Phase Equilibria Investigations on the Aluminum-Rich Part

of the Binary System Ti-Al

J. BRAUN and M. ELLNER

The binary system Ti-Al has been reinvestigated in the composition range of 50 to 76 at. pct Al by
X-ray diffraction, metallography, electron probe microanaysis (EPMA), and differential thermal
analysis (DTA). Heat-treated alloys (600 °C to 1300 °C) aswell asthe as-cast alloys were investigated.
Seven stable intermetallic phases were observed: TiAl, Ti;_,Aly,, TisAls, TiAl,, TisAly, TiAls (h),
and TiAl; (I); two metastable phases, TiAl, (m) and TiAl; (m), were aso found. For each of these
phases, the homogeneity range and the crystal chemical parameters were determined. The temperatures
of the solid-state phase reactions were re-established. On the basis of the experimental results, an
improved version of the equilibrium phase diagram has been drawn and critically compared with

earlier versions presented in the literature.

[. INTRODUCTION

THE binary phase diagram Ti-Al is the basis for many
aloys of technical importance, namely, for those based on
the intermetallic compounds TizAIY and y-TiALR3 While
the titanium-rich part of the system has been investigated
extensively,“~*3 the aluminum-rich part is still not clear.
Ogden et al.l*¥ and Bumps et al.[* reported the initial
versions of the Ti-Al phase diagram. These contain only
two intermetallic compoundsin the aluminum-rich part, TiAl
and TiAls. Potzschke and Schubert(*®! found the phase TiAl,
(HfGa, type). Raman and Schubert*”l inserted the high-
temperature phase TisAl,; and the low-temperature phase
TigAl,3 in the phase diagram.

Afterward, Loiseau and Vannuffell*® included the phase
TisAls and found two structural modifications for the phase
TiAly: TiAl, (1) (ZrGa, type) and TiAl, (1) (HfGa, type).
In the composition range TiAl,-TiAls, a great number of
long period structures were also observed by Loiseau et
al.,[* especially in the high-temperature but also in the low-
temperature region. Kaltenbach et al.[’! found only two
intermediate phases between TiAl and TiAls: TiAl, and
TisAl;. These authors also corrected the temperatures of
the phase reactions.

The most recent phase diagram version for the aluminum-
rich part of the Ti-Al system, which is based on extensive
experimental work, has been elaborated by Schuster and
| pser.?Y These authors found seven intermetal lic compounds
in the composition range of 50 to 75 at. pct Al. They added
the phase Ti;_,Al 1., Observed at 64 at. pct Al, into the high-
temperature part of the phase diagram. The intermetallic
compounds TisAl,; and TiAls were incorporated as two
separate phases in the high-temperature region of this sys-
tem. However, no phase equilibria investigations have been
made in the low-temperature region below 970 °C.

Calculated phase diagram versions of the Ti-Al system
have been reported by Murray,?? Kattner et al.'* and
Zhang et al.’” However, Murray®@ considered only the
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intermetallic phases TiAl and TiAl; in the aluminum-rich
part of this system. Kattner et al.[*l made a calculation that
included the phases Ti,Als and TiAl, with a low- and a
high-temperature modification. Zhang et al.*! yielded a
calculation of the Ti-Al system based on an improved ther-
modynamic description of the intermetallic phases.

[I. EXPERIMENT

The binary Ti-Al aloys (with a mass of approximately 3
g) were made from metalswith thefollowing purity: titanium
99.99 pct (Johnson Matthey Co.) and aluminum 99.999 pct
(Vereinigte Aluminium-Werke). The aloys were produced
by melting metals in an arc furnace in an argon atmosphere
(Messer-Griesheim 5N). Chemical analysis of the melted
alloys was not carried out because the weight loss was
smaller than 0.5 wt. pct. For the heat-treatment procedures,
the alloys were wrapped in thin tantalum foils and put in
silica tubes, which were then evacuated and backfilled with
0.5 atm of argon. Most of the alloys were homogenized by
afirst heat treatment at 1200 °C for 5 to 12 hours or at 1250
°C for 4 hours.

The phase analysis was carried out by X-ray diffraction
and microscopical investigations. For the X-ray powder dif-
fraction, the bulk alloys were crushed and powdered in a
mortar and heat treated in evacuated small silica tubes. The
heat treatment of powders at higher temperatures (=900 °C)
wascarried out in small tantalum tubesenclosed in evacuated
silicatubes. A Guinier camera (Einraf Nonius FR 552) with
Cu K,, radiation or Cr K, radiation (for higher resolution)
and single-coated CEA REFILEX 15 film was used for the
X-ray exposures. Diffraction angles and integrated intensit-
ies of diffraction lines were densitometrically obtained by
means of the line scanner LS20 (KEiJ Instruments). Unit
cell parameters were refined by the least-squares fitting of
Bragg's equation.

The microstructural investigations of etched Ti-Al alloys
were made by means of optical microscopy. The following
etching solutions were applied: Keller mordant, a solution
according to Kaltenbach et al.,[*! and a solution according
to Costa Neto et al.[?® To distinguish very similar phases,
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a scanning electron microscope (SEM), (JEOL* JXA 6400)

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

was used to observe backscattered electron images and to
carry out the electron probe microanalysis (EPMA) of
these phases.

The temperatures of the phase transformations were deter-
mined by differential thermal analysis (DTA) of heat-treated
samples. In cases where the thermal effect was too small,
the transformation temperature was narrowed by X-ray and
by metallographical investigations of the heat treated
samples.

1. RESULTS

A. Overview of the Intermetallic Phases in the
Aluminum-Rich Part of the System Ti-Al

The intermetallic phases observed in this work are listed
in Table I. For each phase, the homogeneity range and the
temperature range of existence have been determined. More-
over, each phase has been prepared as single phase or nearly
single phase. From these samples, the unit cell parameters
have been measured. These are listed together with the crys-
tal chemical parameters, such as the type of structure, Pear-
son symbol, and space group.

B. As-Cast Alloys

The results of the phase analysis of the liquid quenched
aloyswerereported previously.[?® Vertically oriented, large,
and elongated primary crystals typically appear in the as-
cast buttons. Most as-cast alloys contain several phases,
some of which are not equilibrium phases for this
composition.

The aloys with 50 and 52.5 at. pct Al contain TiAl
together with the solid solution a-Ti(Al). Metallographic
investigations show that dendrites with hexagonal symmetry
crystallize from the melt with TiAl as residua phase in
between. These dendrites transform into a fine-lamellar
microstructure of TizAl and TiAl.

The dloys in the composition range TissAlss to TiggAlgy
show TiAl as single phase. The high-temperature phase
Ti; Al has been found in the alloys of the composition
range Tiz;Algs to TigsAlgs.

The orthorhombic phase TiAl, (m) (ZrGa, type) appears
at the aloy compositions TizgAles to Tisy7Algr3 together
with Ti;_,Al.,, or TisAly;. The phase TiAl, (m) occurs only
in the as-cast state. Annealing treatments at temperatures up
to 1200 °C lead to the transformation into the tetragonal
phase TiAl, (HfGa, type). As aresult of the heat treatments
at temperatures above 1240 °C, TiAl, (m) transforms into
thetetragonal phase TisAl,;,. With regard to these facts, TiAl,
(m) has been considered to be a metastable phase
(m = metastable).

The as-cast samples containing 70 to 74.75 at. pct Al
show three phases: TisAlq4, TiAl3 (h), and the solid solution
AI(Ti). The aloys in the composition range TixAl;s to
TixAlgy contain two phases: the high-temperature phase
TiAlz (h) and Al(Ti). The metastable phase TiAl; (m) (CusAu
type) was produced by means of liquid quenching.!?®
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C. Investigations of the Phase Equilibria in the
Composition Range TispAlsg to TiasAlgs

The phase equilibria in the aluminum-rich part of the Ti-
Al system are shown in Figure 1 and Table Il. The results
of the X-ray and microstructural investigations concerning
the composition range TispAlsp to TissAlgs are listed in
Table Ill.

1. The homogeneity range of TiAl

Severa contradictory versions of the homogeneity range
of the intermediate phase TiAl have been reported; the dis-
crepancy concerns the aluminum-rich phase boundary, in
particular. Therefore, this part of the binary system Ti-Al
has been reinvestigated in this work. The aluminum-rich
boundary was determined by EPMA measurements on the
two-phase alloys containing TiAl + TiAl, (Table IV); the
microstructure of the alloy TizAlg; heat treated at 800 °C
for 20 days is shown in Figure 2. The unit cell parameters
for these alloyswere al so measured and compared with those
for the single-phase TiAl (Reference 28, Tablell); with these
data, the phase boundary has aso been established. Table
IV shows the results of both methods, which are in good
agreement. The macroscopic densities of alloys in the com-
position range 50 to 60 at. pct Al werereported previously.[?!

2. The high-temperature phase Ti;_,Al; 4

Thisphase occurs asasingle phasein aloys of the composi-
tion range 63 to 65 at. pct Al at 1300 °C. The crystal structure
of Ti1_,Aly, is homeotypical with that of TiAl. However,
both phases are distinguishable if the intensity ratios of the
X-ray reflex pairs (hhl)/(hih) with h + | = 2n are considered.
These are inverse in Ti;_,Al,,, compared with TiAl. This
observation corresponds to a significantly different distortion
of the CuAu-type structure.” Whereas TiAl shows a c/a
ratio > 1, in Ti;_,Al,.,, the axial ratio is <1 (Figure 4). The
observed unit cell parametersarea = 4.030 (1) A, ¢ = 3.955
(0] A and c/a = 0.981 for TizAlg and a = 4.029 (1) A
c= 3958 (1) A and c/a = 0.982 for Tiz;Algs.

The phase Ti,_,Al,, decomposes eutectoidally at atem-
perature 1160 °C < T, < 1180 °C into the phases TiAl and
TiAl,. The results of the microstructural and X-ray diffrac-
tion phase equilibria investigations are listed in Table 111
andinsertedinthepartial phasediagramin Figure 3. Metallo-
graphic investigation of the alloy TizsAles (bulk 8 hours at
1200 °C, 1 hour at 1240 °C, water quenched) showed
Ti, Al . as single phase (Reference 29, Figure 1). The
eutectoidal decomposition of Ti,_,Al.,, is shown in the
microstructure of the alloy TizgAlg, heat-treated for 15 hours
at 1100 °C (Figure 5).

3. The stability of the phase TizAlg

The phase TizAl5 is alow-temperature phase formed peri-
tectoidally from TiAl and TiAl, at 800 °C < T, < 820 °C.
It is observed as single phase at the composition TiggAlgy
and at temperatures T << 800 °C by both the metallographical
and the X-ray investigations. TizAls was formed only if as-
cast alloys or specimens annealed at high temperature (T >
1200 °C) were thereafter heat treated at T < 800 °C. Any
annealing treatment at intermediate temperatures between
800 °C and 1200 °C resulted in a two-phase equilibrium
consisting of TiAl and TiAl,. When such a sample was hesat
treated afterward at T < 800 °C, this state was retained
without formation of TizAls. However, TizAls can easily be
overheated in short-run heat treatments as well as in the

METALLURGICAL AND MATERIALS TRANSACTIONS A



"8INJONISANS BU} 10} PIEA 818 BIep 859U | «
Al UOIIOSS 88S «
"2In1oNIIsgNs = s ‘sasayiuased Ul BPWeted [PI 1UNn 3INPNJIISgNS
Japmod :d pue ‘g :q
ainkesedwe) ybiy = 1H pue ‘ainkiedwe) wWool = 1Y

aseyd ajbuss 10u

Buim Burielol do
[oz)’ @ B urelg Bu1jooo e |ds — — (T)eL6e G8 buijooo e(ds Aq a|gersew S/ wiewd nyeny (W) &|viL
aseyd-s|buss 10 WPU-1V D, SEL= B
shep 9/0, 029 d (6221) you-11 9, 056=
Yyomsiyr  skep €2/0, 079 ‘d T60°T (¢)szgee  (T)1/8°€ 9L aseyd 1o S/ Wwwyp| zen () EviL
You-v D, SEL=
ulw /9, 000T d (soet) you-11 9, 066= D, 00¢T 8N
omsip  Aep T/2, 000T |9 8IT'T (T)609'8 (T)ev8e S/ aseyd 1H G/ 001Gy,  Www/py| SiviL (U EviL
ulw T/, 00T d
MYOMSIYL UIW GZ/D, 00ET 4 090T xx(TWSTY  x«(T)ST6E T.
ulw T/, 00T d D, 00ET »LInpnus-jedns
YOMSIUL U G2/O, 00ET [0 80T »+(IWOTY zqvwmm.mv 99 D, G66= aseyd 1H T, 0199 [euobeuse) nynd  THVEIL
oy
aseyd ajbuss jou (@rerer Z100
lom sy} Aol 1seo-se (T)oto (T)evee 2 299 Sho|le 1e0-Se ul a|gersew /9 01 99~ WD oIz (W) ?vIL
shep 1T/, 002 d (250v) D, 00TT ven
werle B urelg  Aep 1/2, 000T 9 0Z0°T (T)e0E V2 (T)oL6e 1'99 D, GTZT= aseyd 1y /90199  puwe/y| %e9H vIL
ulw g/, 00€T d 2, 08¢T v
e e B umelg ulw GzZ/D, 00ET 4 T86°0 (T)ss6€ (T)ocov 79 2, 0/TT=8seyd IH G9 01 €9  WW/pd nynD XTIl
Segffz = e
shep 1T/, 002 d (e66°€) Zed)
Yomsiyr  skep s¢/0,00L [0 TT0T (T)geo (2Q)e6Z1T 29 D, 0T8= 8seud 1o 29 (wowpd) SIVEIL SIVEIL
uiw /9, 00TT:d
Y 0T/D, 002T:d 6T0T (T)ogo+ (T)vs6e 29
YOMSIYl  ulw g/, 000T:d 2, 002T & Pl
el e 1B urelg Yy 2T/0, 002T:d 6T0T (T)sL0v (T)ooo¥ 05 1w 8yl 0} 1¥ woly s[oels 290105 Www/yd nyno V1L
20us Ry ewmeall leH  S(ep) (v)o (Ve IV a0ueIsIXg abuey dnoio  joquis uosresd  aseud
° ° 1°d 1Y ReusbowoH adeds  adAL aunpnig
YI0M SIYL Ul paulweRd
Sse siepWe.fed [edlWwey) [eISAID JBYL pue |V 10d "1V G/ 01 0 sbuey uonisodwod syl ul |v-1L WeisAS Areulg syl Ul ssseyd dljfelewoiu| "[8|qel

VOLUME 32A, MAY 2001—1039

METALLURGICAL AND MATERIALS TRANSACTIONS A



1600
T°C]

1500 1
7

13001

1400

12001

11001

10001

9007

800t

7007

6007

1460°C

Y A———

1445°C

Liquid (L)

1416°C

Ti1.x Al 14x

TiAl

810°C

‘57\387 C

TizAls

50

1040—VOLUME 32A, MAY 2001

55 60

65

70

at.% Al

Fig. 1—Experimentally determined phase diagram Ti-Al in the composition range 50 to 80 at.% Al.
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Tablell. Invariant Phase Equilibria in the Aluminum-Rich Part of the Ti-Al System

Temperature,
Phase Reaction °C Experimental Methods Reference

Peritectic: L + a-Ti(Al) = TiAl 1460 — Schuster and Ipser 24
Peritectic: L + TiAl = Ti;_, Al 1445 — Schuster and Ipser 24
Peritectic: L + Ti;_ Al = TisAly, 1416 — Schuster and Ipser 24
Peritectic: L + TisAly, = TiAl; (h) 1387 — Schuster and Ipser 24
Eutectoid: Ti;_,Al.x = TiAl + TiAl, 1170 X-ray and microstructure this work
Peritectoid: TiAl + TiAl, = TizAls 810 X-ray this work
Polymorphic phase transformation: TiAl, = TisAly; 1215 X-ray and microstructure this work, temperature:

Schuster and 1pserf?4
Eutectoid: TisAlys = Tii_,)Alyy + TiAl, ~1200 (X-ray) proposal this work
Eutectoid: TisAl;, = TiAl, + TiAl; (h) 995 X-ray and microstructure this work
Peritectoid: TiAl, + TiAl3 (h) = TiAls (1) ~950 X-ray this work
Metatectic: TiAl; (h) = TiAlz (I) + L 735 DTA heat and X-ray this work
Peritectic: L + TiAls (h) = AI(Ti) 665 — Cise” et al.l?7

DTA measurements. At temperatures between 800 °C and
900 °C, rather long annealing times were necessary (e.g.,
830 °C: 16 hours; and 820 °C: 6 days) to decompose TiAls
into TiAl and TiAl, completely. The DTA measurement for
the determination of the peritectoid temperature on heating
(5 K/min) yielded an effect at 876 °C. Additional heat treat-
ments demonstrated that TizAls does not even exist below
this temperature. Consequently, some more experiments
have been carried out to determine the peritectoid tempera-
ture more exactly. These contain heat treatment and X-ray
phase analysis of the aloy TizgAlg,. The initial state of the
bulk sample heat treated at 700 °C for 45 days was single-
phase TisAls. Powders made from this sample were anneal ed
at different temperatures in the temperature range 700 °C
= T = 930 °C for severa days. X-ray phase anaysis of
these powder samples showed whether the phase TizAls was
still present. Asaresult of these investigations, the invariant
temperature has been set between 800 °C and 820 °C.

D. Investigations of the Phase Equilibria in the
Composition Range TizAlggs to TizsAlsg

1. Homogeneity range of TisAl,, and the eutectoid
reaction TisAl;; = TiAl, + TiAlz (h)

The results are summarized in Table V and drawn in
Figures 1 and 3. The phase TisAl; shows awide homogene-
ity range at high temperatures (T > 1215 °C), which reaches
from 66 to 71 at. pct Al and includes the stoichiometries
TisAly, and TioAls. Within this homogeneity range, the unit
cell parameters and the positions of the superstructure lines
were found to vary continuously with composition and tem-
perature. The axial ratio c/a of the substructure increases
linearly with the aluminum content (Figure 4). These results
are in good agreement with those of Miida (Reference 30,
Figure 12). The homogeneity range of TisAly, is strongly
reduced by the appearance of the phase TiAl, below 1215
°C, as can be seen in the partial phase diagram (Figure 3).
TiAl, is formed by polymorphic phase transformation from
TisAly; at 1215 °C (temperature taken from Reference 21
and confirmed in thiswork) and at the stoichiometric compo-
sition of 66.7 at. pct Al. A two-phase region of TiAl, and
TisAly, reaches down to the temperature of the eutectoidal
decomposition TisAl; = TiAl, + TiAl; (h) at 995 °C and
71.5 at. pct Al because of the reduced solubility of TisAl,
with decreasing temperature. Figure 6 shows the two-phase
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microstructure of TisAl,; with oriented precipitates of TiAl,
in the alloy Tisy/Alg73 annealed at 1100 °C for 15 hours.

The high-temperature phase TisAl,; decomposes eutectoi-
daly into TiAl, and TiAl; (h). The determination of the
eutectoidal temperature is difficult because this reaction
shows a strong tendency to be undercooled. In most cases,
apart of the TisAl,; remains untransformed. Figure 7 shows
the microstructure of the aloy TixAl;; heat treated at 950
°C for 11 hours. It represents the following typical micro-
structure: one part of the TisAl;, phase decomposes eutectoi-
daly into TiAl, and TiAl; (h), whilein the other part, TisAl,
remains untransformed with fine, oriented precipitates of
TiAl, within the grains. The extent of the undercooling of
the phase TisAl1, up to the onset of the eutectoidal transfor-
mation and the amount of the phase that is transformed
depend on the alloy composition. The amount of untrans-
formed TisAl, (with precipitates of TiAl,) increases with
the aluminum content of the aloy investigated. In the aloy
TisAleg, a heat treatment at 990 °C for 5 daysled to a partial
transformation, whereasinthealloy Ti,gAl4,, therewasnone,
even after heat treatment at 970 °C for 5 days. Annealing
at 900 °C for 9 days resulted in the total transformation
of the aloy of composition TizAlg. A consecutive heat
treatment at 980 °C for 2 days transformed TiAl; (I) (Section
D-2) into TiAl5 (h) and led to the two-phase microstructure
of TiAl, and TiAl; (h) shown in Figure 8.

The eutectoidal transformation temperature could not be
determined with DTA measurements because no thermal
effect was observed. This temperature was narrowed step-
wise by annealing experiments using both decreasing and
increasing temperatures. With decreasing temperatures,
undercooling phenomenahaveto be taken into account. With
increasing temperatures, the formation of the phase TisAl;
occurs for the first time at 1000 °C in the alloys TiygAls,
and Tiy;Al3. In the more titanium-rich aloys TizAl4, and
TisAlge, the phase TisAly;, does not arise before 1035 °C,
presumably because of difficulties with nucleus formation.
Combination and extrapolation of al these results leads to
the deduction that the eutectoidal temperature hasto be fixed
between 990 °C and 1000 °C.

2. The polymorphic phase transformation TiAl; (h) =
TiAl; ()

The phase TiAl; (h) appears at 75 at. pct Al and shows
anoticeable but narrow homogeneity range at high tempera-

VOLUME 32A, MAY 2001—1041



Tablelll.

Result of the X-ray and Microstructure Phase

Analysis in the Composition Range TigpAlsy to TissAlgs

Alloy Heat-Treatment

Composition Bulk Alloys* Phase(s)
TiseAlsg 1200 °C/2 days TiAl
TigzsAlss 1200 °C/12 h TiAl
TigsAlss 1200 °C/10 h TiAl

1000 °C/1 day TiAl

750 °C/10 days TiAl
TigsAlsrs 1200 °C/10 h TiAl
TigAleo 1200 °C/10 h TiAl

1000 °C/1 day TiAl

900 °C/5 days TiAl, TiAl,

800 °C/20 days TiAl, TiAl,
TizeAlgy 1300 °C/30 min TiAl

1250 °C/4 h TiAl

1200 °C/10 h TiAl

1100 °C/15 h TiAl

1000 °C/36 h TiAl, TiAl,

900 °C/5 days TiAl, TiAl,

800 °C/20 days TiAl, TiAl,
TizgAlg, 1300 °C/30 min TiAl

1250 °C/4 h TiAl

1200 °C/10 h TiAl

1100 °C/15 h TiAl, TiAl,

1000 °C/36 h TiAl, TiAl,

850 °C/5 days TiAl, TiAl,

770 °C/10 days TisAlg

700 °C/45 days TizAls

600 °C/90 days TizAls
TizAlgs 1300 °C/30 min Tig— Al

1250 °C/4 h Tig—yAly

1200 °C/10 h Tig— Al

1100 °C/15 h TiAl, TiAl,

900 °C/5 days TiAl, TiAl,
TizgAles 1300 °C/25 min Tig—yAliy

1250 °C/4 h Tig— Al

1240 °C/1 h Tig—yAliy

1200 °C/8 h Tig_ Al

1180 °C/9 h Tii— Al TiAl

1160 °C/12 h TiAl, TiAl,

1100 °C/15 h TiAl, TiAl,
TizsAlgs 1300 °C/25 min Tig Al

1250 °C/4 h Tig—yAliy

1240 °C/1 h Tig_ Al

1200 °C/8 h Tii Al TiAlL

1100 °C/15 h TiAl, TiAl,

*The powder was heat treated at the same temperature for a

short time.

TablelV. Determination of the Aluminum-Rich Phase
Boundary of TiAl at Various Temperatures by EPMA
and by X-ray Unit Cell Parameter Measurements

EPMA X-Ray

Temperature (°C) (At. Pct Al) (At. Pct Al)
1100 61.7 —
1000 59.8 60.0
900 579 575
800 56.3 56.0

tures. This phase has been observed as single phase in the
aloys TizsAlzs, TigssAlzszs, and TigssAl7,s heat treated at
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Fig. 2—Microstructure of the alloy TizgAlgy, bulk aloy 1200 °C/10 h +
1000 °C/36 h + 800 °C/20 days, etched with a mordant according to
Kaltenbach, TiAl with precipitates of TiAl,.

T°C] -
1400 - (o] 416°C 1387°C
TigxAlyay
1350 —
1300 — o
1250 — o
TiAl
1200 4| o0 o g
1170°C
1150 —
1100 — oOfo o o
1050 —
1000 4 o/o o °
o
950 — a
LI DONL U LI LI DL LI DL |
60 62 64 66 68 70 72

at.% Al

Fig. 3—Partial phase diagram Ti-Al in the composition range 59 to 73
a.% Al; O = single-phase sample, @ = two-phase sample, and A =
three-phase sample.

1200 °C for 5 hours by metallographical and powder diffrac-
tion investigations. The homogeneity range decreases at
lower temperatures, which leads to the precipitation of
TisAly, from TiAl; (h) (Figure 9).

At lower temperatures, TiAl; (h) transformsinto TiAlz (1),
but this reaction proceeds very sluggishly and incompl etely.
Thisreaction can be schematically subdivided in a sequence
of a peritectoid and a metatectic reaction (Figure 10):

peritectoid: TiAl, + TiAls (h) = TiAls (1)
metatectic: TiAls (h) = TiAl, (1) + liquid

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 4—Axial ratio c/a of the substructurefor al crystal structuresof the Ti-
Al system belonging to the Cu family as afunction of the aluminum content.

Fig. 5—Microstructure of the aloy TizsAles, bulk alloy 1250 °C/4 h +
1100 °C/15 h, SEM backscattered electron micrograph, eutectoid consisting
of TiAl and TiAls.

Figure 11 presents a microstructure showing TiAlz (h)
mainly transformed into TiAls (). The temperature of this
polymorphic phase transformation is found to be much
higher for the titanium-rich TiAl; (=950 °C) than for the
aluminum-rich TiAl; alloys (735 °C). The latter temperature
of this phase transformation has been measured by the heat-
ing DTA investigations (5 K/min); it is in good agreement
with the results of X-ray and microstructural investigations
made on heat treated alloys. In contrast, no DTA effect was
observed in the titanium-rich aloys near the stoichiometry

METALLURGICAL AND MATERIALS TRANSACTIONS A

TiAls. Moreover, the TiAl; modifications cannot be distin-
guished by optical or scanning electron microscopy except
for nearly stoichiometric aloys. Therefore, the transforma-
tion temperature was estimated from the results of the X-
ray investigations (Guinier patterns) done on heat treated
aloys. Inbulk aloys, TiAl; () was not observed after anneal -
ing at 950 °C, but was observed at 900 °C and at lower
temperatures. However, in a series of powder-annealing
experiments with the aloy TigAl,4 bulk: 730 °C/51 days,
the phase TiAl; (I) was still found at 960 °C, but disappeared
at 1000 °C. With these results, the transformation tempera-
ture for titanium-rich TiAl; was set at nearly 950 °C.

Inthe composition range TiAl, to TiAls in thelow-temper-
ature region, it is difficult to achieve equilibrium even after
long-term heat treatments of up to 180 days. Moreover, the
results of the X-ray and the microscopic investigations do
not coincide. The Guinier patterns often show TiAl, together
with the high- and low-temperature modification of TiAls,
whereas the optical micrographs show TiAl,, TiAl, and the
remaining TisAl;,. However, in afew experiments, the two-
phase equilibrium of the phases TiAl, and TiAl; (I) was
achieved: in the alloy TispAl4g bulk: 600 °C/20 days + 1200
°C/8 h + 1050 °C/13 h, powder: 700 °C/21 days, and in the
aloy TiyAl4; bulk: 600 °C/20 days + 1200 °C/6 h, powder:
700 °C/28 days.

The composition of the low-temperature modification of
TiAlz doesnot differ from that of the high-temperature modi-
fication, as confirmed by EPMA measurements. Conse-
quently, it iswarrantable to denominate the low-temperature
modification TiAl; (1) in contradiction to other designations
given in the literature.

IV. DISCUSSION

The phase TiAl shows a relatively wide homogeneity
range, as was aready detected by Ogden et al.[* These
authors set the aluminum-rich boundary at about 60 at. pct
Al, independent of the temperature. A similar phase bound-
ary is drawn in the phase diagram of Schuster and |pser.[4
In contrast to this, Bumpset al .[*® found astrong temperature
dependency of the aluminum-rich boundary decreasing from
more than 70 at. pct Al at 1350 °C to 59 at. pct Al at
temperatures below 1000 °C. This tendency has been con-
firmed by the present investigations. However, at high tem-
peratures (T = 1200 °C), the homogeneity range only
reaches the composition of 62 at. pct Al because of the
occurence of the phase Ti;—,Al14y.

Schuster and Ipser®! were the first to find the high-
temperature phase Ti;_,Al,,x in the as-cast samples.
According to them, this phase is formed by a peritectic
reaction from the melt and TiAl at 1445 °C, and decomposes
at 1424 °C into TiAl and TiAl, (m). These authors did not
carry out any heat treatment in the temperature range 1200
°C < T < 1400 °C, and so could not observe Ti;_,Al1., in
any annealed sample. Our investigations have shown that
Tiy Al isstill present in annealed specimens at 1180 °C.
At 1160 °C, Tii_,Ali;4 is decomposed eutectoidally into
TiAl and TiAl,. Therefore, the eutectoidal temperature has
been set at 1170 °C.

The phase TizAls was observed by Miida et al.BY after
annealing an aloy TizAlgs at 700 °C for 11 days. Loiseau
and Vannuffell*® inserted this phase with an existence up to
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TableV. Result of the X-ray and Microstructure Phase
Analysisin the Composition Range TizAlgs to TizAlzg

TableV. Continued. Result of the X-ray and
Microstructure Phase Analysis in the Composition Range

Ti34A|66 to Ti24A|76
Alloy Heat-Treatment
Composition Bulk Alloys* Phase(s) Alloy Heat-Treatment
TisAlgs 1300 °C/30 min TisAl Composition Bulk Alloys* Phase(s)
1250 °C/4 h TisAly, TizsAl s 1200 °C/5 h TiAl; (h)
1240 °C/1 h TisAlyy 1100 °C/16 h TiAl3 (h)
1200 °C/8 h TiAl, 1000 °C/1 day TiAl; (h)
1100 °C/15 h TiAl, 800 °C/17 days  TiAls (h)
TiagsAlgs7 1400 °C/15 min  TisAly 770°C/19 days  TiAl; (h)
1300 °C/25 min  TisAly 750 °C/37 days  TiAl, (h)
1250 °C/4 h TigAly 720°C/20 days  TiAl; (1), TiAls (h)
1240 °C/1 h TisAlw 700 °C/17 days  TiAly (1), TiAl; (h)
1200 °C/8 h TiAl, 640 °C/23 days  TiAl5 (), TiAls (h), Al (Ti)
1100 °C/15 h TiAl, 620 °C/105 days  TiAl (1), TiAls (h), Al (Ti)
1000 °C/1 day TiAl, 600 °C/180 days  TiAls (1), TiAls (h), Al (Ti)
750 °C/10 days  TiAl, TipasAlsos  620°C/105 days  TiAlg (1), TiAls (h), Al (Ti)
TigAlgrs 1300 °C/25 min TisAly 600 °C/180 days  TiAl; (1), TiAls (h), Al (Ti)
1250 °C/4 h TisAlw TizasAlzss 640 °C/23 days  TiAl (1), TiAls (h), Al (Ti)
1240 °C/1 h TiAly, 620 °C/105 days  TiAl5 (), TiAls (h), Al (Ti)
1200 °C/8 h TigAly, TiAl, 600 °C/180 days  TiAls (1), TiAls (h), Al (Ti)
1100 °C/15 h TigAlL, TiAl, TizsAlzg 770 °C/3 days TiAl; (h), Al (Ti)
TizAleg 1300 °C/25 min  TigAly 750 °C/3 days TiAl; (h), Al (Ti)
1250 °C/4 h TisAly, 640°C/23 days  TiAls (), TiAls (h), Al (Ti)
1240 °C/1 h TigAly, 600 °C/58 days  TiAls (1), TiAls (h), Al (Ti)
1100 °C/15 h TisAly, TiAl, .
1000 °C/4 days TieAly,, TiAl Shor'lt'i:iem%owder was heat treated at the same temperature for a
TiaAlgg 1300 °C/25 min TisAlyy i
1240 °C/1 h TisAlyy
1200 °C/8 h TisAlyy
1020 °C/4 days TisAly, TiAl
1000 °C/3 days TisAlyq, TiAl,
990 °C/5 days TiAl,, TiAl3 (h), TisAly;
980 °C/2 days TiAl,, TiAls (h)
TizAl70 1300 °C/25 min  TigAly,
1200 °C/8 h TisAlyy
1100 °C/9 h TigAlL, TiAl,
1050 °C/13 h TisAlyq, TiAL
1020 °C/4 days ~ TisAly, TiAl,
1000 °C/1 day TisAlL, TIAL
TizsgsAlos 1200 °C/8 h TisAl,
TizAl7, 1300 °C/25 min TisAly
1200 °C/8 h TigAly;
1100 °C/9 h TisAly, TiAl
1050 °C/13 h TigAly, TiAl,
1020 °C/4 days TisAly, TiAl,
1000 °C/1 day TisAly, TiAl,
TizgsAlz1s 1200 °C/8 h TisAly, TiAls (h) Fig. 6—Microstructure of the alloy Tiz,-Alg 3, bulk alloy 1250 °C/4 h +
TizgAlz, 1200 °C/7 h TisAlyg, TiAl3 (h) 1100 °C/15 h, etched with a mordant according to Kaltenbach, difference
1050 °C/2 days TisAlyy, TiAlz (h) interference contrast, TisAl,; with precipitates of TiAl,.
1020 °C/4 days ~ TigAly, TiAl; (h)
TizrsAlzas 1200 °C/7 h TigAly, TiAl (h)
TizzAlzs %2)8 gz zays E;ﬁ:u Eﬁ:s gﬂ; 1350 °C, where it should originate directly from TiAl. Nei-
' S T8 [21] [20]
TisgsAlsss 1200 °C/6 h TiAl5 (h), TisAlyy ther Schuster and Ipser“t! nor Kaltenbach et al.l“”! could
TigeAlz4 1200 °C/6 h TiAl3 (h), TigAly find this phase because they did no heat treatment in the low-
1100 °C/14 h TiAl; (h), TisAly, temperature range below 970 °C and 900 °C, respectively. In
1020 °C/4 days ~ TiAlg (h), TisAls; the present study, it was clarified that TizAls forms peritectoi-
TizssAlzas 1200 °C/5 h TiAlg (h) dally from TiAl and TiAl, at 810 °C. To obtain this phase,
589, C?Z%legys Eﬁ:s ah))TTI'Kl“'l(lh ) TiAl a purposeful annealing strategy is necessary. The phases
5 (), 5 (M), ) i ! - : ;
620 °C/105 days  TiAls (). TIAl, (). TiAl, ;rlélb‘(llze??z? TiAl, (m) are discussed extensively in another
oAl 1900 oY Al gy e (O TIAL A phase called TigAl;, wasfirst described by Raman and
620 °C/105 days TiAl; (1), TiAl; (h) SChUbert[ln in the as-cast a”oy T|31A|69 35 well as after
600 °C/120 days  TiAl; (1), TiAl; (h) annealing at 1160 °C for 2 hours. According to the phase

diagram of these authors,[*! the phase TisAl4; forms peritec-
tically and decomposes eutectoidally into TiAl, and TiAl;

1044—VOLUME 32A, MAY 2001 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 7—Microstructure of the alloy Ti»gAl, bulk alloy 1200 °C/8 h + 950
°C/11 h, SEM backscattered electron micrograph, TisAly; (gray) with fine
oriented precipitates of TiAl, (light gray) and eutectoid consisting of TiAl,
and TiAl; (h) (dark).

Fig. 8—Microstructure of the alloy Tiz;Algg, bulk aloy 1200 °C/8 h + 900
°C/9days + 980 °C/2 days, etched with Keller mordant, eutectoid consisting
of TiAl, and TiAl; (h).

Fig. 9—Microstructure of the alloy Ti,;Al,3, bulk alloy 650 °C/6 days +
1200 °C/8 h + 1020 °C/4 days, SEM backscattered electron micrograph,
TisAly; (light gray) and TiAl; (h) (dark) with precipitates of TisAly;.

at 950 °C. Van Loo and Rieck®® investigated diffusion cou-
ples and found the phase Ti,Als after annealing at 1200

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 10— Schematic partial phase diagram Ti-Al in the region around the
polymorphic phases TiAl; (h) and TiAl; (1).

Fig. 11—Muicrostructure of the aloy Ti,sAlss, bulk aloy 620 °C/105 days,
etched with amordant according to Kaltenbach, TiAl; (h) nearly completely
transformed into TiAl; (1), and a little AI(Ti) (white).

°C. Loiseau et al.'¥ described a great number of high-
temperature long period structures in the composition range
of 71to 73 at. pct Al, which wereinvestigated and character-
ized by electron diffraction and high resolution electron
microscopy. According to the phase diagram proposed by
Loiseau et al.,[** these long period structures are only stable
above 1000 °C. Miida et al.3¥ reported one-dimensional
antiphase domain structures for aloys containing 67.5 to
73.5 at. pct Al heat treated at 1200 °C. Kaltenbach et al.[?
observed the phase TisAly; at 1100 °C but not at 900 °C.
The eutectoid decomposition temperature could not be mea-
sured by DTA. For the phase diagram, Kaltenbach et al.[?%
estimated the temperature given by Loiseau et al.[*¥ (990
°C) to be the most reliable. Schuster and Ipsert?! found two
separate phases in the composition range of 68 to 72 at. pct
Al a high temperatures. TisAly; and TibAls. The phase
TisAly; was found as a single phase in as-cast aloys of 69
to 71 at. pct Al. The homogeneity range of TisAly; was
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reported from 68.5 to 70.9 at. pct Al; this phase should
transform eutectoidally into TiAl, and Ti,Als at 1206 °C.
The compound Ti,Als, with fixed stoichiometry, was found
to exist between 1215 °C and 970 °C < T < 1000 °C, where
it decomposes eutectoidally into TiAl; and TiAl.

In the present work, TisAl,; was observed in heat-treated
samples at 1300 °C to 1000 °C. The homogeneity range
reaches from 66 to 71 at. pct Al at 1300 °C. The axial ratio
c/a of the CuAu substructure of TisAly, increases linearly
with the aluminum content throughout the entire homogene-
ity range (Figure 4). The superstructure of TisAl;; shows a
long period modulation in the [001] direction of the CuAu
substructure. This structural variety cannot be described
completely, even with two superstructures as proposed by
Schuster and Ipser.?Y These modulations are in some com-
positionsincommensurate with the CuAu substructure. Con-
cerning these facts, the aluminume-rich high-temperature part
of the phase diagram has been characterized by a single
phase showing the common CuAu substructure with linearly
increasing axid ratio c/a. Below 1215 °C, (Figures 1 and 3)
the homogeneity range of TisAly; decreases rapidly with the
appearance of the phase TiAl,. The eutectoidal decomposi-
tion temperature was determined to be 995 °C, in good
agreement with the temperatures proposed by Loiseau et
al.l*! and by Schuster and Ipser.?Y

Raman and Schubert*1 observed alow-temperature phase
TigAl s, which was nearly single phase in the aloy TisgAl4,
after annealing at 730 °C for 11 days. In the phase diagram
drawn by these authors,* the phase TigAl,3 exists up to
780 °C, where it transforms peritectoidally into TiAl, and
TiAl;. Van Loo and Rieck®3 found a phase called TigAly,
after annealing a diffusion couple at 585 °C. This phase did
not form at 638 °C; instead, the formation of the high-
temperature modification TiAl; (h) was observed. Since that
time, it has been clear that a low-temperature phase exists
around TiAls, but its composition, aswell asthe temperature
of the phase transformation, remained unclear. Loiseau et
al."¥ reported low-temperature long period structures in
aloys around 72 at. pct Al at temperatures below 900 °C.
Analogical one-dimensional antiphase domain structures
were observed by Miida et al.*¥ in alloys containing 67.5
to 73.5 at. pct Al at annealing temperatures of up to about
950 °C. In the present work, it was confirmed that a low-
temperature phase exists with the crystal structure described
by Raman and Schubert™” and by van Loo and Rieck.*3!
The composition of this phase was determined to be the
same asthat of TiAl3 (h), which shows a small homogeneity
range. The transformation temperatureis strongly dependent
on the exact composition of TiAls: aluminum-rich TiAl; (1)
transforms at 735 °C into TiAlz (h), whereas for titanium-
rich TiAl;, the transformation temperature lies as high as
about 950 °C.

V. CONCLUSIONS

The phase equilibria for the aluminum-rich part of the
binary system Ti-Al have been reinvestigated. Seven stable
intermetallic phases and two metastable phases have been
observed.

1. Theauminum-rich phase boundary of TiAl changesfrom
62 at. pct Al at 1300 °C to 56 at. pct Al at 800 °C.
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2. The high-temperature phase Ti,_,Al,,x exists a even

lower temperatures than previously reported and decom-
poses eutectoidally into TiAl and TiAl, at ~1170 °C.

3. Thelow-temperature phase TisAl5 isformed by a peritec-

toid reaction from TiAl and TiAl, at ~810 °C.

4. The homogeneity range of the phase TisAl; reachesfrom

66 to 71 at. pct Al at 1300 °C. TisAly; transforms into
TiAl, by a polymorphic phase transformation at 1215 °C
and 66.7 at. pct Al. The eutectoidal decomposition of
TisAl4, into TiAl, and TiAl; (h) occurs at ~995 °C and
71.5 a. pct Al.

5. The metastable phase TiAl, (M) (ZrGa, type) is observed

in the as-cast aloys.

6. The phase TiAl; existsin two stable modifications: TiAl;

(h) and TiAl3 (I). Thetransformation temperature strongly
depends on the exact composition of the phase within its
homogeneity range.

7. Themetastable phase TiAl; (m) (CusAutype) isobserved

in liquid quenched alloys.
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