu, and 52.40 at.% Pt) of the compound
was obtained from EPMA.

Powder XRD pattern of the alloy Ti(Cug 3Pty 7)s

recollected by step-scanning mode with
relatively high resolution as shown in Fig. 5. The
indexing result of diffraction pattern indicated a
tetragonal cell, with the lattice parameters
a=3.9097(2) A and ¢=3.7227(3) A. The analysis of
systematic extinctions (no conditions) suggested
that the possible space groups were P4/mmm,
P4m2, P42m, P4mm and P422. Among them,
the P4/mmm has a symmetric centre and high
symmetry. We also chose trial-and-error and
isostructural method to determine the crystal
structure of Ti(Cug;Pty7); phase. Finally, the best fit
was found for AlPt; [27] structure with space group
P4/mmm (No. 123). The reliability R factors for the
finally achieved parameter set were Rp=8.41%,
Rwp=9.95%, Rr=7.94%, Rg=6.56%. The observed,
calculated, and residuals X-ray powder diffraction
patterns of Ti(Cuyg 3Pty 7); are shown in Fig. 5.

In Refs. [28,29], AlPt; compound crystallizes
not only the space group P4/mmm (No. 123), but
also P4/mbm (No. 127) and Pm3m (No.221).
The results of structural refinement of Ti(Cug3Pty7);
for space group P4/mbm are not acceptable.

The crystal structure data of the Ti(Cug3Pty7);
phase are listed in Table 3. As can be seen that Ti
atoms occupy la (0, 0, 0) site, while Cu and Pt
atoms jointly occupy 1lc (0.5, 0.5, 0) and 2e (0, 0.5,
0.5) sites. The interatomic distances of this phase
are given in Table 4. All these bond lengths are
reasonable with respect to atomic radii. The crystal
structure of Ti(CugsPty7); is a face tetragonal
structure, as illustrated in Fig. 6.

was

4.3 Elastic properties
4.3.1 Nano-indentation measurement

The H of Ti(Cu,Pt), and Ti(Cu,Pt); phases
were measured through nano-indentation technique.
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Fig. 4 Backscattered electron images (BSE) of Ti(Cu;_Pt,); (x=0.6—0.9) alloys annealed at 1023 K for 60 d:
(@) Ti(Cug 4Pto6)3; (b) Ti(Cug 3Pty 7)3; (c) Ti(Cug 2Pt g)3; (d) Ti(Cug 1Pty )3
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Fig. 5 Observed, calculated and residual powder XRD
patterns and Bragg peak positions of Ti(Cug ;Pt; ;)5 alloy

For Ti(Cu;_Pt), (x=0.05, 0.2, 0.35, 0.5) and
Ti(Cu;-,Pt); (x=0.6, 0.7, 0.8, 0.9) alloys that
contain multiple phases, indentation was performed
on the target phase only, i.e. Ti(Cu,Pt), or Ti(Cu,Pt);
phase.

A mathematical model was proposed to assess
nano-hardness and modulus through indentation
load—displacement data [30]. Usually, H is defined
as the ratio of the maximum applied load (Pp,x) to

Table 3 Crystal data and refined parameters for
Ti(Cu0'3Pt0_7)3 phase

Atom Position x y z Occupancy /{‘;
Ti 1« 0 0 0 1 13928(1)
Cuy  le 05 05 0 03021(4) 0335509)
P, e 05 05 0 0.6978(6) 0335509)
Cu, 2e 0 0.5 05 0.2977(2) 1.2223(1)
Pt, 2e 0 0.5 0.5 0.7022(8) 1.2223(1)
Ti(CuosPlos)s: Tetragonal AlPt-type: Palmmm (No. 123);

a=3.9097(2) A; ¢=3.7227(3) A; Dearc=14.639 g/em’; Z=1; R-factors:
Rp=8.41%; Rwp=9.95%; Ry=7.94%; Rz=6.56%

Table 4 Typical interatomic distance for Ti(Cuy3Pty7);

phase

Bond Distance/A  Multiplicity

Ti-Ti 3.909(7) «4

Ti-Cu, (Pt) 2.764(6) «4

Ti-Cus(Pt) 2.699(2) <8

Cuy(Pt,)~Cuy (Pty) 3.722(7) X2

Cuy(Pt,)~Cus(Pts) 2.699(2) «8

Cus(Pto)—Cus(Pts) 3.909(7) x4
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Fig. 6 Schematic illustration of crystal structure of
Ti(Cuqg3Pto7); phase
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And the elastic modulus of the materials can
be calculated as

2 2
Vi

1

E

T

1-v
E

1-
J’_
E.

1

N (2)
where E, is the reduced elastic modulus which takes
into account the elastic contributions of the sample
and the indenter tip; £ and v are respectively the
elastic modulus and Poisson ratio of the tested
material, while E; and v; are those for the indenter.
Table 5 lists the H and E of Ti(Cu,Pt), and
Ti(Cu,Pt);. Both H and E of these two phases
increase with increasing content of Pt. For
Ti(Cu,Pt),, whose composition formula is denoted
as Ti(Cu,-,Pt,),, with x increasing from 0.08 to 0.48,
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from 9.4 to 13.6 GPa with x of Ti(Cu-Pt);
increasing from 0.62 to 0.88.
4.3.2 Elastic property calculation

First-principle
successfully used in disclosing the correlation
between the crystal structure and the elastic
properties [31—34]. Here, the elastic properties of
the terminal members TiCu, and TiPt, of Ti(Cu,Pt),,
and TiCu; and TiPt; of Ti(Cu,Pt);, were calculated
using the same approach.

For the single-crystal material, elastic constant
(Cj) can be defined as means of a Taylor expansion
of total energy, E(V,d), in terms of the infinite
small change of strain (J) for the primitive cell
volume (V) [35]:

calculations have  been

E0.0) = EWp0+/(Xrdd +35.C,60)  (3)
i ij

where the indices i and j will run over 1, 2, 3, 4, 5
and 6, the volume of the unstrained system is
denoted Vy, E(V,y, 0) is the corresponding total
energy, 7; is an element in the stress tensor and ¢&; is
the factor which takes the value 1 if the Voigt
numbers are 1, 2, or 3, and takes the value 2 if the
Voigt numbers are 4, 5, or 6.

The bulk modulus B, shear modulus G, elastic
modulus £ and Poisson ratio for the
polycrystalline materials can be found from the
calculated elastic constants of single-crystal
material by using the Voigt-Reuss-Hill (VRH)
approximations [36—38]. In light of Ref. [36], for
the orthorhombic and tetragonal structures, Voigt
bulk modulus (By) and shear modulus (Gy) can be
calculated as follows:

v

. . 1 >
E increases from 86.7 to 1'63.5 GPa anq H increases By =—(Cy; +Cyy +Cs3) +=(Cpy +Cps + Cas) (4)
from 4.5 to 6.1 GPa. It is worth noting that E of 9 9
. . 1
T1(Cuo_52PF0.48)2 phase reaches 163.5 GPa, h¥gher Gy = —[(Cy; +Cypy +Cs3 —(Cpy + Cps + Coy)] +
than the highest £ that has been reported for binary 15
Ti 161.1 GP 1]. For Ti Pt);, £ 3
.compound iCu, 161.1 GPa [31]. For 1(Cu, )3, 2 (Cpy +Css +Cyp) (5)
increases from 218.4 to 262.2 GPa and H increases 15
Table 5 Measured hardness (H) and elastic modulus (E) of Ti(Cu,Pt), and Ti(Cu,Pt); phases
Ti(Cu,Pt), Ti(Cu,Pt);
Alloy Nominal Composition of  E/ H/  Alloy  Nominal Composition of  E/ H/
No. composition target phase = GPa GPa  No. composition target phase = GPa GPa
Al Ti(Cu0‘95Pt0‘05)2 Ti(CuO'gzptO'og)z 86.7 4.5 B1 Ti(CUO_4Pt0'6)3 Ti(CuO'ggPto'éz)g 2184 94
A2 Ti(CuO'gPt042)2 Ti(CqugPtO.zz)z 142.2 5.6 B2 Ti(Cuo,3Pt0.7)3 Ti(Cuo,3Pt0,7)3 225.7 10.3
A3 Ti(Cu0465Pt0435)2 Ti(CuO.65Pt0.35)2 151.4 5.7 B3 Ti(Cuo,thO,g)3 Ti(cuOlthojg):; 2593 125
A4 Ti(CquPt()AS)Z Ti(CUO‘52Pt0‘48)2 163.5 6.1 B4 Ti(CUOAIPtO‘g)_g Ti(CUO‘lthO‘g8)3 2622 13.6
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while Reuss bulk modulus (Br) and Reuss shear
modulus (Gy) are defined as [39]

1
B_:Sll +8) +833 +2(8), + 815 +S553) (6)
R

11
= [A(S + Sy, + S33) +3(Syq + Sss + Seg) —
G, 15

4(S1; + 813+ 533)] (7

where S is the compliance matrix and C is the
elastic constant matrix related by S=C"'.

HILL [38] considered that the average over
Voigt and Reuss terms is considered to be the best
approximation for finding the theoretical elastic
modulus of polycrystalline materials:

B=(BvytBr)/2, G=(Gy+Gg)/2 (8)
For polycrystalline materials, £ and v can
thus be obtained using the following relations:

o 9BG _3B-2G
3B+G’ 2(3B+G)

)

The calculated equilibrium lattice parameters,
volumes of terminal phases TiCu, and TiPt, of
Ti(Cu,Pt), are listed in Table 6, together with the
experimental data of Ti(CuggsPto35)>. The calculated
single-crystal elastic constants for terminal phases
TiCu, and TiPt, of Ti(Cu,Pt), are listed in Table 7,
and the B, G, E and v are listed in Table 8. It is
clear that these phases are -elastically stable
according to the mechanical stability criteria for
orthorhombic structure, which are: C;;>0, C,,>0,
C33>0, C4>0, Css>0, Ce>0, Cy+CutCst2(Ciot
Ci3+Cy3)>0, C 1 +Cp—2C1>0, C1+C33-2C13>0, and
CytC33—2C53>0 [39].

Table 6 Calculated lattice parameters, unit-cell volumes
TiCu, and TiPt, and
experimental value of Ti(Cug ¢5Pto 35)>

Ti(Cu,Pt), aA  bA A VIA®
TiCu, 44830 7.9798 4.5289 162.01
Ti(CugesPto3s)2(exp.) 4.5688 8.1822 4.5603 170.48
TiPt, 4.6369 8.5491 4.8244 191.25

of terminal phases

Table 7 Calculated elastic constants for Ti(Cu,Pt), phase
End-

Cl11 C12 C13 (C22 (C23 (C33 C44 C55 C66
member

TiCu, 229.9 55.2 29.6 184.0 45.3 139.369.9 66.5 6.0
TiPt, 320.8129.9131.8300.5161.1289.077.6530.084.0

Table 8 Calculated bulk modulus B, shear modulus G,
elastic modulus £ and Poisson ratio v for Ti(Cu,Pt),

phase
End-member B/GPa G/GPa E/GPa v B/G
TiCu, 90.7 29.3 79.3 035 3.10
TiPt, 180.9 444 1362 0.39 4.07

The ratio of B/G proposed by PUGH [40] can
be used to predict the brittle or ductile behavior of a
material. When B/G is larger than 1.75, the material
is ductile, otherwise it is brittle. In Table 8, the B/G
ratios of TiCu, and TiPt, are 3.10 and 4.07,
respectively, implying that Ti(Cu,Pt), is a ductile
phase.

LIU et al [41] proposed a method for modeling
the effect of alloying elements on the elastic
coefficients. As for the E of Ti(Cu,Pt),, we have

E = Ericy, 1= X)+ Erip, X + Epi;cy,pyX(1 = X) (10)

Figure 7 shows the E of Ti(Cu,Pt), as a
function of Pt content. Dotted line means the
changing trend between calculated and measured
values, fitting result shows E a non-monotonic
behavior with Pt content, i.e., it increases firstly
then decreases. This nonlinearity fits well with
Eq. (10): E=136.22x+78.92(1—x)+ 235.77x(1—x).

200
* Measured
180F o Calculated
160 N
N
\\
o 1401 i b
Q
o120t
100 -
/IE
80 o
0 0.25 0.50 0.75 1.00

x in Ti(Cu,_,Pt,),
Fig. 7 Relationship between Pt content and elastic
modulus for target phase Ti(Cu;_Pt,), (x=0, 0.08, 0.22,
0.35,0.48,1)

In the case of Ti(Cu,Pt);, the calculated
equilibrium lattice parameters, volumes of terminal
phase TiCu; and TiPt; of Ti(Cu,Pt); are listed in
Table 9, together with the experimental data of
Ti(Cug3Pty7);. The elastic constants and moduli of
TiCuz and TiPt; are listed in Tables 10 and 11,
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respectively. Similarly, the elastic constants also
satisfy the mechanical stability criteria of tetragonal
structure (C11>0, C33>0, C44>0, C66>0, (Cll_C12)>0,
(C1i+C3372C13)>0 and [2(C 1 +Ci2)+C33+4C13]>0)
[42]. From Table 11, the B/G values of TiCu; and
TiPt;are 5.74 and 2.12, respectively, both of which
are larger than 1.75, indicating ductility of
Ti(Cu,Pt); phase.

From Fig. 8, it is seen that £ of Ti(Cu,Pt);

Table 9 Calculated lattice parameters, unit-cell volumes
TiCu; and TiPt; and
experimental values of Ti(Cug 3Pt ;)3

of terminal phases

Ti(Cu,Pt)s alA c/A VIA®
TiCu, 37825  3.6668  52.46
Ti(CugsPty)s(exp.)  3.9097  3.7227  56.90
TiPts 3.9524 37626  58.77

Table 10 Calculated elastic constants for Ti(Cu,Pt);

phase
End-member C11 C12 CI13 (C33 C44 (66
TiCus 164.6 148.6 1542 169.5 619 62.5

TiPt; 343.5 180.9 180.7 343.3 1359 136.0

Table 11 Calculated bulk modulus B, shear modulus G,
elastic modulus £ and Poisson ratio v for Ti(Cu,Pt);

phase
End-member B/GPa G/GPa  E/GPa v  BIG
TiCus 156.6 273 773 042 574
TiPts 235.0 110.6 286.9 030 2.12
300
275+ //D
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20 o Calculated
225+ i
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Q 175 + -~

55} P
150 | el

7
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7
100 F -7
7
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0 0.25 0.50 0.75 1.00

x in Ti(Cu,_,Pt,),

Fig. 8 Relationship between Pt content and elastic
modulus for target phase Ti(Cu;-_,Pt,); (x=0, 0.62, 0.70,
0.78, 0.88, 1)

shows approximately linear relation with Pt content,
which meets the linear function £=210.23x+77.68.
In Fig. 8 dashed lines show the possible variation
tendency among calculated and measured values of
E. 1t is worth noting that this curve is constructed
by combining the experimental and calculated
values of E of Ti(Cu,Pt);, further confirmation and
discussion on the actual variation trend are still
needed.

5 Conclusions

(1) The crystal structure and elastic properties
of two new phases, Ti(Cu,Pt), and Ti(Cu,Pt);, were
investigated. Ti(Cu,Pt), has VAu,-type structure,
belonging to space group Amm?2 (No. 38). Cu and
Pt atoms share 4d and 4e sites, while Ti atoms
occupy 2a and 2b sites. Ti(Cu,Pt); has tetragonal
AlPt;-type structure of space group P4/mmm
(No. 123). Ti atoms occupy la site alone, and Cu
and Pt occupy 15 and 2e sites.

(2) The elastic moduli of Ti(Cu,Pt), and
Ti(Cu,Pt); are in the range of 79.3—163.5 GPa and
77.3—286.9 GPa, respectively. The elastic modulus
for Ti(Cu,Pt), phase exhibits a maximum value with
increasing Pt content, while that for Ti(Cu,Pt);
approximately increases linearly with content of Pt.
Additionally, the B/G ratios of Ti(Cu,Pt), and
Ti(Cu,Pt); are found in the range of 3.10—4.07 and
2.12-5.74, implying the good ductility of both
phases.
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