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Introduction

Titanium-aluminide compounds, known as ordered intermetal-
lic compounds, are potential candidates for elevated temper-
ature applications in the aerospace and automotive industries
because of their light weight, high specific strength, high specific
modulus, and good creep resistance (Chen et al., 2009; Zhong
et al., 2012; Wang et al., 2013).The intermetallic compounds
of Ti-Al alloys include Ti Al, TiAl, TiAl,, and TiAl, (Charlu et al.,
1974; Chen et al., 1995; Braun et al., 2001). They possess at-
tractive properties of relatively low density, high melting point,
high thermal conductivity, high specific strength, and resistance
to oxidation at elevated temperatures. The Ti-Al alloys, with a
duplex (Ti,Al+TiAl) lamellar microstructure, exhibited improved
room-temperature ductility while maintaining adequate high-
temperature creep rates and oxidation resistance (Ward-Close
et al.,, 1995; Lin et al., 2000; Cheng et al., 201 3).

Ti/Al,O, interface reactions have been extensively investi-
gated in the literature (Lu et al., 1995q; Lu et al., 1995b; Dehm
et al., 1998; Zalar et al., 1999; Feng et al.,, 2012). However,
some controversies remained about the mechanism and forma-
tion sequence of the interface reaction products, since differ-
ent experimental constructions may affect both thermodynamic
and kinetic conditions and thus the diffusion path in the Ti-Al-O
system. For example, Li (Li et al., 1992) suggested two pos-
sible diffusion paths at 1100 °C: Al,O,/TiAl/Ti Al/a-Ti/B-Ti, for
an infinite Ti supply from thick Ti foils; or ALLO,/Ti,Al/a-Ti/p-Ti,
for a finite Ti supply from thin Ti foils. Additionally, the oxides
of TiO, and TiALO, could be formed in the Ti-Al system. Their
formation depends on the partial pressure of oxygen and the
activity of titanium. The mechanisms of formation of the titanium
aluminate spinel (TIALO,) in the TiO,-Al O, interface under 1
bar oxygen partial pressure have been investigated in Seifert’s
studies (Seifert et al., 2001). Xu et al. (2006) found that TiAl,
Ti,Al,, TiAl, TiAl, and Ti Al could be formed by a Ti/Al diffusion
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couple experimental process. Cai et al. (2006) fabricated Al/
TiO,, Ti(Al,0)/AlLO,, Ti.Al(O)/Al,O, and TiAl/Al,O, composites
by high energy mechanical milling using Al, TiO,, Ti, and ALO,
powders as the starting materials.

According to the literature (Kainuma et al., 1994; Gerasimov
et al,, 1996; Kostov et al.,, 2008; Pang et al., 2013), several
parameters influence Ti/Al interface conditions, such as temper-
ature, partial pressure of oxygen, activity of Ti, activity of com-
pounds, Gibbs free energy, activation energy, heat treatment
time, and diffusion coefficient. A convenient method of repre-
senting the thermodynamic information involves the construction
of isothermal diagrams showing the range of gas compositions,
over which a condensed phase can exist either by itself or in
equilibrium with another condensed phase. This type of diagram
is called an isothermal stability diagram. It can be more useful
to apply an isothermal stability diagram in discussing gas-con-
densed phases at a constant temperature, rather than a general
phase diagram of temperature-composition. This work considers
the effects of temperature, partial oxygen pressure, activities of
Ti and TiO,, and Gibbs free energy for thermodynamic caleula-
tions the Ti-Al-O system. The mechanisms that operate in the Ti-
Al-O system at high temperatures are thereby clarified. The pur-
pose of the present work is to explain and locate the compounds
in Ti-Al-O system by an isothermal stability diagram, which pro-
vides guidelines to obtain titanium-aluminide compounds.

Thermodynamic Calculations and Results
Phases in the Ti-Al-O System

In order to simplify the calculation and the final diagram we
ignore the dominant phase in the Ti-O system (TixOy) which has
a non-stoichiometry. The phase diagrams (Figure 1) of Al-O
(Wriedt, 1985; Copland, 2006), Ti-O, Ti-Al, and TiO,-ALO,
(Caron et al., 1996), and thermodynamic data books (Pour-
baix, 1974; Chase et al., 1985; Barin, 1989) show 31 dif-
ferent condensed phases and 8 gaseous phases in the Ti-Al-O
system. The 39 phases are as follows: Al(l), Al(g), o Ti(ﬁ)' Ti(gl,
O,y ALO; ) ALO, . ALO, o Al 03( v ALO, ., ALO
AIO, TiO , TiO, TiO(B), TiOm, TiO,,, Ti,0, Ti Oz(a), 1,0,
Ti O( " Ti 02(5), Ti,O, sty Ti Os(m' Ti407(s), T.so%), Ti O”(s), Ti8 15
11,0, 7160531 TisoOgy TIAL, TIAL, , TIAL , TLAL o, Ti Al ,
and TiAIZOS(S). Here, The subscripts g, s and represents gas and
solid, respectively, and other scubscripts, different phases. To
simplify the cqlcuquion of phases in Ti-Al-O system, the 7 gas-
eous species AI( " ( " AI202( " Al O( " AlO, 2o AIO(g), and TiO(g)
with the exception of oxygen, will be |gnored at first because of
their low partial vapor pressure within the Al-O and Ti-O sys-
tems. Moreover, because the condensed phase AL O_(a) (AG =
—1361.42 kJ/mol at 1000 K) (Chase et al., 1985) is much more
stable, the other 3 alumina phases of ALLO, , ALLO, , AlLO

3(a) 3(k) 7277 3(9)
will also be ignored. In addition, the 13 condensed phases

(o) 02(9)’

o'f TiO(B, T|O( v 1,0, Ti2C?3(ﬁ), Ti,0,, T‘isoz(s), Tis.Os(m, TiSO?(S),
leon(s), T.sols(s), T.Mows), quoms), and T|50099() will clso be ig-
nored because they are less stable than TiO( " Tio, , Ti,O

2 3(a)!
Ti305m), and Ti407(s) in the Ti-O system. As a result, the Ti- AI-O

isothermal stability diagram now only includes 15 condensed

e Ty Tigy ALOs TIO, TIO,, Ti,O

phases, i.e., Al
T|AO7(S), T|AI(S), T|A|2(s), T|A|3(s), T|2A|5(s), Ti AI(S), TiAl Os(s)

gas phase of oxygen which will be investigated by thermochem-

3(a)! TI3OS(U.)’
, and one

ical data and thermodynamic calculations. The 16 phases used
for Ti-Al-O isothermal stability diagram construction in the tem-
perature range of 900 to 1200 K are shown in Table 1.

Gaseous Species

As discussed above, gas species other than oxygen were ig-
nored in developing the isothermal stability diagram. However,
vapor pressures in the solid and liquid phases are important in
Al-O and Ti-O systems at high temperature. We have discussed
2009). In this

section, we will discuss the reactions in the gas phase in the Ti-O

Ni-Al-O system in a previous paper (Kuo et al,

system. The equilibrium partial vapor pressure of titanium and
oxygen in TiO(s) can be calculated from the Gibbs free energy
as follows:

Tio 28262.2

AG? = 4.97- (ki/mol) [26] (1)

(s) 2(g)°

. 1
- Tl(g) +EO
The standard molar free energy change in this reaction is given

by AG®,

=—RT x In K. Here K, can be expressed as:

P- X (P )OAS
Kl — Ti 0, (2)
Ario
where a_, P, and P_, represent the activity of TiO, partial

pressure of Ti, and partial pressure of oxygen, respectively.
Since the activity of a solid is a unity, the relationship between

P, and P_, can be represented as:

logPOZ(g) =2(logK —logP;,) (3)
Additionally,
logK i (4)
2.303RT

In Equ. 4, K and R are two constants; therefore, AG® is only a
function of temperature T. The AG? can be express as AG® =

+ BT, where A and B are two numerical numbers. Based on the
preceding discussion and thermodynamic data books (Pourbaix
1974; Chase et al.,
Ti(g) in Ti o TiO

TiO( in T|O qre

1985; Barin 1989), the vapor pressures of

in TiO T|O in Ti,O TiO( in Ti,O, oy and

(s)! 5(s)!

AG) =464.9-0.13& (kl/mo)  (5)
AG? =438-0.08 (k/mo) (g

Tiy, - T,

Ti0 , - TO ,,

T1,05,, > 3T0 , + O, AG; =2581.2-0.70T (ki/mo) (7)
. . 3

Ti,0,, —4T0 , +502(g)AG5" =3568.10.961 (kl/mo) (8)

. . 1
TiO 2(s) - TiO (@ +502(g) AGg = 9842'0266 (kJ/mOD
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Figure 1. Binary phase diagrams of (a) Ti=Al, (b) AlI-O, (c) Ti-O, and (d) AL,O,-TiO,. (Wriedt, 1985; Caron et al., 1996; Copland, 2006).

Table 1. Twenty-three unstable phases can be neglected (deletion line) from the thirty-nine
phases of the Ti-Al-O system in a temperature range of 1000 to 1200 K.
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Figure 3. Belted and stepped curves of Ti, and TiOg dominating the condensed phases of Ti
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477

TiO,, Ti,O

(s (s 735

TizAl

4 TiAlOs

-
TiAl

loga, ’

TiAlz

TiAls

Al - Al,O5

log P02 (atm)
Figure 4

Figure 4. Schematic of Ti-Al-O thermodynamic system in the isothermal stability diagram.
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Table 2. Reactions, equilibrium constant (K), and formation-Gibbs free energies (AG,) of twelve possible
compounds forming at Ti—Ai interface under oxygen pressure at a temperature range of 1000 to 1200 K.

No. Eqn. Reactions log K AGf (kJ/mol)
1 Tig+ %Oug) - Ti0, e 282;2'2 ~541.140.09T
2 2Tig, +%02(g) - Ti, 04 _14.14.+ 189286 15112402717
SRR % O, = Ti; 0y —23.7p 4+ 1270443 ~2449.7+0.452T
4 4T, +%02® - Ti,0y R FELLLAE S TP YY)
5 Tiy +0,, — TiOy, _9og4 21134 -940.4+0.181T
6 Ti,+2Al, +%Oz® — TiAl Oy, -26.0+ 1372"73 & -2640.1+0.500T
7 2A1(,)+-§-02(g) > ALO,, 172042227 ~1692.5+0.337
§ 3Tiy, +Al, - Ti,Al, -035+120 ~29.6+0.0077
9 Tig,+Al, >TiAl -0.88 +195% -375+0017T
10 Tig, +2Al, — TiAl, -0.58+&TO'6 —43.9+0.011T
11 2Tig, +5Al, — Ti,Aly, log K =-2.87+ g -34.4+0.055T

9653

12 Tiy, +3Al, — TiAl,, logK =-133+=2= ~40.3+0.0107




Table 3. Eleven coexistence terms of reaction and Gibbs free energies of Ti—Al-O system on bivariant
equilibria lines in a temperature range of 1000 to 1200 K.

No. Interface Reaction log K Equation
1 AVALO, 2Al, + g 0,y = ALOy, 1729+ 359 1ogp, =Ziogk
; : ; 9653

2 AlTIAL 3Al,, +Ti —> TiAl,, -1.33+ T loga,; =-log K
3 TiAL/Ti,Al jTlAl,m FLTISTIAL 4.68- @ log ay, =-3log K
4 Ti,Al/TiAl, %TiAlzm —>%Ti+Ti2A15 -1.42-19TJO log ar, =2log K

, : . . . 1621
5 TiAl, /Tidl 2TiAl ,, - TiAl,,, +Ti 1. IS_T log a;, = log K

. . . C 408 -1
6 TiAl/TiAl TiAl ,, +2Ti — Ti, Al 0.527 . logay, = ?logK
7 AlLO,/TiAl %AIZO,(M +Ti— %ozm +TiAly, 22.6- &7?41 log P, = %(log K +logay)

. 86440 2

& ALO,TiAlL,  ALO,  +Ti—>= Ozm HTAL, 1618 log £y, =7 (logay, +logK)
9 AlLO,/TiAl %A1203(M+Ti - iOZ(Q +TiAl, 7.77- % log Py, = %(logK +logay)
10 AlLO,/Ti,Al %Alzo,m +3Ti —>%02m +Ti,Al, 8.12- iz%S—O log Py, =%(logK +3logar;)
11 ALOJTIALO, ALO,, +Ti+ Z_o,( S TIALO,, -8.71+ f‘%‘?ﬁ log 7, =:73(10gx+ logar)

The relationships between the vapor pressures and are:

logK, =logP;, (10)

log K, =log Py, (1)

log K, =3log P, +log £, (12)

log K, =4log P, +— > log P02 (13)
1

log K¢ =log Fro + - log £y, (14

The partial pressure of Ti and T|O dominates the condensed

phases Ti( " T|O(s), T|305(s), T|AO7( " cmd T|O2( y Qs shown in Figure
2. Figures 3(a) and 3(b) also show that belted and stepped
curves of Tig and T|O dominate the condensed phases TI( "
T|O(s), Ti Os(s), T|AO7( " qnd T|O |n a temperature range of 900

to 1200 K, based on the results in Table 2.

Condensed Phases
Seven condensed phases (AI“), TiAI3(s), Ti2AI5(s), TiAI2(s), TiAI(s),
TisAl(s), and AI203(G]) can be arranged on a (log P_,— log a;)

diagram of the Ti-Al-O system at constant temperature. Figure
4 depicts the regions of each condensed phase along the axis in
the (log P_,
diagram is useful in estimating the relationships between each
pair of condensed phases in the Ti-Al-O system; however, the
interfaces between each pair of phases cannot be clearly de-

—log a,) diagram. This so-called isothermal stability

termined from the schematic diagram. Since multiple phases can
accumulate at an interface, 35 assemblies can possibly be con-
structed in the O o Ti o AI“), T|AI T|AI T|AI T|AI205, Ti AI
and AL O, phases, ncmely AI/AI O AI/T|O AI/TlAI AI/T|AI
AI/T|AI AI/T| Al Al/TiAl, AI/TlAI O,, ALLO,/TiO,, Al O/
TiAl, Al Os/TiAI2, AI203/TiAI3, AI203/Ti2AI5, AI2O3/Ti3AI, AI2O3/
TiAL,O,, TiO,/TiAl, TiO,/TiAl, TiO,/TiAl, TiO,/TiAl, TiO,/
Ti,Al, TiO /T|AI2 o TIAI/TIAL, TiAl/TiAL, TiAl/Ti Al,, TiAl/Ti Al,
T|AI/T|AI O,, TiAL/TiAl, TiAl /Ti Al,, TiAL/Ti Al, TiAl,/TiAlLO,
Ti2AI5/TiAI205, Ti Al /Ti Al, TIAL /Ti_Al, TIAL /TiAlLO,, and Ti,Al/
TIALO.,.

However, as shown in Figure 4, no interfaces of Al/TiAl,, Al/
TiAl, Al/Ti Al, TiAl /TiAlL, TiAlL /TiAl, TiAL /Ti Al, or TiAl /Ti Al
are found. Therefore, there are 35 terms, except those associat-
ed with these ten non-existing interfaces, are present, as shown

in Figure 4. Nevertheless, there is still a problem of overlapping
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Figure 7. Decomposition curve of spinel (TiAl,O,) with varying TiO, activity from 1000 to 1200 K.

in the AlLO, and TiAl, O, regions. Thus, several other interfaces
should not exist and therefore should be removed from the 35
terms. The interfaces Al/TiAl,O,, Al/TiAl,, Al/TiAl, Al/TiAl, and
Al/Ti Al must be omitted to label the compound’s domains in
Figure 4. Finally, only ten coexisting terms were retained from
the original terms. Table 3 presents the equations and obtained
Gibbs free energy of the ten coexistent terms. Combining Figure
4 with the thermodynamic data from Table 3 yields the inter-
faces of compounds, as presented in Figure 5.

For example, to estimate the boundaries of the TiAl region,
firstly, reactions 15, 16, 17, and 18, and their Gibbs free energy
of formation are obtained from Table 2. Secondly, the relation-
ship between the activity of Ti and the oxygen partial pressure
is obtained from reaction 15, under the TiAl/Al,O, coexistence
condition. Thirdly, the activity of Ti is calculated from reaction16
under the TiAl/TiAl, coexistence condition. Finally, reaction 17
can also be used to calculate the activity of Ti under the TiAl/
Ti,Al coexistence condition,

1 . 3 .
§A1203(a) +Tig, — ZOZ(g) +TiAl , (15)
2TiAl ) > TiAl,, + Ti (16)

TiAl , +2Ti ,, - Ti,Al,,  (17)

Additionally, the oxygen pressure obtained from reaction 15 is:

4

log 7, 3(10g K +log a;) (18)

The oblique line in Figure 5 drawn along the axis in the log P,
— log a,, diagram represents the interface between Al,O, and
TiAl. The activity of Ti between TiAl and TiAl, can be determined
from reaction 16 as follows:

loga,; =logK (19)

Therefore, in Figure 5, one horizontal line (the interface between
TiAl and TiAl) is determined by reaction 19, and the other
horizontal line (the interface between TiAl and Ti Al) is deter-
mined from reaction 17; the three lines define the TiAl region.
Accordingly, in Figure 5, the regions associated with the other
compounds can also be determined, and then the equations of
univariant equilibria (triple-phase coexistence) points can be
calculated, as shown in Table 3. Furthermore, overlapping Fig-
ures 5 (a), (b), and (c) produces a 3-D (axes temperature, log
P,— log a,) isothermal stability diagram, as presented in Figure
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6. The temperature range is widened from 1000 to 1200 K. The
diagram clearly shows regions for Al, ALLO_, TiAl, TiAl,, Ti Al,,
TiAl, Ti,Al, and TiAL O, at various temperatures.

Discussion
Sorting Compounds by Gibbs Free Energy of Formation

The thermodynamic stabilities of compounds in a Ti-Al-O sys-
tem were evaluated by considering their Gibbs free energy,
based on the data in Table 2. In a Ti-Al-O system, in ascending
order of Gibbs free energy, the compounds at 1000 K are:
T|4O7(] — TiAl Os() — Ti O — Al O — Ti O — T|O
— T|OOl —Ti AIs — T|AI2(S) —> TiAl, 30 —> T| LAl s T|AI o Thus,
Ti4O7(s] is the most stable phase, and TiAI(s) is the least stable
compound. In conclusion, the order of formation of Ti-Al-O inter-
metallic compounds can be determined from thermodynamics.
The Ti3Al(s) phase is the first to appear, but the TiAl phase is the

last to appear.
Equations for Spinel Formation

Four different eclua'nons for the formation of spinel

T102(5)+A10 - TiALL Oy, (36272200117 tklmol))

£ "(20)

' . 4
Ti (s) + §A1203(U,( 4 T]AI 205(5) + gAl(l)’(AG = 18073 -0.05T (kJ/mol)) (21)

+= 3 O — TiAlL Oy, (AG=-1700.1+0.327 (kJ/mol) (22)

2(e)

2Al , +TiO

(AG =-2640.1+0.5T (kJ/mol)) (23)

5(5)>

5 .
Ti, +2Al, +EO® — TiAL,O

Reaction 20 is a general form of the spinel forming equation
in the phase diagram of Figure 1(d). Moreover, its Gibbs free
energy of formation of the spinel is less than zero (-18.2 kJ/mol
at 1000 K), so the reaction is possible to form the spinel. How-
ever, the Gibbs free energy of reaction 21 is too high (130.73
kJ/mol at 1000 K). Hence, this equation cannot describe the
formation of the spinel. Despite the fact that the Gibbs free
energy of reaction 22 is negative and low (-1380.1 kJ/mol at

10

1000 K), it is an impossible equation, since the partial pressure
of oxygen at which alumina is formed (10-47.4 atm at 1000 K)
and the Gibbs free energy (-1380.1 kJ/mol at 1000 K) of the
formation of alumina are lower than those in TiO, (10-39.8 atm
at 1000 K). Therefore, at the AI/TiO2 interface, Al,O, may form
when TiO, decomposes at high temperature. In other words, if
Al oxidizes to Al,O, first, the reaction becomes that described
by reaction 23, in which the Gibbs free energy (2140.1 kJ/mol
at 1000 K) is lower than that of reaction 22. Therefore, reaction
23 is more possible than reaction 22. With reference to reaction
20, the oxygen partial pressures of the decomposition of ALLO,
and TiO, at 1000 K are 10-47.4 and 10-39.8 atm, respec-
tively, according to Table 2. If the partial pressure of oxygen
in the system is between 10-47.4 and 10-39.8 atm, Al oxidizes
to alumina, and Ti does not oxidize to TiO,. Therefore, reaction
23 is possible.

Ti-Al Intermetallic Compounds

In the general form of the spinel forming equation in the
phase diagram of Figure 1(d), the reaction 21 has log K = 0.57
+ 364.6/T, and the activity of TiO, is expressed with log a ,
= —log K when the activity of Al,O_is unity. The activity of TiO,
controls the stability of TiALO,. For example, Figure 7 shows
that when activity of TiO, is less than 0.121 at 1000 K, TiAl,O,
will be decomposed. The partial pressure of O, also controls
the stability of TiAI,O,, the reaction being as 22. For example,
Figure 8 shows that when the activity of Al is unity, log a,, =
-0.57 = 364.6/T, and log P, is less than —33.7 atm at 1000
K, TIALO, will be decomposed. In Figures 7 and 8, when a,, <
0.121 and =33.7 > log P_, > 39.8 atm at 1000 K, both TIALO,
and TiO, are stable. In contrast, when a_ . < 0.121 and log
P,, <39.8 atm at 1000 K, TiAl,O, is decomposed; when and
at 1000 K, both TIALO, and TiO, are decomposed. Various ele-
ments and compounds presented in the Ti-Al interfaces depend
on a,., and P_, conditions at various temperatures, such that
high temperature, low oxygen pressure, and low TiO, activity
are the possible conditions for obtaining Ti,Al , TiAL, , TiAl
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Conclusions

Thermodynamic calculations were performed to estimate Ti/
Al interface reactions under various partial oxygen pressures
and the activities of titanium conditions in the Ti-Al-O system.
Solid, liquid, and gas phases in the Ti-Al-O system were ana-
lyzed using thermochemical data and phase diagrams. Seven
condensed phases (AIU), AI203(S), TiAIS(S), TiAIZ(S), TiAI(S), Ti3AI(s), and
TiAI205(5)) were arranged along an axis of a 3-domain diagram.
The oxides forming in the Ti/Al interface were dependent on
the temperature, activity of TiO,, and partial oxygen pressure.
When a,, > 0.121 and log P_, > -33.7 atm at 1000 K, both
TIALO, and TiO, are stable. On the contrary, when and at
1000 K, both TiAl,O, and TiO, were decomposed in the Ti/Al
interfaces. A 3-D diagram of Ti-Al-O isothermal stability was
constructed over the temperature range of 1000 to 1200 K. This
diagram is useful for determining accurate areas of TiALO,, Al,
ALO, and Ti/Al intermetallic compounds in the Ti-Al-O system.
In Ti/Al systems, TiAl and Ti, Al have favorable properties at el-
evated temperatures. According to thermodynamic calculations,
low oxygen pressure, high temperature, and low TiO, activity
promote the formation of TiAl and Ti Al phases.
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