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The isothermal section of the phase diagram of the ternary system Ti—Cu—Al at the
temperature of 800°C was investigated using X-ray powder diffraction, microstructural
analysis and energy-dispersive X-ray spectroscopy. The homogeneity ranges at 800°C of
three purely ternary compounds were determined: TiCuAl,_,, x=0.30(3)—0.60(3) (structure
type Cu;Au), TiCu, Al,_,, x=0—0.52(2) (structure type MnCu,Al) and TiCuAl,_,,
x=0.54(3)—1.14(3) (structure type MgZn,). The crystal structure of an additional compound
near the composition TiAl, was refined on X-ray powder diffraction data
(Ti; 150, CUg go1yAly 763, Structure type ZrAly; Pearson symbol /16, space group [4/mmm,
a=3.9159(3), ¢=16.556(2) A). This ternary compound, observed at 800°C, is probably an
extension of the solid solution of the binary high-temperature phase reported as TisAl,,
with the same structure type. The microhardness of the ternary compounds was measured.
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Introduction

Literature data on the Ti—Cu—Al system has
been summarized by Ran and Stadelmaier [1]. The
existence of a ternary aluminide with equiatomic
composition in the system Ti—Cu—Al was established
already in 1935 and a cell corresponding to the
hexagonal Laves type MgZn, was reported; thirty
years later TiCu,Al with CsCl-type structure was
reported, and cell parameters for the same phase
were published [2,3]. Three compounds,
TiCugAl, g, TiCug Al g and TiCug Al g, With
different variants of cubic close-packing (structure
types TiAl;, Cu;Au and ZrAl,, respectively), were
reported close to the boundary system Ti—Al, and
the structure of the compound TiCu,,;Al,;; was
assigned the type MnCu,Al, commonly referred to
as Heusler phase [4]. The latter appears to be the
same as the compound earlier reported as TiCu,Al,
the MnCu,Al type being an ordered derivative of
the CsCl type.

The interaction of the components in the system
Ti—Cu—Al at 500°C [5], 540°C [6] and 800°C [5]
has been investigated in almost the whole
concentration range (Figs. 1—3). The authors
confirmed the existence of three ternary compounds
with idealized compositions Ti,CuAl; (TiCu,;Al, s,
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structure type Cu,Au), TiCu,Al (MnCu,Al), and
TiCuAl (MgZn,) and determined their homogeneity
ranges. According to Virdis and Zwicker [6], at 540°C
all three compounds can have variable Ti content,
from 5 at.% (Ti,CuAl; and TiCuAl) to 9 at.%
(TiCu,Al), whereas according to Markiv et al. [5]
only one of the compounds, TiCu,Al, can contain
more or less Ti (4 at.%). The compound TiCuAl
was reported to have a homogeneity range along the
isoconcentrate 40 at.% Ti from 30 to 40 at.% Al at
540°C [6], but according to Markiv et al. [5], at
500°C this compound is located along the
isoconcentrate 33.3 at.% Ti and extends from 35 to
44 at.% Al. In both works, the cubic close-packed
phase Ti,CuAl; and the Heusler phase TiCu,Al are
located along the isoconcentrate 25 at.% Ti, but
slightly different homogeneity ranges were found:
57—65 at.% Al (540°C) and 55—6 3 at.% Al (500°C)
for the former, and 5—25 at.% Al (540°C) and 13—
25 at.% Al (500°C) for the latter. For these three
compounds the homogeneity ranges at 800°C are
the same as at 500°C, while the phase equilibria differ
slightly.

Information about hardness measurements is
available for some compounds in the system Ti—Cu
[7]. The hardness of the pure metals is as follows:
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Fig. 1. Isothermal section of the phase diagram of the system
Ti—Cu—Al at 500°C according to Markiv et al. [5]

0.970 GPa, 0.369 GPa and 0.167 GPa for titanium,
copper and aluminum, respectively. According to
ref. [7], the hardness of the compound TiCu is
0.370 GPa, i.e. lower than for titanium, but similar
to the value for copper.

Experimental

Alloys of the system Ti—Cu—Al were synthe-
sized from the metals (purity for Ti >99.99 wt.%,
Cu >99.99 wt.%, Al >99.998 wt.%) by arc melting
under a purified argon atmosphere. The ingots were
annealed at 800°C under vacuum in quartz ampoules
for 1 week and subsequently quenched in cold water.
Phase and structural analyses were performed on
X-ray powder diffraction data (diffractometers
DRON 2.0M, FeK, radiation, and STOE Stadi P,
CuK,, radiation, angular range 6°<20<108°, step
0.015°, scan time 230 s per step). The profile and
structural parameters were refined by the Rietveld
method, using the program DBWS [8].

The microstructure of the samples was studied
by scanning electron microscopy (SEM, JEOL
JSM-7600F equipped with an energy dispersive
X-ray (EDX) analyzer Oxford Instruments, X-max
50 mm?). The parameters of the microscope for
sample observation in COMPO mode and EDX
chemical analysis were set at 15 kV.

The hardness was measured with a
Microhardness Tester (FM-100, Future-Tech Corp.).
A square-based pyramidal diamond was pressed using
a force of 5 N for a loading time of 10 s; at least
eight areas across each joint were analyzed to obtain
an average value.

Cu

Fig. 2. Isothermal section of the phase diagram of the system
Ti—Cu—Al at 540°C according to Virdis and Zwicker [6]

Cu

Fig. 3. Isothermal section of the phase diagram of the system
Ti—Cu—Al at 800°C according to Markiv et al. [5]

Results and discussion

X-ray phase analysis

Table 1 presents the results of the phase analysis
by X-ray diffraction of 2 binary and 33 ternary
samples annealed at 800°C. The unit-cell parameters
of some of the binary compounds in the systems
Ti—Cu, Ti—Al, and Cu—Al (TiCu, Ti,Cu, TiAl, Ti,Al,
Cu, ;Al, and Cu,Al,) and the compositions and unit-
cell parameters of the four ternary compounds in
the system Ti—Cu—Al (Ti; 5,,Cugg91)Als76)s

Reinvestigation of the system Ti—Cu—Al at 800°C
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Table 1

Phase composition of the samples investigated in the ternary system Ti—Cu—Al

Nominal composition of the sample Phases * Structure type, space group, unit-cell parameters
1 2 3
Cugr oAl 04 Cu; Al Co, 15Ge, Pby/mme, a=4.108(1), c=5.014(1) A
Cu69‘23Al30A77 CU9A14 CU9A14, P—43m, 328694(1) A
T CusALy CuyAl, CuAl,, P-43m, a=8.7056(9) A
TiCug sAl 5 CusAu, Pm-3m, a=3.9075(7) A
S CuyAl, CuyAl,, P-43m, a=8.704(1) A
TiCuw,Al MnCu,Al, Fm-3m, a=6.0163(8) A
T CuAL TiCug sAb 5 CusAu, Pm-3m, a=3.9138(5) A
CuAl, CugAl,, P-43m, a=8.720(1) A
TiyeCusAlg TiCugsAl, 5 CusAu, Pm-3m, a=3.9138(5) A
Cu, /Al Co, 1sGe, P6y/mmec, a=4.1022(1), c=5.008(2) A
TiCuAl MgZn,, P6y/mme, a=5.0402(8), c=8.1073(1) A
TiCugoAlyg TiCu,Al MnCu,Al, Fm-3m, a=6.0212(1) A
TiCugsAl 5 CusAu, Pm-3m, a=3.9077(7) A
TasCue sl TiCuosAlL s CusAu, Pm-3m, a=3.9416(2) A
2357 les. Ti, 1sCgoAlizs | ZrAl, I4/mmm, a=3.8935(3), c=16.6423(2) A
TiysCuy sAlgrs TiCugsAL s CuzAu, Pm-3m, a=3.9384(6) A
) ) Ti1415CUO409A12476 ZI‘AI},, I4/mmm, 3238903(1), C:16625(7) A
TizsCll]()Ale TiCUO'5A1245 CU3AU, Pm—3m, a:39386(6) A
TizsCll]sAlGO TiCUO'5A1245 CU3AU, Pm—3m, a:39193(5) A
TiCwAl MnCupAl, Fm-3m, a=6.016(1) A
Tip5CuspAlys CuAly CuyAly, P-43m, a=8.708(2) A
TiCug sAl 5 CusAu, Pm-3m, a=3.907(1) A
TizsCUssAlzo TICU2A1 MI]CU2A1, Fm-3m, 326003(2) A
TizsClla)Al]s TICU2A1 MI]CU2A1, Fm-3m, 325986(1) A
TizsCll@Al]z TICU2A1 MI]CU2A1, Fm-3m, 325976(3) A
Tiz7Cll2A171 Ti1415CUO409A12476 ZI'A13, 14/mmm, 3239159(3), C:16556(2) A
TingUzAl@ Ti1415CUO409A12476 ZI'A13, 14/mmm, a=3.91 50(1 ), C:16554(7) A
TingU34Al3g TICU2A1 MHCU2A1, Fm-3m, a=6.011 1(4) A
T CunAl, TiCuAl MgZn,, Péy/mme, a=5.0303(7), c=8.098(1) A
TiCu,Al MnCuw,Al, Fm-3m, a=6.0212(9) A
T CuAL, TiCwAl MnCu,Al, Fm-3m, a=6.005(1) A
Ti,Cu Z0,Cu, I4/mmm, a=2.978(2), c=10.57(1) A
T CanALL TiCu,Al MnCu,AlL Fn-3m, a=5.971(2) A
TiCu TiCu, P4/mmm, a=3.137(2), c=2.847(5) A

Ti3 1 CU2A167

Ti1.15Cug.00AL 76

ZrAL, [4/mmm, a=3.9155(1), c=16.559(7) A

TiCuAl

MgZn,, P63/mmc, a=5.0303(7), c=8.098(1) A

Tis3 3Cu6Als50 7 TiAl CuAu, P4/mmm, a=2.8117(6), c=4.050(1) A
TiCugsAL s CuzAu, Pm-3m, a=3.9265(6) A
Tivs :CureAl TiCuAl MgZn,, P6y/mmc, a=5.0615(5), c=8.1789(9) A
BITISAsT TiCupsAl s CuzAu, Pm-3m, a=3.9213(5) A
Ti33'3CU23Al43V7 TiCuAl Manz, P63/mmc, 3250553(4), c=8. 1361(7) A
Ti33'3CU28A138V7 TiCuAl Manz, P63/mmc, 3250364(6), c=8. 1065(9) A
Ties -Ctioe <Al TiCuAl MgZn,, P6y/mmc, a=5.0165(5), c=8.0920(1) A
BITTBEITS TiCugsAl s CuzAu, Pm-3m, a=3.9101(5) A
Tisz33Cus5Alg 7 TiCuAl MgZn,, P6s/mmc, a=5.0053(5), c=8.0906(8) A
TivCusAl TiCugsAl, 5 CuzAu, Pm-3m, a=3.928(2) A
3950 TiAl CuAu, P4/mmm, a=2.815(2), c=4.045(3) A
TiwCusAl TiCu,Al MnCu,Al, Pm-3m, a=5.993(3) A
0 Ta0T0 TiCugsAl s CusAu, Pm-3m, a=3.9202) A

(continued on next page)
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Table 1 (continued)

1 2 3
TiCu,Al MnCu,Al, Fm-3m, a=6.061(5) A
TisoCuseAlyg TiCu TiCu, P4/mmm, a=3.131(3), ¢=2.9110(2) A
Ti,Cu Zr,Cu, I4/mmm, a=2.999(7), c=10.69(4) A
TiaCanAl TiCuAl MgZn,, P6y/mme, a=5.034(2), c=8.107(3) A
45 T10734S TiAl CuAu, P4/mmm, a=2.820(1), c=4.049(2) A
TiaCorAl TiCuAl MgZn,, P6;/mmec, a=5.026(2), c=8.104(3) A
4572078555 Ti;Al Mg;Cd, P6y/mme, a=5.767(3), c=4.633(2) A
Ti,Cu Zr,Cu, [4/mmm, a=3.039(2), c=10.693(9) A
TiseCugoAlyg TiCuAl MgZn,, P6;/mmc, a=5.013(3), ¢c=8.179(9) A
TiCu,Al MnCu,Al, Fm-3m, a=6.112(4) A
TicCaAl TisAl Mg;Cd, P6y/mme, a=5.766(6), c=4.620(3) A
601072730 Ti,Cu Zr,Cu, [4/mmm, a=2.981(4), c=10.82(2) A

Note: * — TiCu, ;AL 5: TiCu,Al;_,, x=0.30(3)—0.60(3); TiCu,Al: TiCu,,,Al,_,, x=0—0.52(2); TiCuAl: TiCu,Al,_,, x=0.54(3)—1.14(3).

Table 2
Crystallographic parameters of the binary and ternary compounds observed in the system Ti—Cu—Al at 800°C
Compound Structure type | Pearson symbol | Space group a, A c, A Reference
TiCuy.12Ab g5 3.927 - [4]
TiCu0,30(3)A12v70(3)- CU3AU cP4 Pm-3m 39384(6)— _ a
TiCuOA60(3)A12‘40<3) 3 9193(5)
TiCug 16Al g4 3.901 16.60 [4]
- ZrAl 116 14/mmm 2
Ti1.150)CugoonAls 766) ’ 3.9159(3) | 16.556(2)
TiCus25Alg 75 593 — [4]
TiCuAl- MnCu,Al cF16 Fm-3m 6.016(1)- B a
TiCU2A5Z(2)A10‘48(2) 5976(3)
TiCuAl 5.00 8.165 [4]
TiCu0A54(3)A11‘46(3)- Man2 hP12 P63/mmc 5.061 5(5)— 8.1 789(9)— a
TiCuy 143Alos63) 5.0053(5) 8.0906(8)
. . 3.140 2.856 [2]
TiCu TiCu tP2 P4/mmm 3.1310) 2.911002) =
. 2.935 10.772 [9]
Ti,Cu Zr,Cu tl6 14/mmm 3.03902) 10.69309) =
. 2.8284 4.075 [10]
TiAl CuAu tP2 P4/mmm 2.8152) 4.0453) =
. 5.764 4.664 [11]
Ti;Al Mg;Cd hP8 P63/mmc 5.766(6) 4.62003) =
4.146 5.063 [2]
CU|'7A1 C0|,75Ge hP6 P63/mmc 4108(1) 5014(1) 2
8.707 2]
CUQA14 CUQA14 cP52 P-43m 8694(1) - 2

Note: @ — this work.

TiCu,Al,,, x=0.30(3)—0.60(3), TiCu, Al,_,,
x=0—0.52(2), and TiCuAl,_,, x=0.54(3)—1.14(3))
were determined and are listed in Table 2. It should
be mentioned that the high-temperature phase with
W-type structure (B phase), reported to form at 70—

80 at.% Cu above 567°C in the Cu—Al system, was
not observed in this work, presumably because of
not efficient quenching.

Three ternary compounds with variable
composition at 800°C exhibit the following

Reinvestigation of the system Ti—Cu—Al at 800°C



66

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 4, pp. 62-72

Table 3
Unit-cell parameters of ternary compounds with extended homogeneity ranges in the system Ti—Cu—Al at 800°C
Nominal composition of the sample | X I a, A I c, A I v, A°

TiCu, ALy, x=0.30(3) —0.60(3) (structure type CuzAu)
Ti,5Cuy5Al47 5 0.30 3.9384(6) — 61.09(2)
Tip5Cu;pAlgs 0.40 3.9386(6) — 61.10(2)
Tip5Cu;sAlg 0.60 3.9193(5) — 60.20(1)

TiCuy+,Aly, x=0-0.52(2) (structure type MnCu,Al)

Ti,5CuspAlys 0 6.016(1) — 217.7(1)
Tip5CussAlyg 0.20 6.003(2) — 216.3(1)
Tip5CugoAlys 0.40 5.986(1) — 214.5(1)
Tiy5Cug3Al 0.52 5.976(3) — 213.4(2)

TiCu,Al, 4, x=0.54(3)-1.14(3) (structure type MgZn,)
Ti333Cu 3Al5 7 0.54 5.0615(5) 8.1789(9) 181.4(3)
Ti333CupAlys 7 0.69 5.0553(4) 8.1361(7) 180.1(3)
Ti333Cu3Al55 7 0.84 5.0364(6) 8.1065(9) 178.1(4)
Ti333Cu333Al333 1 5.0165(5) 8.0920(1) 176.4(3)
Ti333Cu33Alg 7 1.14 5.0053(5) 8.0906(8) 175.5(3)

homogeneity ranges: 7.5 at.% Al (Cu) along the
isoconcentrate 25 at.% Ti (TiCu,Al,_,, x=0.30(3)—
0.60(3)), 13 at.% Al (Cu) along 25 at.% Ti
(TiCu,, Al,_,, x=0—0.52(2)), and 20 at.% Al (Cu)
along 33.3 at.% Ti (TiCu,Al,_,, x=0.54(3)—1.14(3)).
Table 3 shows the unit-cell parameters as a function
of the Cu content. In the three cases the unit-cell
parameters decrease with increasing Cu content and
decreasing Al content, in agreement with the
difference between the atomic radii of Al (r,=1.43 A)
and Cu (ro,=1.28 A).

Microstructure analysis

Figures 4—6 show the microstructure of three
investigated samples. The compositions of the phases

Fig. 4. EDX maps of the sample Ti,;Cug,sAl¢ ;5 (grey phase —
TiCug 454Aly 55y, dark phase — Tiy 15/ CUg g91yAl 76(3))

that exist in these samples are given in Table 4. It
appears that the Ti content is in general slightly lower
than expected (approx. 5 at.%) and the Ti content
in the proposed chemical formulas was normalized
to 25 at.% for the Cu,Au-type and Heusler phases
and 33.3 at.% for the Laves phase. According to the
X-ray diffraction diagram, the sample Ti,;Cug ,sAlgs 75
contains two phases. The composition of the majority
phase (grey phase in Fig. 4) with Cu;Au-type
structure was found to be Ti,; (Cu,, sAlg,, from EDX
analysis, normalized to TiCu, 454,Al, 554, Which is well
within the homogeneity range determined by X-ray
diffraction (Table 3). The dark phase with ZrAl;-
type structure (see below) was found to contain
slightly more than 25 at.% Ti, in agreement with
earlier reports. Assuming the same underestimation
of the Ti content as in the other cases, we propose
the approximate composition Ti, ocCu, oAl g.

Table 4
EDX analysis of three samples in the Ti—Cu—Al system

NOIn.H.lal Composition from | Proposed chemical

composition of EDX, at.% formula

the sample C

: Tip81CurasAles7a|  TiCugasAlyss
TiysCug 25Al e : : . : :

26T Tips 25Cuy.00Alss | Tip15CuggoAls 76
TipsCusoAlys * | Tizs 67CUs365A1068|  TiCuy 1Al

. Ti31.68CU24.60Al43.63 TiCug7,Al, 28
Ti333CuxsAl . ;

B3I Tiye63Al5337 Tig03Al, 07

Note: * —the sample contains small amounts of Cu,Al, and

TiCuysAlLs.

The dominating phase in the Ti,sCus,Al,s
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sample (Fig. 5) is the Heusler compound with
MnCu,Al-type structure, accompanied by trace
amounts of the ternary Cu,Au-type phase and binary
gamma-brass Cu,Al,. The chemical formula of the
Cu;Au-type phase was normalized to TiCu,,;4)Aly gow)-
Here too the composition from EDX analysis is in
good agreement with the homogeneity range from
X-ray diffraction in Table 3.

The photograph of the sample Ti;;;CuyAly;,
in Fig. 6 shows two phases. The light phase is the
Laves phase with MgZn,-type structure. The
normalized composition from the EDX analysis is
TiCuy753)Al; 253y, 1.€. well inside the homogeneity
range TiCuAl,_,, x=0.54(3)—1.14(3). The second
phase has the composition Ti, g3»Al, 47, and CuAu-
type structure.

Fig. 5. EDX maps of the sample Ti,;Cus,Al,s (grey phase —
TiCu,, 1Al s04))

Fig. 6. EDX maps of the sample Ti;;;Cu,;Al,;; (light phase —
TiCug 753)Al, 253), dark phase — Tige3)Al; 072)

Differential thermal analysis

The DTA curve of the sample Ti,;Cug,sAlg 75
(Fig. 7,a) shows two thermal effects, at 941.5°C/
1326.1°C and 936.7°C/1354.2°C in the heating and
cooling regimes, respectively. The thermal effects
recorded during heating of the sample correspond
to the melting temperature of the two ternary
compounds: Ti; 55, Cug e Aly 63y (ZrAls-type
structure) and TiCuy454)Al, 554y (CusAu). The peaks
on the cooling curve show the temperatures of
crystallization of these compounds. According to ref.
[12], the ternary compound Ti,CuAl; forms at
1350°C, in agreement with our DTA results.

The DTA curve for the sample Ti,;sCus,Alys
(Fig. 7,b) contains several peaks. On the heating
curve, the first one at 953.7°C is in agreement with
the temperature of peritectoid formation of the room-
temperature modification of the binary compound
CuyAl, (873°C in ref. [13]). The peak at 1012°C
corresponds to the structural transition Cu,Al, 1t —
CuyAl, ht (1022°C in ref. [13]), whereas the third
peak, at 1067°C, shows the melting temperature of
the ternary compound TiCu, ,4Aljgs, With
MnCu,Al-type structure, in slight disagreement with
ref. [12] (1125°C).

The DTA curve of the sample Ti;;;CuyAly;,
contains two peaks (Fig. 7,c): the thermal effect on
the heating curve at 1240.1°C corresponds to the
melting temperature of the ternary compound
TiCuy 753,Al, 553 (MgZn,) and the peak on the cooling
curve at 1241.8°C to the crystallization of this
compound. The results obtained here are in
agreement with refs. [5,6] (1200°C).

Isothermal section of the system Ti—Cu—Al at
§00°C

The isothermal section of the system Ti—Cu—
Al at 800°C presented in Fig. 8 was constructed based
on literature data available for the binary boundary
systems and own ternary alloys. Aluminum being
liquid at 800°C, the equilibria in the Al-rich corner
are tentative, and those of the Cu-rich corner were
assigned in agreement with earlier study [5]. The
section contains 18 single-phase regions, 35 two-
phase and 19 three-phase regions.

According to ref. [13], the solid solubility of
Cu in Ti is limited to 1.5 at.% Cu at 800°C, while
the solubility of Ti in Cu exceeds 5 at.% Ti. Al
dissolves very little Ti, but Cu dissolves more than
5 at.% Ti. The solid solubility of Al in Cu is almost
18 at.% Al. Based on the cell parameters of the binary
compounds in ternary samples, we deduce that the
binary compounds of the systems Ti—Cu and Ti—Al
dissolve less than 2 at.% of the third component.

As shown above, the existence of three purely

Reinvestigation of the system Ti—Cu—Al at 800°C
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Fig. 7,b
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Fig. 7. DTA curves for the samples a — Ti,sCug,5Algs 75, b — TiysCuspAlys and ¢ — Tis; ;CuysAlys,

1- Tiuscuo,noAl: 76

2 - TiCu Al (x=0.3-0.6)

3 - TiCu,. Al,, (x=0-0.52)

4 - TiCuAl,, (x=0.54-1.14)

Fig. 8. Isothermal section of the phase diagram of the system Ti—Cu—Al at 800°C
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ternary compounds in the system Ti—Cu—Al with
large homogeneity ranges was confirmed (7.5, 13
and 20 at.% Al or Cu along the isoconcentrates
25 at.% Ti for the former two and 33.3 at.% for the
last one). The additional compound with structure
type ZrAl; is in equilibrium with TiCuAl,_,,
x=0.30(3)—0.60(3) (structure type Cu,Au) (Fig. 4),
which in turn forms equilibria with one binary
(CuyAl,) and two ternary compounds (TiCu,, Al,_,,
x=0—0.52(2) (structure type MnCu,Al) and
TiCuAl,_,, x=0.54(3)—1.14(3) (structure type
MgZn,). The compounds TiCu,,Al,_, and
TiCu,Al,_, are in equilibrium with each other; in
addition the former is in equilibrium with TiCu,
Ti,Cu, and Cu,Al,, whereas the latter forms equilibria
with Ti,Cu, TiAl, and Ti,AL

The isothermal section of the phase diagram
of the system Ti—Cu—Al at 800°C proposed by
Markiv et al. [5] does not contain any compound
with structure type ZrAl, (Fig. 3). However, Schubert
et al. [4] observed a compound with this structure
type at the composition TiCu, (Al, ¢,. They assume
that this apparently ternary compound is in fact part
of the solid solution of the high-temperature phase
reported in the binary Ti—Al system at the
approximate composition TisAl,;. This opinion is also
supported by Ran and Stadelmaier [1] in their review
of the Ti—Cu—Al system. The structure type Zr;Al
adopted by the Ti-rich high-temperature phase was
confirmed by Bulanova et al. [14] during an
investigation of the Ti—Al—Si system, where this
phase was also found to incorporate small amounts
of Si.

Concerning the homogeneity ranges of the
ternary phases, a certain variation of the Ti content
cannot be excluded, but the main extension is clearly
along the isoconcentrate 25 at.% Ti for the cubic
close-packed and the Heusler phases, and along
33 at.% Ti for the Laves phase. In this aspect, the
isothermal section constructed here is closer to those
determined by Markiv et al. than to that proposed
by Virlis and Zwicker. However, in the present
investigation the Cu-rich boundary of the Laves phase
was found to form equilibrium with Ti,Cu. Such
equilibrium is present in the section at 540°C drawn
by Virlis and Zwicker, but not in those published by
Markiv et al., where, instead, the Heusler phase forms
equilibrium with Ti;Al.

Crystal structure of Ti, ;sCu, y0AL, 7

The crystal structure of the ternary aluminide
discovered near the composition TiAl, was solved
by direct methods in space group /4/mmm [15] on
X-ray powder diffraction data of the sample
Ti,;Cu,Al;,. In agreement with the findings by

Schubert et al. [4] it crystallizes in the ZrAl, structure
type (Pearson symbol #/26, space group [4/mmm,
a=3.9159(3), c=16.556(2) A). Experimental details
of the structure refinement and crystallographic data
are given in Table 5. Atomic coordinates and isotropic
displacement parameters are given in Table 6. The
tetragonal unit cell of the ZrAl, type contains 16
atoms distributed over four sites, one occupied by
Zr and the other three by Al. For the refinement,
the Zr site was assumed to be occupied by Ti atoms,
and the other sites by mixtures of Al, Ti and Cu.
The site in Wyckoff position 4d was found to be
occupied exclusively by Al atoms. The final atom
coordinates and site occupancies are listed in Table 6.

Table 5
Details of the Rietveld refinement of the sample
Ti,,Cu,Al;,

Composition Ti1.152,Cug.onAlr 763)
Structure type ZrAl;
Space group 14/mmm
Cell parameters: a, A 3.9159(3)

c, A 16.556(2)
Cell volume V, A? 253.87(6)
Formula units per cell Z 4
Density Dy, g cm 3.5370(8)
Reliability factor Rg 0.0279
FWHM parameters U, V, W 0.021(4), 0.001(1), 0.0469(6)
Mixing parameter n 0.864(6)
Asymmetry parameter Cy —0.051(1)
Reliability factors R, Ry, 0.0563, 0.2476

Table 6
Atomic coordinates and isotropic displacement
parameters for Ti, ;;Cu, g,Al, ;4

Site Wyckoff X y z B, A’
position 1502
Ti 4e 0 0 | 0.1293(3) | 0.76(12)
Al 4d 0 | % Ya 0.8(2)
Vil 4c 0 | % 0 0.8(2)
M2’ 4e 0 0 | 0.35993) | 0.6(2)

Note: ' — M1=0.85(2) Al+0.15(2) Ti; 2— M2=0.91(1) Al+0.09(1) Cu.

Microhardness

The microhardness of a substance is an
important parameter to define the strength of the
material. This property is basically related to the
crystal structure of the material or in other words,
the way in which the atoms are packed and the
electronic factors operating to make the structure.
Microhardness values of the four ternary phases of
Ti—Cu—Al system investigated here are given in Table 7.
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Table 7

Microhardness of the ternary phases in the Ti—Cu—Al system, compactness (occupied fraction f) density (Dy) and
selected interatomic distances (§) from X-ray diffraction

Sample TipsCug r5Alsg 75 TipsCuspAlys Tis33CupAlssy
Phase TiCupaswAlrss@y | TinisCuggoAlrzs | TiCuzpiwAlosow | TiCug @Al 2
(CuzAu type) (ZrAl; type) (MnCw,Al type) (MgZn, type)
Microhardness, GPa 0.324(5) 0.517(5) 0.524(2) 0.894(6)
Compactness f, % 79 79 77 84
Density Dy, g cm 3.679 4344 6.097 5.019
Ti-M Ti-M Ti-M Ti-M
5. A 2.785 2.752 2.605 2.455
> M-M M-M M-M M-M
2.785 2.758 2.598 2.430

The microhardness of the samples ranges from 0.324
to 0.894 GPa. The larger value (0.894 GPa) is for
the phase that has the largest Ti content (sample
Ti;; ;CuysAl,;5). It should be noted that the
microhardness does not depend on the atomic weight,
but on the coefficient of compactness (occupied
fraction, f). The microhardness increases to the
tetrahedrally close-packed structure MgZn, which
coefficient of compactness (84%) is larger than in
the cubic close-packed structure Cu,Au (79%).

Conclusions

The isothermal cross-section of the phase
diagram of the system Ti—Cu—Al at 800°C was
constructed. Three purely ternary compounds with
relatively large homogeneity ranges corresponding
to substitution of Cu for Al form. A fourth ternary
compound with ZrAl;-type structure was observed
near the composition TiAl;. The largest
microhardness was observed for the Laves phase.
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ITIOBTOPHE JOCIIJKEHHA CUCTEMMU Ti—Cu—Al IIPH
800°C

H. Kaumenmii, C. Ilykac, JI. Oposuux, P. Inadumescokuii

I3omepmivnuil nepepiz diaepamu cmany cucmemu Ti—Cu—Al
npu 800°C docaidnceno peHmeeHiCobKum MemoooM NOPOUIKY, MIKPO-
CMPYKMYPHUM GHANIZ30M MA eHepeoOUCnepCiliHOI0 PeHM2eHIBCbKOI
cnekmpockonicio. /s mpboxX mMepHApHUX CROAYK BU3HAYEHO 00-
aacmi eomoeennocmi npu 800°C: TiCu,Al;-,, x=0,30(3)—0,60(3)
(cmpykmypuuii mun Cu;Au), TiCu,, Al, ., x=0—0,52(2) (cmpyk-
mypruti mun MnCu,Al) ma TiCu Al, ., x=0,54(3)—1, 14(3) (cmpyk-
mypruti mun MgZn,). Kpucmaniuny cmpykmypy dodamkoeoi cno-
ayku nobausy ckaady TiAl; ymounero 3 0aHux penmeeHiecvkoi no-
pouikoeoi dugparyii (Ti; ;5. Cg oAl 7603, cmpykmypruii mun ZrAly;
cumeon Ilipcona t116, npocmoposa epyna 14/mmm, a=3,9159(3),
¢=16,556(2) A). 1la mepnapua cnoayka, éusesena npu 800°C, iimo-
BIDHO € NPOO0BICEHHAM MEep0020 PO34UHY HA OCHOBI OIHApHOI 8uU-
cokomemnepamyproi gazu, nadawoi ax TisAl,, i3 anaroeiynum
cmpykmypuum munom. Tlomipsano mikpomeepdicmo mepHapHux cno-
AYK.

KiiouoBi cioBa: amoMmiHiii, Kynpym, TUTaH, peHTIeHiBCbKa
rnopouikosa nudpakiisi, fiarpaMa craHy, TepHapHa CIOJyKa,
MIKPOCTPYKTYpa, TBEPIICTb.
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The isothermal section of the phase diagram of the ternary
system Ti—Cu—Al at the temperature of 800°C was investigated using
X-ray powder diffraction, microstructural analysis and energy-
dispersive X-ray spectroscopy. The homogeneity ranges at 800°C of
three purely ternary compounds were determined: TiCu,Al; .,
x=0.30(3)—0.60(3) (structure type Cu;Au), TiCu, Al ., x=0—
0.52(2) (structure type MnCu,Al) and TiCu Al,_, x=0.54(3)—1.14(3)
(structure type MgZn,). The crystal structure of an additional
compound near the composition TiAl; was refined on X-ray powder
diffraction data (Ti, ;5 Ctig o pAls 73, Structure type ZrAl;; Pearson
symbol t116, space group I14/mmm, a=3.9159(3), ¢=16.556(2) A).
This ternary compound, observed at 800°C, is probably an extension
of the solid solution of the binary high-temperature phase reported
as Ti;Al;; with the same structure type. The microhardness of the
ternary compounds was measured.

Keywords: aluminum; copper; titanium; X-ray powder
diffraction; phase diagram; ternary compound; microstructure;
hardness.
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