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Formation of Ternary L1, Intermetallic Compound and

Phase Relation in the Al-Ti—Fe System
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Sintering of elemental powders and conventional arc-melting were used to form ternary L1, intermetallic compounds in the Al-Ti-Fe
system. The L1, phase field and phase equilibria surrounding the L1, phase in the temperature range of interest were established. Two isother-
mal sections at 1423 and 1273 K were determined from metallography, X-ray diffraction and electron probe microanalyses. The compositions
of L1 phase field, the center compositions of oval-shaped region, were about 28Ti-8Fe—64Al and 27Ti-9Fe-64A1 compositions at 1423 and
1273 K, respectively. Thus the L1, phases had less ternary and more titanium than those reported in the other AI-Ti-X (X = Mn, Cr) sys-
tems. Besides the L1, phase, the pertinent second phases were TiAl (L1o-type), TiAl, (HfGas-type), Ti>Als (28 atoms/unit cell-type), AlsTi
(DO022-type), C14 (Laves phase, MgZn;-type), and D8, (cubic, Mny3The-type). The solubility of iron in TiAl, phase was about 2 and 3 mol%
at 1423 and 1273 K, respectively. The TiAl, phase is more stable at 1273 K and can coexist with L1,, TiAl, C14, and DS, phases in separate
phase fields. Thus in the isothenmal section at 1273 K, no two-phase equilibrium between the TiAl and L1, phases exists. This impedes the

development of bonding between TiAl and L1, alloys in coating applications.
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1. Introduction

The intermetallic compound AlsTi is attractive as a poten-
tial high-temperature structural material because of its rela-
tively high melting point, low density, and good oxidation re-
sistance.!) However, it has the low-symmetry tetragonal D05,
structure and is very brittle at ambient temperature. One pos-
sible approach to ductilize ordered intermetallics with low-
symmetry crystal structures is to change their structures to
those of higher symmetry.

The D05, structure of Al3Ti can be changed to the related
cubic L1, structure with the addition of a third element, such
as Zn, Ni, Cu, or Fe.” Also, many studies on the Al-Ti-X
(X = Ni, Fe, Cu, Mn, Cr, Ag, and Pd efc.) systems have
focused on the mechanical properties of the ternary L1, tri-
aluminide compounds.®”? These (Al, X);Ti compounds will
potentially have good oxidation resistance and some duc-
tility because the L1, structure has the requisite five inde-
pendent slip systems required for homogeneous deformation.
The ternary L1, compounds, however, are still brittle in ten-
sion and/or bending, although they exhibit appreciable com-
pressive ductility at ambient temperature. Recently, much
work has been made on the microstructure, especially second
phases and porosity generally induced by a homogenization
treatment, and the microstructure-mechanical property rela-
tionships of the ternary L1, trialuminides.'®* In the previ-
ous work,”*?» we reported that Ti—-9Mn~66Al and Ti-8Cr—
67Al alloys with the L1, structure posses some intrinsic bend
ductility at ambient temperature, and Ti-14Mn-61Al and Ti—
14Cr—61A1 alloys are more ductile in bending, with a plastic
strain to 0.4 and 0.9% being recorded, respectively. In these
higher manganese and chromium content alloys, no poros-
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phase equilibrium, aluminum-titanium-iron phase diagram

ity was observed after homogenization. The formation of
porosity was caused by Kirkendall mechanism with the sec-
ond phases solutionized during a homogenization treatment.
Also recently, the respective bonding and coating of L1,-type
and L1o(TiAl)-type alloys in the Al-Ti-Mn and Al-Ti—Cr
systems were carried out to study functionally graded dif-
fusion layers.?5?” Thus the microstructure and mechanical
properties of the ternary L1, compounds are closely associ-
ated with the composition of L1, formation and equilibrium
second phases surrounding the L1, phases.

In the Al-Ti-Fe system, many studies have been focused
on the microstructure, mechanical properties®>*-3% and espe-
cially phase stability>3>9 of the ternary L1, compound in
AlsTi-base alloys. However, the phase equilibria of the Al-
Ti-Fe system do not always have the same results up to now
due to compiexity of this system. The purpose of this work is
to study the effects of iron on the formation and phase equilib-
rium of the ternary L1, intermetallic compound in AlsTi-base
alloys.

2. Experimental

Specimens were prepared using two different meth-
ods. First, compound alloys were prepared by sintering
of compacts made from the elemental powders; aluminum
(99.9 mass%, 200 mesh), titanium (99.5 mass%, 350 mesh;
containing 3500 ppm level of oxygen) and iron (99.9 mass%,
100 mesh) powders. These powders were mixed to obtain the
alloy compositions, xTi—yFe-zAl (x = 2547, y = 0-25,
z = 50-75mol%) (see later, Table 1 and Table 2). The
powder mixtures, about 2 g, were pressed at about 200 MPa
into a cylindrical compact of 10 mm diameter. The compacts
were sintered in a tube furnace in vacuum of 1 x 10 Pa
for 24 h/1423 K and 48 h/1273 K in order for near-equilibrium
conditions to be obtained. After sintering, the samples were
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blowing-air quenched from the sintering temperatures to am-
bient temperature. The samples were then pulverized to be a
300 mesh size. The powdered specimens were analyzed by
X-ray diffraction (XRD) to identify the constituent phases in
the sintered products. The X-ray radiation used was Cu K.

Second, using pure elemental materials (Al; 99.99 mass%,
Ti; 99.7mass%, Fe; 99.9 mass%), button ingots, approxi-
mately 30 g, with the various desired compositions (see later,
Table 3) were prepared by nonconsumable electrode arc-
melting under an argon atmosphere. The arc-melted buttons
were remelted six times to promote chemical homogeneity.
The as arc-melted alloys were annealed at 1423 K for 48 h and
at 1273 K for 144 h in vacuum (~10~* Pa) to assure the homo-
geneity of chemical composition and phase equilibrium, fol-
lowed by blowing-air cooling. The homogenized specimens
were microstructurally characterized using X-ray diffraction
analysis, optical microscopy, and scanning and transmission
electron microscopy (SEM and TEM). Compositions of the
L1, phase and second phases were assessed by electron probe
microanalysis (EPMA).

3. Results and Discussion

3.1 Sintered alloys

The sintering process using elemental powders in the Al-
Ti—X system has been discussed elsewhere.!” Figure 1 shows
the XRD pattern for a sample of sintering at 1273 K/48h
with a composition of 28Ti—-8Fe~64Al. Calculated reflections
and their estimated intensity for the cubic L1, structure are
also shown. Thus it is confirmed that the ternary L1, inter-
metallic compound is formed in the Al;Ti-base alloy contain-
ing iron. Besides the L1, phase, the pertinent phases have
been also formed by the sintering of elemental powders in
the binary Al-Ti and ternary Al-Ti-Fe systems. The sin-
gle phases with structures, space groups and lattice param-
eters are given in Table 1. They are TiAl (tetragonal, L1o-
type), TiAl, (tetragonal, HfGa,-type), Ti»Als (space group
P4/mmm, 28 atoms/unit cell), AlsTi (tetragonal, DO,,-type),
C14 (Laves phase, MgZn;-type), and D8, (cubic, Mny3Ths-
type) phases. In this work, no oxide phases were detected.
However, because the exothermic synthesis process utilizes
metal powders containing oxygen, the materials may contain
a small volume fraction of oxide particles, e.g., Al,O3 and
TiO;.

Of these intermetallic compound phases, TiAl; phase has
been found to exist in the authors’ previous work,*" and in
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Fig. 1 XRD pattern of a sintered 28Ti—8Fe—64Al alloy and the calculated

diffraction spectrum for the L1, structure.

the studies of the TiAl,-base titanium aluminides contain-
ing chromium or iron by Jewett et al.,*” Durlu and Inal*®
and Yang and Goo.?”-?® The presence of Ti,Als phase has
been reported by Schuster and Ipser,*” and we have also
reported”® that the phase corresponding to the composition
28.5Ti—71.5Al is the Ti, Al phase as given in the literature.*>
The X-ray diffraction analysis as shown in Fig. 2 indicates
that phase corresponding to the composition of ternary 25Ti—
25Fe~50Al (TiFeAl,) is the same structure as given in the
studies*“® for the D8, phase. In the Al-Ti—X ternary sys-
tems, the D8, phase is formed when the terary alloying el-
ement X is Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and Pt, and not
when that is Cr, Mn, Cu, Zn, and Ag etc. from Pearson’s
Handbook*? of crystallographic data for intermetallic phases.
The D8, phase in the Al-Ti—Fe system has been also reported
by Palm et al.>® as the same “1,” phase.

Sintered alloys of 28 different compositions were em-
ployed to determine partial phase equilibria at 1423 and
1273 K. The phases identified by XRD analysis are summa-
rized in Table 2. Phases given in brackets are minor phases.
Although the XRD analysis for a few phases is missing, the

Table 1 The single phases and lattice parameters determined by XRD analysis in the sintered alloys.
Alloy composition Sintering condition Phase Lattice parameter
(powder, mol%) (K, h) Structure Space group (nm)

47Ti-53A1 1273, 48 TiAl(L1g) P4/mmm a = 0.3995, ¢ = 0.4080
35Ti-65Al 1273, 48 TiAl; (HfGay) 141 /amd a =10.3971, ¢ =2.4320
28.5Ti-71.5Al 1423, 24 TipAls (28 atoms/unit cell) P4/mmm a = 0.3920, c=29194
25Ti-75Al1 1273, 48 AlsTi(D022) 14/mmm a = 0.3848, ¢ = 0.8596
28Ti—8Fe—-64Al 1423, 24 L1y Pm3m a = 0.3935

34Ti-20Fe—-46A1 1423, 24 Cl4(MgZn,) P63/mmc a = 0.5050, ¢ = 0.8200
25Ti—-25Fe—50Al1 1423, 24 D8,(Mny3Thg) Fm3m a =1.1990
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Fig. 2 XRD pattern of a sintered 25Ti—25Fe-50Al alloy and the calculated
diffraction spectrum for the D8, structure.

unknown phase in brackets of the sample numbers 15 and 20
may be Tiy Als phase, which is expected to be obtained in the
compositions (see later, Fig. 5). In the sample numbers 25, 26
and 28, the unknown phase in brackets will be Al;Fe phase
which does exist in the binary Al-Fe system.>®

3.2 Arc-melted alloys

To establish phase equilibria in the Al-Ti-Fe system, arc-
melted alloys of 14 different compositions were examined
metallographically and the phases and compositions were
identified by XRD and EPMA analyses. The results obtained
are listed in Table 3. The phases identified by XRD are sim-
ilar to those in the results from the Table 1, and the chemical
compositions measured by EPMA are estimated to be within
the experimental error of 0.5 mol%. The compositions of
“precipitate” phases in the Table 3 did not be determined by
EPMA because their microstructures were too small.

Figures 3 and 4 show SEM microstructures for two tem-
peratures ((a) 1423 K and (b) 1273 K) of arc-melted alloys
with the sample numbers 8 (33Ti-10Fe-57Al) and 11 (30Ti—
14Fe—~56Al), respectively. These micro-structures are two- or
three-phase mixtures of L1, C14, TiAl, TiAl, or D8, phase.
It is noted that a significant change of the phase equilibrium
relation is observed between two temperatures. This obser-
vation suggests that these phases are transformed or decom-
posed by homogenization at the two different temperatures.
That is, in the sample number &, with the exception of C14
phase, the L1, +TiAl (precipitate, leaf-like) two-phase region
at 1423 K transforms to TiAl, +D8, (precipitate, particle-like)
two-phase region at 1273 K. On the other hand, in the sample
number 11, the C14 and L1, phases at 1423 K transform or
decompose to TiAl, and D8, phases at 1273 K, and the pre-
cipitate (striation-like) of TiAl, phase in the L1, phase is also
observed. The major results from theses phase equilibria are
subsequently described.

Phases given in brackets are minor phases.
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Table 2 The phases identified by XRD analysis in the sintered alloys.

No Alloy composition Phase (s)
' (powder, mol%}) Sintered at 1423K  Sintered at 1273K
1 40Ti-2Fe—58Al TiAl, (C14) TiAl, (C14)
2 38Ti-3Fe-59Al TiAl, C14 TiAl, C14
3 37Ti-2Fe-61Al TiAl, (TiAl) TiAl (TiAk)
4 37Ti-10Fe-53Al TiAl, C14 TiAl, C14
5  35Ti-SFe—60Al TiAl, L1, C14 TiAlp, C14, TiAl
6  34Ti-2Fe-64Al TiAl, (L1) TiAl
7 34Ti-12Fe-54Al C14, TiAl, L1, C14, TiAL
8  33Ti-3Fe—64Al TiAly, L1, TiAl, (L1)
9  33Ti-6Fe-61Al L1,, TiAl (C14) TiAl, D8,, (L12)
10 31Ti-4Fe-65Al L1,, TiAL TiAl, L1,
11 31Ti-6Fe-63Al L1,, (THAD TiAly, L1z, (D8,)
12 31Ti-8Fe-61Al L1,, (C14) L1,, TiAl,, D8,
13 31Ti-10Fe~59Al1 L1,,Cl14 TiAL, D8, L1,
14 31Ti-14Fe-55Al1 L1, Cl14 D8,, TiAly, (C14)
15  29Ti-4Fe—67Al L1,, TiAly, (D) L1,, TiAly, ()
16  29Ti-6Fe—65Al Ll L1,, TiAl
17 29Ti-8Fe—63Al L1, L1,, TiAly
18 29Ti-10Fe-61Al L1z, (C14) L1,, D8, (TiAly)
19 29Ti-14Fe-57Al L1, C14 L1,, D8,, (TiAL)
20  27Ti-4Fe~69Al Ll,, AlsTi Ll,, AlsTi, (D
21  27Ti-6Fe~67Al L1,, (ALTI) L1, AlsTi
22 27Ti-8Fe~65Al L1, L1y, (AlsTi)
23 27Ti-10Fe-63Al Li, L1,, (D8y)
24 27Ti-14Fe-59Al1 L1,, D8, L1,,D8,
25  25Ti-4Fe-71Al AlsTi, L1, (D L1, AlsTi, (1)
26  25Ti—6Fe~69Al L1, Al Ti, (D) L1,, AlsTi, ()
27  25Ti-10Fe—65Al1 L1,, (AlsFe) L1,, AlsFe
28  25Ti-14Fe—61Al1 L12, D84, (D L1z, D84, (D)

3.3 Phase equilibria

From the above data, two isothermal sections of the equi-
librium phase diagram have been experimentally determined
for the Al-Ti-Fe system at 1423 and 1273 K, as shown in
Figs. 5(a) and (b), respectively. These isothermal sections
unambiguously show that the L1, structure is stable both
at 1423 and 1273 K, and the L1, phase field at 1423K is
much larger than that at 1273 K. Thus the extent of L1,
phase field increases with increasing temperature as previ-
ously pointed out by Mazdiyasni ez al.3¥ The compositions of
the L1, phase, the center compositions of oval-shaped region,
are about 28Ti—8Fe—64Al and 27Ti-9Fe-64Al compositions
at 1423 and 1273 K, respectively. Thus the composition of the
L1, phase field is less ternary and more titanium than either
reported in the Al-Ti-Mn*® or Al-Ti-Cr?> system, while it
is similar to that in the AI-Ti-Ni system.>® The locations of
the L1, phase field at two temperatures (1423 and 1273 K) are
in very good agreement with the 1473 K data by Mazdiyasni
et al > and 1273 K data by Palm and Inden >®

Besides the L1, phase, two important points regarding
the phase equilibria surrounding the L1, phase should be
suggested to attention. First, AlsTi-L1, and TiAl,-L1,
two-phase regions are obviously observed both at 1423 and
1273 K, although the Tir Als—L1, two-phase region is not al-
ways detected, indicating that the L1, compound can be di-
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Table 3 The phases and compositions identified by XRD and EPMA analyses in the arc-melted alloys.
Annealed at 1423 K Annealed at 1423 K
No. Alloy Composition (mol%) Composition (mol%)
Phase Phase
Ti Fe Al Ti Fe Al
1 40Ti—2Fe~-58Al TiAl 40.7 1.7 57.6
C14 34.6 17.8 47.6
2 37Ti-10Fe-53Al TiAl 38.7 2.1 59.2 TiAl 40.9 1.5 57.6
Cl4 33.8 18.2 48.0 C14 34.1 18.9 47.0
3 36Ti—6Fe—-58Al TiAl 37.9 24 59.7 TiAl 38.6 1.6 59.8
Cl4 33.8 17.2 49.0 C14 34.1 18.5 474
Ll 30.6 6.9 62.5 TiAl precipitate
4 35Ti-5Fe—60Al TiAl 38.1 22 59.7 TiAlp 343 2.2 63.5
L1, 30.0 74 62.6 TiAl 38.0 1.7 60.3
C14 34.6 17.2 48.2 C14 34.0 18.6 474
5 35Ti-10Fe-55A1 Cl4 339 18.4 4717
TiAl 385 2.3 59.2
TiAl, precipitate
6 34Ti—4Fe-62Al TiAl 37.5 2.1 60.4 TiAl, 343 2.1 63.6
L1, 30.3 6.2 63.5 Cl4 32.0 19.4 48.6
TiAlx precipitate
7 34Ti~18Fe-48A1 C14 339 18.5 47.6 C14 33.6 19.1 47.3
TiAl 40.0 2.1 57.9 TiAl, 35.0 2.6 62.4
8 33Ti-10Fe-57Al L1, 30.8 74 61.8 TiAl, 341 3.1 62.8
Cl4 333 17.6 49.1 C14 347 17.6 477
TiAl precipitate D8, precipitate
9 31Ti-7Fe-62Al L1, 30.0 7.5 62.5 L1, 27.4 8.5 64.1
Cl4 33.2 17.6 49.2 TiAl, 33.1 3.6 63.3
TiAl precipitate D8, 299 223 47.8
10 30Ti—5Fe-65Al1 L1, 29.4 6.9 63.7 L1, 26.9 8.3 64.8
TiAl, 34.8 1.7 63.5 TiAl, precipitate
11 30Ti-14Fe-56A1 L1, 28.0 9.6 62.4 D8, 30.3 22.7 47.0
Cl14 333 19.4 47.3 L1, 27.6 8.9 63.5
TiAl, 34.1 2.6 63.3
12 28Ti~7Fe-65A1 L1, 28.1 7.1 64.8 L1, 27.7 8.0 64.3
TiAly precipitate
13 27Ti-14Fe-59Al L1, 26.8 10.5 62.7 Ll 26.5 9.6 63.9
D8, 278 23.9 48.3 D8, 27.6 22.8 49.6
14 25Ti-25Fe-50A1 D8, 24.8 25.6 49.6 D8, 245 253 50.2

rectly transformed from Al;Ti or TiAl, compound by the
addition of ternary alloying iron. Thus the stability of L1,
structure may be “TiAl,-base”, as well as the “Al;Ti-base”,
as pointed out by Durlu and Inal*® and Yang and Goo.?®
In addition, the present data show that the solubility of iron
in TiAl, phase is about 2 and 3 mol% at 1423 and 1273 K,
respectively, and is larger than previously reported data by
Durlu and Inal,*® about 1 mol%. It is also noted that the de-
crease of temperatures leads to the increase of solubility of
iron in TiAl, phase.

Second, the isothermal section at 1423 K (Fig. 5(a)) shows
that the TiAl phase is in equilibrium with the L1, phase, al-
though the width of tie line is very narrow. However, in the
isothermal section at 1273 K (Fig. 5(b)), no two-phase equi-
librium between the TiAl and L1, phases exists, an observa-

tion which agrees with the isothermal section at 1273 K by
Palm and Inden.® Instead, the present study shows that the
TiAl, phase is in equilibrium with the C14 and D8, phases
(note that the equilibrium phase relations in the sample num-
ber 8 and 11 marked in Fig. 5 differ in two temperatures).
Thus the TiAl, phase is more stable when the temperature
decreases. The resulting isothermal section at 1273 K shows
that the L1, phase is not in equilibrium with the TiAl phase.
Therefore, in the case of Al-Ti—Fe alloys, this impedes the de-
velopment of respective bonding®® or coating?” of TiAl and
L1, alloys.

4. Conclusions

(1) In the ternary Al-Ti-Fe system, the L1, phase field
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Fig. 3 SEM microstructures of sample number 8 (33Ti—10Fe—57Al) homogenized at (a) 1423 K and (b) 1273 K.

Fig. 4 SEM microstructures of sample number 11 (30Ti—14Fe-56Al) homogenized at (a) 1423 K and (b) 1273 K.
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Fig. 5 The isothermal sections at (a) 1423 K and (b) 1273 K of the Al-Ti—Fe system. Solid lines are phase boundaries determined in this
isothermal sections.

study. Broken lines are speculative phase boundaries. The sample numbers 8 and 11 defined in Figs. 3 and 4 are also marked on the
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and equilibrium second phases surrounding the L1, phase
at 1423 and 1273 K have been established. These pertinent
phases are TiAl, TiAl, Ti;Als, AlsTi, C14, and D8,.

(2) The L1, phase field have a poor ternary and rich ti-
tanium content compared with that reported in the other Al-
Ti-X (X = Mn, Cr) systems. The center compositions of
the L1, phase field are about 28Ti—8Fe-64Al and 27Ti-9Fe—
64 Al compositions at 1423 and 1273 K, respectively.

(3) The solubility of iron in TiAl, phase is about 2 and
3mol% at 1423 and 1273 K, respectively, and increases when
the temperature decreases. Thus the TiAl, phase is more sta-
ble at 1273 K, and is in equilibrium with L1, TiAl, C14, and
D8, phases.

(4) In the isothermal section at 1273 K, no two-phase
equilibrium between the TiAl and L1, phases exists. This
impedes the development of respective bonding or coating of
TiAl and L1, alloys.
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