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Isothermal section of Al-Ti—Zr ternary system at 1073 K
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Abstract: Through alloy sampling combined with diffusion triple technique, phase equilibria in Al-Ti—Zr ternary system at 1073 K
were experimentally determined with electron probe microanalysis (EPMA). Experimental results show that there is a solid solution
P(Ti,Zr) which dissolves Al up to 16.3% (mole fraction). Ti and Zr can substitute each other in most Ti—Al and Al-Zr binary
intermediate phases to a certain degree while the maximum solubility of Zr in Ti;Al and TiAl reaches up to 17.9% and 4.0% (mole
fraction), respectively. The isothermal section consists of 16 single-phased regions, 27 two-phased regions and 14 three-phased

regions. No ternary phase was detected.
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1 Introduction

Coupled with high temperature strength and
oxidation resistance, low density and low thermal
conductivity make Ti—Al alloys potential replacements to
steels and superalloys applied in gas engines and
turbines. Among the Ti—Al alloys, y-TiAl and TiAl;
based intermetallics are important and widely applied
alloys [1—6]. Additions of elements have been used to
further improve the mechanical performance of titanium
aluminium alloys [7-9]. For instance, the addition of Zr
improves ductility and toughness, and thus improves
processability of Ti—Al base alloys at room
temperature [10—12]. Furthermore, the addition of Zr
benefits the formation of the Al;Zr phase, which may
serve as potential nucleation core for a(Al), thus results
in a homogeneous microstructure with improved
machinability of the related Ti—Al alloys [13,14]. To
better understand the influence of alloying element Zr in
Ti—Al alloys, phase equilibria of the related Al-Ti—Zr
system are essential.

The constituent binary systems have been well
experimetally studied and thermal dynamically assessed
in the literatures. According to Ref. [15], the Ti—Zr
binary system is an isomorphous system. The Al-Zr and
Ti—Al binary systems were successfully assessed by

WANG et al [16] and WITUSIEWICZ et al [17],
respectively, with the intermediate compounds included,
i.e., ZrsAl, ZrAl, ZrsAls, Zr3Al,, Zr,Als, ZrsAly, ZrAl,
Z1,Al;, ZrAly, ZrAl; and TiAls(h), TiALy(1), TiAls, TiAly,
TizAls, TiAl, and Ti;Al. Information of the stable solid
phases in these binary systems is summarized in Table 1.

Phase relations in the Al-Ti—Zr ternary system are
far from being accomplished. Only an isothermal section
of the Al-Ti—Zr system at 1273 K is available [18]. It is
obvious that the phase diagram is the map of material
design. In order to assist the design and fabrication of
Ti—Al based alloys, extensive investigation of phase
equilibria in the Al-Ti—Zr ternary system is necessary.
The present work is to determine the isothermal sections
of Al-Ti—Zr ternary system at 1073 K experimentally by
using diffusion triple technique combined with alloy
sampling.

2 Experimental

The present work was to experimentally study the
phase relations of Al-Ti—Zr system at 1073 K by
diffusion triple and alloy sampling. Ti (99.999%), Al
(99.99%) and Zr (99.99%) (mass fraction) were used as
starting materials, bought from China New Metal
Materials Technology Co., Ltd.. Predetermined amount
of each raw material was weighed with analytical
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Table 1 Stable solid phases in three binary systems [18,19]

Temperature Pearson Lattice parameter/nm
Phase Prototype Comment
range/°C symbol a b c

a(Zr) <863 hP2 Mg 0.3232 - 0.5148 Pure-Zr at 25 °C

a(Al) 660.452 cF4 Cu 0.4050 - - Pure-Al at 25 °C

P(Zr) 1855—863 cl2 W 0.3609 - - Pure-Zr at 25 °C
Ti;Al(ay) <1164 hP8 Ni;Sn 0.5806 - 0.4655 Zr-rich
TiAl(y) <1463 tP4 CuAu 0.4005 - 0.4070 46.7%—66.5%Al
TiAlLy(n) <1199 oCl12 ZrGa, 1.2088 0.3946 0.4029 -

Ti;Als <810 tP32 Ti;Als 1.1293 - 0.4038 -

TiAls 1416—990 tP28 Ti,Als 0.3905 - 2.9196 -
TiAl;(h) 950-1393 tI8 TiAlL; 0.3849 - 0.8609 74.5%—75% Al
TiAlLy (1) <950 tI32 TiAlLy(1) 0.3877 - 3.3828 74.5%—75% Al

ZrAly <1580 tl16 ZrAly 0.4007 - 1.7286 68.5%—70.9%Al

ZrAl, <1660 hP12 MgZn, 0.5281 - 0.8748 Al-rich

ZrAly <1590 oF40 ZrAl; 0.9617 1.3934 0.5584 -

ZrAl <1275 oC8 CrB 0.3359 - 1.0887 -

ZrsAly <1550 - TisGay 0.8432 - 0.5791 -

Zr,Aly <1020 hP7 Zr,Aly 0.5433 - 0.5390 -

ZrsAl; 1400—-1000 - W;Si; 1.1043 - 0.5392 -

Zr;Al, <1480 tP20 Z1;Al, 0.7633 - 0.6996 -

Zr,Al <1215 hP6 Ni,In 0.4894 - 0.5928 -

Zr;Al <920 cP4 Cuz;Au 0.4372 - - -

balance, followed by arc-melted in a water-cooled copper
crucible under argon atmosphere with titanium as getter
material placed in the arc chamber. To ensure good
homogeneity of the samples, all samples were turned
over before each melting and re-melted at least 3 times.
The mass losses did not exceed 1%.

The method to fabricate diffusion triple can be
found in Ref. [20]. The Ti, Zr and deliberately prepared
TiAl; button ingot were machined into the proper shapes
(cuboid with 3 mm % 3 mm x 10 mm and cylindrical
shells with rectangular openings) through wire-electrode
cutting. Surfaces of the metallic pieces were ground,
polished, cleaned and then assembled into the geometry
shown in Fig. 1. The assembled diffusion triple was then
loaded into cans made of commercial purity Ti
(schematically shown in Fig. 1(b)), and subjected to hot
isostatic pressing (HIP) at 1073 K, 200 MPa for 4 h. The
top and bottom caps of the HIP can were electron beam
welded.

The obtained diffusion triple and ternary button
alloys were sealed in a silica capsule back-filled with
high purity argon, and then annealed at 1073 K for
2400 h in a diffusion furnace (temperature error is within
15 °C). After annealing, the samples were taken out and
quenched into water.

The annealed specimens were polished and
microstructural investigations of the alloys were carried
out using electron probe microanalyser (JXA—8800R,

JEOL, Japan). Approach to determination of phase
equilibria from diffusion triple relies on the assumption
of local equilibrium at the phase interface, and details of
the approach can also be found in Ref. [20]. The
compositions of equilibrated alloys in this study were the
average values of five measurements. Standard deviation
of the measured concentration is +0.6%. The total mass
fractions of Al, Zr and Ti in each phase are in the range
of 97%—103%, so the effect of reactions between the
samples and silica capsules could be neglected.

3 Results and discussion

3.1 Analysis of diffusion triple

Figure 2 illustrates the backscatter electron images
of the diffusion triple annealed at 1073 K for 2400 h.
During the long-term diffusion treatment, extensive
interdiffusion among Al, Ti and Zr took place, and many
phases were formed. By performing EPMA analysis,
extensive information about phase equilibria was
obtained. It can be seen from Fig. 2(a) that several
diffusion layers (corresponding to different phases) exist
in the tri-junction. By measuring the composition of
phases near triple points, 3 three-phased fields could be
obtained, including y(TiAl) + Zr(ALTi), + pA(Ti,Zr),
WTiAl) + ax(Ti;Al) + B(TiZr), ax(Ti;Al) + a(Ti) +
p(Ti,Zr) and 9 two-phase fields &(TiAl;) + n(TiAl),
n(TiAl)+ p(TiAl), y(TiAl) + ax(TizAl), o(TizAl) + a(Ti),
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Fig. 1 Schematic illustration of components (a—c), assembly (d), and cross-sectional view (e) of TiAl;—Ti—Zr diffusion triple
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Fig. 2 Backscatter electron SEM image of TiAl;—Ti—Zr diffusion multiple annealed at 1073 K for 2400 h: (a) Tri-junction area;

(b) TiAl;—Zr diffusion area

a(Ti) + B(Ti,Zr), ax(TizAl) + B(Ti,Zr), y(TiAl) + B(Ti,Zr),
Zr(AlTi), + B(Ti,Zr), p(TiAD)+Zr(Al,Ti),. Furthermore,
from the TiAl;—Zr diffusion area shown in Fig. 2(b), 5
layers can be distinguished, i.e., a(Zr), (Zr,Ti);Al
(Zr,Ti),Al, (Zr,Ti);Al, and (Zr,Ti),Al;. Consequently, 4
additional two-phased equilibria, a(Zr) + (Zr,Ti);Al,
(Zr,Ti);Al + (Zr,Ti),Al, (Zr,Ti),Al + (Zr,Ti);Al, and
(Zr,Ti);Al, + (Zr,Ti)sAl;, were obtained. The phase
equilibria from the diffusion triple are summarized in
Table 1.

3.2 Analysis of equilibrated alloys
Back-scattered electron (BSE) images of typical

ternary Al-Ti—Zr alloys after annealing at 1073 K are
presented in Fig. 3 and Fig. 4. All the samples display a
well-defined three-phased or two-phased structure,
implying that equilibrium has been reached or nearly
reached for the annealed Al-Ti—Zr alloys. In the
AlgTipsZry; (mole fraction, %, here after) alloy, the
three-phased microstructure Zr(ALTi),+#(TiAly)+y(TiAl)
was observed (Fig. 3(a)). As seen in Fig. 3(b), the
microstructure of alloy AlsgTi3oZryy consists of dark
y(TiAl) phase, and light gray Zr(Al,Ti), phase, indicating
that this alloy is located in the two-phased field of
»(TiAl) + Zr(AlTi),. BSE micrograph of the alloy
AlgoTisZrss is shown in Fig. 3(c), which is featured with
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Fig. 3 BSE images of typical Al-Ti—Zr ternary alloys annealed at 1073 K for 2400 h: (a) Als;TixsZry, alloy; (b) AlsgTizeZry alloy;
(c) AlgTisZrss alloy; (d) AlsgTisZrys alloy

Fig. 4 BSE images of typical Al-Ti—Zr ternary alloys annealed at 1073 K for 2400 h: (a) AlyTi ¢Zrs alloy; (b) Al3gTiysZrys alloy;
(C) Al30Ti5Zr65 alloy, (d) A120Ti102r70 alloy

a three-phased equilibrium of Zr(ALTi), + ZnAl; + Figure 4(a) shows the microstructure of the alloy
(Zr,Ti)4Al;. Equilibrium between (Zr,Ti);Al; and Zr,Aly AlyyTiygZrsy, where the two-phased equilibrium
was also observed in the alloys AlsoTisZrys (see (Zr,Ti)4Al; + (Zr,Ti);Al, occurs. The alloy AlsTiysZrys
Fig. 3(d)). contained three phases (see Fig. 4(b)), i.e., the black
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(Zr,Ti);Al, phase, the dark gray f(Ti,Zr) phase and the
light gray (Zr,Ti),Al phase. As is shown in Fig. 4(c),
(Zr,Ti);Al and (Zr,Ti),Al coexist in the Al TisZrgs alloy.
In addition, from Fig. 4(d), it is seen that the alloy
AlyTigZryy contains (Zr,Ti);Al and p(Ti,Zr) in
equilibrium.

3.3 Isothermal section of 1073 K

The measured compositions of all phases in
equilibria in the Al-Ti—Zr ternary system at 1073 K are
summarized in Table 2. Based on Tables 2 and 3, the
isothermal section at 1073 K is constructed as presented
in Fig. 5. In the isothermal section, 8 three-phased
regions were completely determined, including
e(TiAly) + (Zr,T)Al; + 5(TiAly), n(TiAly) + (Zr, Ti)Al; +
Zr(ALTi),, p(TiAl) + n(TiAlL) + Zr(AlLTi),, y(TiAl) +
Zr(ALTi), + p(Ti,Zr), y(TiAl) + ox(TizAl) + S(Ti,Zr),
0(TizAl) + a(Ti) + B(TiZr), Zr(ALTi), + ZnAl; +
(Zr,Ti)4Al; and (Zr,Ti)Al + A(Ti,Zr) + (Zr,Ti);Al.
Additionally, other 6 three-phased regions, i.e., L +
&(TiAly) + (Zr,Ti)Al;, Zr(ALTi), + (Zr,Ti),Al; + p(Ti,Zr),
(Zr, Ti),Aly + Zr,Al; + ZrAl, (Zr,Ti),Aly + (Zr,Ti);Al, +
p(Ti,Zr), (Zr,Ti);Al + (Zr,Ti,Al + p(Ti,Zr) and
(Zr,Ti);Al + B(Ti,Zr) + o(Zr) could be further deduced.
What’s more, According to the Al-Zr binary phase
diagram [16], phase ZrAl should be stable at 1073 K. So,
it is reasonably deduced that the three-phased region,
Zr,Aly + ZrAl + (Zr, Ti),Als, exists at 1073 K.

By the way, in most Ti—Al and Zr—Al binary
compounds, Zr atoms and Ti atoms can mutually
substitute to a certain degree. The only exception is
Zr(Al,Ti),, whose homogeneity range extends along the
isoconcentrate of Zr, meaning substitution of Al by Ti.
Moreover, at 1073 K, the maximum solubilities of Ti in

Table 2 Equilibrium composition of Al-Ti—Zr ternary system
obtained from diffusion couple in present work

Mole fraction/%
Phase 1 Phase 2 Phase 3
Ti Al Ti Al Ti Al
&(TiALy)/n(TiAl,) 25.5 745 33.8 66.2
n(TiAL)/y(TiAl) 343 657 45.7 543
P(TiAl)/ay(TizAl) 493 50.5 67.1 32.8
(TiAl)/ay(TizAl) 50.4 479 66.2 31.8
YTiAD/B(Ti, Zr)/Zr(ALTi), 48.1 47.9 51.6 149 13.853.4
WTIADB(Ti, Zr)ax(TisAl) 49.8 492 54.6 14.1 64.227.4
aa(TizAl)/B(Ti, Zr) 643 17.8 63.1 11.6
ao(TizAl)/B(Ti, Zr) 68.1 16.0 71.2 10.2
oo(Ti;Al)/B(Ti, Zr)/o(Ti) 779 20.1 83.8 3.1
Zr(ALTi)y/ZrAls 08 666 0 60

Phase equilibria

Phase 1/Phase 2/Phase 3

94.9 3.0

(ZtTALAZLTiAL, 0 426 0 410
(ZrTi)AL/(ZeTip,Al - 0 392 0 335
(Zr T, AU(ZrTiAL 0 335 0 254
(Z1,Ti); Al Zr) 0 252 0 63
(Zr,Ti)Al;, (Zr,Ti)Al, (Zr,Ti),Al;,  (Zr,Ti);Al, and

(Zr,Ti);Al can be up to 12.0%, 11.6%, 13.5%, 14.4% and
8.0% (mole fraction), respectively. Meanwhile, the
maximum solubilities of Zr in TiAl; and TiAl, were
6.1% and 17.2%, respectively. As to the Zr(Al,Ti),, the
maximum solubility of Ti was 13.8%. Zr,Al; and ZrAl
do not show remarkable composition ranges at 1073 K.
Additionally, compared with the isothermal sections
of the Al-Ti—Zr system at 1273 K [18], the obvious
difference exists in the phase (Zr,Ti)sAl;, which

Table 3 Measured compositions of phases in alloys annealed at 1073 K

Phase equilibrium

Mole fraction/%

Alloy Phase 1 Phase 2 Phase 3
Phase 1/Phase 2/Phase 3
Ti Al Ti Al Ti Al

Al TipZrs &(TiAL)/n(TiAlLy) 22.6 74.7 25.1 67.2

AlyyTi 6Zry0 &(TiAL)/(Zr, Ti)Aly/n(TiAlL) 19.3 74.6 12.0 75.1 229 659
AlyoTizsZr s (Zr, Ti)Als/n(TiAL)/ Zr(AL Ti), 3.9 74.7 16.6 66.2 2.6 66.0
AlgTipsZry, n(TiAL)/ Zr(AlTi),/y(TiAl) 20.7 65.9 42 64.3 438 527
AlsTizoZra y(TiAl)/Zr(ALTi), 44.1 50.5 11.8 55.1

AlgTisZrss Zr(ALTi)y/(Zr,Ti)4Aly/Z1, Al 5.7 62.2 13.5 423 1.3 61.1

AlsTisZrys (Zr,Ti)sAly/Zr, Al 7.7 432 0.4 59.3

AlyoTiZrsy (Zr,Ti)4Aly/(Z1,Ti);Al, 53 43.1 11.9 39.6

AlyoTizsZ14s (Zr,Ti);Aly/(Zr, Ti), AVB(Ti, Zr) 14.4 39.4 11.6 33.5 452 16.3

Al TisZres (Zr,Ti),Al/(Zr,Ti); Al 4.1 329 6.3 25.0

Al TirZres (Zr,Ti),Al/(Zr,Ti); Al 1.8 329 3.0 25.4

AlyTijpZryg (Zr,Ti); AVB(Ti,Zr) 8.0 252 19.2 8.0
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Fig. 5 Experimentally determined isothermal sections of Al-Ti—Zr system at 1073 K: m Phase equilibrium determined from diffusion

couple; @ Phase equilibrium determined from equilibrated alloys; Y5 Nominal composition of equilibrated alloys

disappears at 1073 K, resulting in the change of the
phase relationship related to it. Moreover, with
temperature decreasing, solubility of Zr in (TiAl;) phase
decreases from 9.3% to 6.0%, and in y(TiAl) from 9.0%
to 4.0%. As for the BCC solid solution S(Ti, Zr), the
maximum solubility of Al was 16.3% at 1073 K, lower
than 25.5% at 1273 K [18].

4 Conclusions

1) The isothermal section of the Al-Ti—Zr ternary
system at 1073 K was established by analyzing diffusion
triple and equilibrated alloys through EPMA.

2) Ti and Zr can substitute each other in most Ti—Al
and Al—Zr binary intermediate phases to a certain degree.

3) There is a solid solution A(Ti, Zr) which dissolves
up to 16.3% Al. The maximum solubilities of Zr in TizAl
and TiAl reach up to 17.9% and 4.0%, respectively.

4) The isothermal section consists of 16 single-
phased regions, 27 two-phased regions and 14 three-
phased regions. No ternary phase was detected.
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