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Ti-Al-based alloys with Mo: high-temperature phase
equilibria and microstructures in the ternary system
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ABSTRACT ARTICLE HISTORY
Molybdenum is one of the major alloying elements in TiAl- Received 18 August 2023
based alloys for high-temperature structural applications Accepted 30 October 2023
developed over the last decades. This is due to its
stabilising effect on the (BTi) phase at high-temperatures, Ph o
X . X L. ase equilibria;
which crucially improves the hot-workability of such alloys. microstructure; isothermal
For further alloy development, an exact knowledge of the sections; high-temperature
phase equilibria in the Ti-AlI-Mo system is essential. structural materials; TiAl;
However, there are still uncertainties and inconsistencies Ti-Al-Mo
related to the ternary phase diagram. In this study, a series
of ternary alloys was produced and heat-treated between
700 and 1300 °C. Composition, structure, and thermal
stability of the phases were analysed and the resulting
phase equilibria were established by applying a
combination of scanning electron microscopy (SEM),
electron probe microanalysis (EPMA), differential scanning
calorimetry (DSC), and high-energy X-ray diffraction
(HEXRD). From these results, a series of partial isothermal
sections is obtained illustrating the phase equilibria in the
Ti-rich part of the Ti-Al-Mo system.

KEYWORDS

1. Introduction

Back in the 1950s, the interest in phase equilibria of the Ti-Al-Mo system
started to grow as it was found that when Ti is alloyed with Al and Mo, the prop-
erties and stability of the low- and high-temperature allotropes aTi and BTi can
be controlled [1-3]. The lightweight potential of TiAl-based Ti-Al-Mo alloys as
structural material in aerospace and automotive applications was realised in the
1980s, and a lot of research activities were focused on making these alloys more
suitable for such applications. Since Mo shows a strong (BTi)-stabilising effect
(see, e.g. [4-6]), it became an equally important alloying element as Nb,
which is the most common alloying element in TiAl-based alloys. For
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example, the TNM alloy, which is a 3rd generation alloy and is already used in
aircraft engines today, contains Mo as an essential alloying element along with
Nb [5, 7-9]. For the urgently needed further improvement of this class of alloys,
an exact knowledge of the phase relations is an indispensable key prerequisite.
Several studies were already performed on phase equilibria in the ternary Ti-
Al-Mo system (e.g. [10-13]; for an overview on the literature, see [14]), but
the results partially do not fit together and several aspects of the phase
diagram relevant to materials development were not studied in detail. This
includes, for example, the solubility of Mo in the different Ti-Al phases, the pos-
itions of the three-phase equilibria in the Mo-poor region of the system and their
variation with temperature (especially the equilibria between (aTi)/Ti;Al (BTi,
Mo)/(pTi,Mo), and TiAl), and the compositional range of the ordered (BTi,
Mo), phase in dependence on temperature.

The (BTi,Mo), phase is one of the two ternary intermetallic phases of the
system. It is the B2-ordered version of the disordered (pTi,Mo) solid solution
(the two bcc phases PTi and Mo are completely miscible above 850 °C [15],
which is why this phase is designated as ‘(pTi,Mo)” here and in the following).
Due to its high solubility for Al, which increases with temperature, the phase
field of the (BTi,Mo) solid solution extends far into the ternary system (even
reaching the Al-Mo binary boundary at temperatures >1470 °C, where it con-
nects with the A2 high-temperature phase MoAl [14, 16, 17]). The ordered
(BTi,Mo), phase was first detected by Bohm and Lohberg [18], who investigated
a series of alloys with compositions along and around the section TiAl-TiMo
after heat treatment at 1000 °C. Alloys containing between 15 and 35 at.% Mo
along this section were found to be surprisingly brittle, and XRD analyses
revealed a B2-ordered cubic structure for this single-phase material. The inten-
sity of the B2 superstructure reflections was found to be maximum between
about 25 and 30 at.% Mo, indicating that the ordering is strongest in this com-
position range [18]. Ab initio calculations of Holec et al. [19-21] indicate that
a minimum of about 8-9 at.% Mo is needed to stabilise the B2-ordered state
along this TiAl-TiMo section and - in agreement with the results of Bohm
and Lohberg - that the order/disorder transition temperature increases with
replacing Al by Mo. However, a maximum stability (minimum in energy of for-
mation) is expected at a composition of 18 at.% Mo according to the calculations
[19]. B2-ordering as the stable ground state for the stoichiometric composition
Ti,AlMo was also confirmed by ab initio calculations of Alonso and Rubiolo
[22], and differential thermal analysis yielded a (BTi,Mo),/(BTi,Mo) order/dis-
order temperature of 1418 °C for a sample with this composition [23].

The second ternary intermetallic phase is a o-type phase with a tetragonal
crystal structure (see Table 1), which was observed for the first time by
Hansen and Raman [24] in a narrow composition range around the compo-
sition TizMosAl,. The presence of this phase has been confirmed later on in
several studies [10, 12, 13]. It is only stable up to a temperature of 1166 °C,
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Table 1. Crystallographic information (crystal system, Pearson symbol, space group, and
Strukturbericht designation) of the phases observed in the microstructure and relevant for
the presented partial isothermal sections of the Ti-Al-Mo system.

Strukturbericht

Phase designation  Crystal system  Pearson symbol Space group designation Reference
(aTi) hexagonal hP2 P63/mmc A3 [15]
(BTi,Mo) cubic a2 Im-3m A2 [15]
(BTi,Mo), cP2 Pm-3m B2

TisAl, a, hexagonal hP8 P63/mmc D04 [25]

TiAl, y tetragonal tP4 P4/mmm L1y [26]

TiAl, tetragonal t24 14,/amd - [271

TiAl3 tetragonal ti8 14/mmm D05, [28]
TisMosAly, o tetragonal tP30 P4,/mnm D8, [24]

where it decomposes in a peritectoid-type solid state reaction into (BTi,Mo),
and Mo;Al [13]. Regarding its phase equilibria with the phases (BTi,Mo)/
(BTi,Mo),, TiAl, and TiAls, contradicting results are reported in the literature.
According to Huang et al. [12], a two-phase field between the o-phase and TiAl
exists at 800 and 900 °C (i.e. there are the two three-phase equilibria o + TiAl +
(BTi,Mo), and o + TiAl + TiAl;), while no equilibrium between ¢ and TiAl is
possible according to Witusiewicz et al. [13], who instead report the two
three-phase equilibria o + (3Ti,Mo), + TiAl; and TiAl + (Ti,Mo), + TiAl;.

In the present work, the phase equilibria in the Ti-rich corner of the Ti-Al-
Mo system were investigated with a series of heat-treated alloys between 700
and 1300 °C. The relevant phases occurring in the compositional range
studied here are well known and are listed in Table 1 along with their crystal
structure. Microstructures of the heat-treated samples and type, composition,
and thermal stability of all phases were characterised by means of scanning elec-
tron microscopy (SEM), electron probe microanalysis (EPMA), differential
scanning calorimetry (DSC), and high-energy X-ray diffraction (HEXRD).
Partial isothermal sections between 800 and 1300 °C were established based
on the measured data. The results of this work aim to provide an improved
and more comprehensive picture of the application-relevant Mo-poor part of
the Ti-Al-Mo system focusing on the solubility of Mo in the different Ti-Al
phases, the extension of the homogeneity ranges of the phases, the two- and
three-phase equilibria, and the ordering behaviour of the (8Ti,Mo) phase.

2, Experimental

For the investigation of the phase equilibria between 700 and 1300 °C, a series of
13 ternary alloys were synthesised (Table 2 and Figure 1) using an arc-melter with
a tiltable crucible and a crucible-free levitation-melting device, both operated in
Ar inert atmosphere. The Ar gas was additionally dried to remove remaining
moisture and oxygen (ZPure M™ 3800cc, Chromatography research supplies)
to ensure that the impurity levels are as low as possible. High-purity metals Ti
(99.995 wt.%), Al (99.999 wt.%), and Mo (99.9 wt.%) (HMW Hauner GmbH
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Table 2. Synthesised ternary Ti-Al-Mo alloys with their nominal and measured compositions
(ICP-AES) as well as their contents of impurity elements O, N and C (LM = levitation melting;
AM = arc melting, n.d. = not determined).

Measured as-cast

Nominal composition composition (ICP-AES) Impurity contents
(at.%) (at.%) (wt. ppm)

Alloy No. Synthesis method Ti Al Mo Ti Al Mo 0 N C
TAM1 LM 82.5 15.0 25 a 2 a - - -
TAM2 LM 79.0 19.0 2.0 79.2 18.8 20 230 <50 93
TAM3 LM 65.0 30.0 5.0 2 2 2 - - -
TAM4 LM 58.0 40.0 20 584  39.6 20 200 <50 94
TAM5 LM 53.75 45.0 1.25 53.9 449 1.2 210 <50 94
TAM6 LM 525 45.0 25 a a a - - -
TAM7 AM 51.75 45.0 3.75 51.7 44.6 37 250 <50 92
TAM8 LM 50.0 45.0 5.0 2 2 2 - - -
TAM9 LM 475 45.0 7.5 a 2 a - - -
TAM10 AM 45.0 45.0 10.0 a a a - - -
TAM11 AM 32.0 55.0 13.0 33.0 56.1 10.9 150 <50 78
TAM12 LM 35.0 62.0 3.0 @ @ @ - - -
TAM13 AM 50.0 25.0 25.0 53.2 26.3 20.5 - - -

The as-cast composition was not analyzed, but instead the alloy composition of heat-treated samples was deter-
mined by EPMA and is given in the respective tables below.

& Co. KG) were used for alloy synthesis. The rod-shaped ingots had a diameter of
15 mm and a length of up to 160 mm weighing between 200-300 g each. For
selected as-cast alloys, the overall composition and impurity levels were analysed
by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Optima
8300, Perkin Elmer) and inert gas fusion analyses (Fusion Master ONH, NCS
Germany) to ensure that no preferential evaporation or contamination has
occurred during synthesis. The results are summarised in Table 2.

TAM10

10
TAM9
TAM3 TAME}*
920 TA*Ml T:MZ T *TX?\A'\%&' TAM12*
T| / 7 7 7 *TAMIS 7 >0
10 20 30 40 50 60 70
Al [at.%] —

Figure 1. Positions of the compositions of the investigated alloys in the ternary composition
triangle.
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To minimise the uptake of impurities during the heat treatments, two
different setups were used depending on the heat treatment temperature: For
heat treatments at 700-1100 °C (in 100 °C steps), cylindrical samples of
10 mm length were encapsulated in fused silica ampules backfilled with Ar
gas. For higher temperatures a so-called ‘double crucible technique’ [29] is
used, because fused silica is no longer gas-tight and the devitrification
process begins. For this technique the sample is wrapped with Ta foil and
placed in an alumina crucible, which in turn is placed upside down in a
larger crucible. The leftover space is filled with Ti filings which act as
oxygen-getter material (for illustration of setups c.f. Figure 4 in Ref. [30]).
The Ta foil prevents contact between filings and the sample. The reaction
between Ta and the sample is very sluggish, so Ta was not found in any of
the samples. After the heat treatments, all samples were quenched in brine by
breaking the ampules/crucibles. Table 3 summarises the heat treatment temp-
eratures and times for the Ti-Al-Mo alloys. After the heat treatments, compo-
sitions (measured by EPMA) and impurity levels (O and N) of selected alloys
were checked again. The change in overall composition lies within the measure-
ment uncertainty of +1% (relative) [31] for the EPMA measurement. The
oxygen content only increased slightly by less than 100 wt. ppm, while the
nitrogen content remained below the detection limit of 50 wt. ppm.

After metallographic preparation, the microstructures were characterised by
SEM and the overall and phase compositions were determined by means of
EPMA (JEOL JXY-8100) operated at an acceleration voltage of 15kV and a
probe current of 20 nA. Pure elements were used as standards. The overall com-
positions of the heat-treated samples were determined by grid measurements.
At least three representative areas of the microstructure were measured with
grids (usual step size 20 um), each consisting of at least 196 point measure-
ments. These measurements also proved that no preferential evaporation of

Table 3. Overview of the heat-treated Ti—-Al-Mo alloys showing heat treatment temperature
and time.

Heat treatment time (h)

Double crucible

Encapsulation technique
Alloy No. 700 °C 800 °C 900 °C 1000 °C 1100 °C 1200 °C 1300 °C
TAM1 1000 650 400
TAM2 1000 650 400
TAM3 1000 650 400 200
TAM4 1000 650 400 200 30 20
TAMS 400 30 20
TAM6 1500 1000 400 200 30 20
TAM7 1000 650 400 20
TAM8 1500 650 400 200 30 20
TAM9 650 400 20
TAM10 1500 1000 650 400 30 20
TAM11 1500 1000 650° 400° 200° 30 20
TAM12 30 20

*These samples were homogenised at 1300 °C for 48 h before the heat treatments, see Section 3.
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Al had occurred during the heat treatments. The chemical composition of the
phases was determined by averaging the results of at least 12 point measure-
ments, which were performed in different parts of the sample’s cross section.
In a few cases where a phase in a three-phase sample was too small for direct
point measurements (diameters < 1 pm), the phase composition was estimated
from an extrapolation in a plot of the compositions obtained from the grid
measurements which were done for the determination of the overall compo-
sitions. The several hundred data points obtained by grid measurements of
such a sample all lie on the corners, or boundary, or within a triangle whose
corners correspond to the equilibrium compositions of the three phases. By
fitting an appropriate triangle to such a collection of data points, the approxi-
mate position of a corner can often be well estimated, even if there are no
measurement points on that corner (as is the case with fine precipitates). The
composition of fine-scaled phase mixtures was measured by using a widened
beam yielding the average composition of this area. Phase fractions were deter-
mined by applying the lever rule for two- and three-phase alloys to the
measured values of the overall and phase compositions.

The phases were identified by HEXRD experiments. The measurements were
performed at the High-Energy Materials Science (HEMS) beamline [32] oper-
ated by Helmholtz-Zentrum Hereon at the synchrotron storage ring PETRA III
at DESY, Hamburg, Germany. Details of the experimental setup and data analy-
sis are described in Ref. [33].

To investigate the ordering behaviour of the (BTi,Mo) phase and the occur-
rence of any other kind of solid state phase transformations, complementing
DSC measurements were performed using a Netzsch DSC 404C Pegasus
thermal analyzer. Calibration was done with certified Al, Au, and Ni standards.
For the measurements, cuboid samples with dimensions of approximately 3 x
3 x 2 mm3 were cut, cleaned with ethanol, and measured with a heating rate of
10 °C/min.

3. Results

The phase and alloy compositions obtained by EPMA measurements of the
ternary alloys after the heat treatments at temperatures from 700 to 1300 °C
are summarised in Tables 4-10 along with the phase fractions determined
from these measurements. Since the investigations of the alloys TAMS5 to
TAMI10 revealed that most of these alloys show the same type of (BTi,Mo) +
TiAl two-phase microstructure, not all of these alloys were investigated at all
heat treatment temperatures. The composition values given together with the
alloy designations in the following description and discussion of the results
are always those measured in the as-cast condition (Table 2). The actual
overall compositions of the heat-treated samples are listed in the respective
Tables 4-10 and may slightly deviate from the as-cast values.



34 e B. DISTL AND F. STEIN

Table 4. EPMA results on phase contents, alloy and phase compositions, and phase fractions of
alloys heat-treated at 700 °C for 1500 h (n.d.: not determined).

Phase composition
measured with EPMA

Alloy composition after heat (at.%)

Alloy No. treatment (at.%) Phases Al Mo Phase fraction (vol.%)

TAM6 Ti-43.7A1-2.5Mo (BTi,Mo), 36.2+1.3 47+09 5
TiAl 438+0.8 21+0.2 95

TAM8 Ti-44.2A1-4.8Mo (BTi,Mo), 406+0.6 7106 40
TiAl 46.6+0.8 3605 60

TAM10 Ti-44.9A1-9.6Mo (BTi,Mo), 412+08 11.2+0.7 55
TiAl 492+14 6.0+ 0.6 45

TAM11 Ti-52.6Al-13.3Mo? (BTi,Mo),” 440+0.7 185+0.5 n.d.
TiAl @ 593+04 74+0.2 n.d.
Mix P 535+14°  119%12° nd.
o? ¢ ¢ nd.

4sample is not in equilibrium, four-phase microstructure; see Section 4.4
Pprobably phase mixture
“particles too small to be analysed by EPMA

Alloy TAM1 (Ti-15Al1-2.5Mo) was heat-treated at 800, 900, and 1000 °C. The
samples quenched from 800 and 900 °C show a two-phase microstructure con-
sisting of plate-like (aTi) precipitates inside large (BTi,Mo) grains. In addition,
(aTi) is also found at the grain boundaries (Figure 2a). Quenching from 1000 °
C results in a martensitic looking microstructure (Figure 2b). EPMA shows that
the compositions in the dark and light appearing regions are identical within
10.1 at.%, i.e. the sample is single-phase. HEXRD measurements reveal that

Table 5. EPMA results on phase contents, alloy and phase compositions, and phase fractions of
alloys heat-treated at 800 °C for 1000 h (n.d.: not determined).

Phase composition
measured with EPMA

Alloy Alloy composition after heat (at.%) Phase fraction
No. treatment (at.%) Phases Al Mo (vol.%)
TAM1 Ti-13.8Al-2.3Mo (aTi) 14.6+0.2 0.6+0.3 74
(BTi,Mo) 10.8+0.3 71108 26
TAM2 Ti-18.9Al-1.9Mo (BTi,Mo), 145+1.5 55+1.2 28
TisAl 20.7+0.3 0.6+0.1 72
TAM3 Ti-29.3Al-4.9Mo (BTi,Mo0), 303+04 94+14 42
TisAl 283+0.5 1.9+0.8 58
TAM4 Ti-40.4A1-1.9Mo (BTi,Mo), 35.7+0.7° 0.8+0.2° n.d. n.d.
TizAl
TiAl 46.7£0.8 0.7+0.3 nd.
TAM6 Ti-44.7A1-2.2Mo (BTi,Mo), 37115 82+1.0 22
TiAl 46.9+0.4 09+03 78
TAM7 Ti-46.3A1-3.3Mo (BTi,Mo), 380+18 11.1+1.6 14
TiAl 476+0.5 1.9+0.5 86
TAM10 Ti-44.3A1-9.6Mo (BTi,Mo), 394+28 134%20 53
TiAl 499+£1.0 56+0.8 47
TAM11 Ti-56.1A1-10.9Mo” (BTi,Mo), b 40.7+30 179%1.0 n.d.
TiAl P 597+07  7.1£02 nd.
TiAl; © c c n.d.
o ¢ ¢ n.d.

?particles too small to be analysed by EPMA
Psample is not in equilibrium, four-phase microstructure; see Section 4.4
“microstructure too fine-scaled to allow the determination of the phase compositions
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Table 6. EPMA results on phase contents, alloy and phase compositions, and phase fractions of
alloys heat-treated at 900 °C for 650 h (n.d.: not determined).

Phase composition
measured with EPMA

Phase fraction

Alloy composition after heat treatment o (at%) (vol.%)
Alloy No. (at.%) Phases Al Mo
TAM1 Ti-15.0Al-2.5Mo® (aTi) 154+03 05%0.1 n.d.
(BTi,Mo) 125+0.2 45+0.2 n.d.
TAM2 Ti-18.4Al-1.9Mo (aTi) 166+0.2 04+0.1 3
(BTiMo), 136+03 49+0.2 32
TisAl 20.8+0.3 05%0.1 65
TAM3 Ti-29.2Al-4.7Mo (BTi,Mo), 302+04 86+09 40
TisAl 286+04 21x08 60
TAM4 Ti-39.0Al-1.9Mo (BTiMo), 356+12 52%1.1 28
TisAl 356+17 08%03 38
TiAl 45.7 £0.5 0.4+0.1 34
TAM7 Ti-43.6Al-3.3Mo (BTi,Mo), 349+09 10.8+0.7 25
TiAl 465+06 0803 75
TAM8 Ti-44.3A1-4.7Mo (BTi,Mo), 368+14 121%1.0 32
TiAl 48.0+0.7 1505 68
TAM9 Ti-45.6Al-6.0Mo (BTi,Mo), 363+0.5 14.7+0.5 29
TiAl 494 £0.5 27%05 Al
TAM10 Ti-45.2A1-9.0Mo (BTi,Mo), 36.7+0.8 15.7+0.6 41
TiAl 509+09 4.1x05 59
TAM11®  Ti-56.0AI-11.0Mo® (BTi,Mo), 426+0.5 19.0+0.2 n.d.
C
TiAl 56.1+04 83%0.2 n.d.
TiAls 579+0.7 104x05 n.d.
' 399+22 29.1%24 n.d.

®nominal composition
Bsample was homogenised at 1300 °C for 48 h before the heat treatment
‘sample is not in equilibrium, four-phase microstructure; see Section 4.4

this is a” martensite, which has formed from (pTi,Mo) during quenching
without changing the composition. From these results it is concluded that
the sample was single-phase (BTi,Mo) at 1000 °C. This is also in agreement
with DSC measurements (Figure 2c), which show that the dissolution of
(aTi) is completed just below 1000 °C.

Figure 3a shows the three-phase microstructure of alloy TAM2 (Ti-18.8Al-
2.0Mo) quenched from 1000 °C. A similar microstructure consisting of (aTi),
(BTi,Mo),, and Ti;Al was also observed in the sample heat-treated at 900 °C,
while after heat treatment at 800 °C only the two phases (Ti,Mo), and Ti;Al
were detected. Since no experiments were carried out for this alloy to determine
whether the f-phase is ordered or not, we follow the calculations of Witusiewicz
et al. [13], according to which the B-phase should be ordered for this compo-
sition (this also applies for all other alloys, if not indicated otherwise).

Between 800 and 1000 °C, (pTi,Mo), and TizAl were identified as the con-
stituents of the two-phase microstructure of alloy TAM3 (Ti-30.0Al-5.0Mo).
At 800 and 900 °C, the microstructure consists of large (pTi,Mo), grains
with fine-scaled precipitates of Ti;Al. Similar to TAM2 (Figure 3a), TizAl is
also found at the grain boundaries (Figure 3b). Measurements with a
widened beam (¢ 10 um) inside the grains yield compositions that are
located on the tie-line determined by the compositions measured at the grain
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Table 7. EPMA results on phase contents, alloy and phase compositions, and phase fractions of
alloys heat-treated at 1000 °C for 400 h (n.d.: not determined).

Phase composition
measured with EPMA

Alloy composition after heat treatment o (at%) Phase fraction
Alloy No. (at.%) Phases Al Mo (vol.%)
TAM1 Ti-13.9Al-2.2Mo (BTi,Mo) 13.9+0.1 22+0.1 100
TAM2 Ti-18.8A1-2.0Mo (aTi) 19.0+0.1 0.4+0.1 5
(BTi,Mo), 17.2£0.1 27%0.1 65
TizAl 222+01 04+£0.1 30
TAM3 Ti-29.8A1-4.8Mo (BTi,Mo0), 30.0£0.1 6.3+0.1 72
TisAl 29.0+0.1 1.2+0.2 28
TAM4 Ti-39.8Al-2.0Mo (BTi,Mo), 358+04 51+04 30
TizAl 370£03 0.8+0.1 38
TiAl 46.9+0.3 05%0.1 32
TAM5 Ti-44.4A1-1.3Mo (BTi,Mo0), 347+03 72+02 10
TisAl 355+05 09+0.1 6
TiAl 46.2+0.2 0.6%0.1 84
TAM6 Ti-45.0Al-2.5Mo® (BTi,Mo), 347+06 88%04 16
TiAl 466+04 08+0.2 84
TAM7 Ti-44.5A1-3.6Mo (BTi,Mo), 353+06 102%04 26
TiAl 47.6+0.3 0.9+0.1 74
TAM8 Ti-44.7A1-4.8Mo (BTi,Mo), 359+0.7 124+0.8 30
TiAl 48.5+0.2 14+0.2 70
TAM9 Ti-44.7A1-6.9Mo (BTi,Mo), 36.7+0.7 142+04 40
TiAl 502+04 25%02 60
TAM10 Ti-44.4A1-9.1Mo (BTi,Mo), 37.0+£0.5 14.8+0.5 48
TiAl 51206 35%07 52
TAM11®  Ti-55.8A1-10.6Mo° (BTi,Mo), 413+0.2 219%0.2 n.d.
C
TiAl 56.6+02 9.0%05 n.d.
TiAls 58.1+04 10704 n.d.
¢ 39.2+06 31.0x05 n.d.

®nominal composition
Bsample was homogenised at 1300 °C for 48 h before the heat treatment
‘sample is not in equilibrium, four-phase microstructure; see Section 4.4

boundary. This proves that (BTi,Mo), and Ti;Al are the only microstructure
constituents. At 1000 °C, a similar but coarser microstructure is observed.
EPMA measurements show that the compositions of Ti;Al and (BTi,Mo),
inside the grains are the same as at the grain boundaries, proving that the
sample is in equilibrium and no concentration gradient is present.

Alloy TAM4 (Ti-39.6Al-2.0Mo) was heat-treated between 800 and 1300 °C. Up
to 1100 °C, this alloy clearly is three-phase (Figure 4a). HEXRD measurements
show that the phases present are (pTi,Mo),, TizAl, and TiAl. At 1200 °C, Ti;Al
and TiAl have transformed to (aTi) leaving (aTi) and (3Ti,Mo), as the equilibrium
phases (Figure 4b), and after quenching from 1300 °C, a single-phase (aT1) micro-
structure remains (which in some parts of the sample shows indications of the
occurrence of a martensitic transformation during quenching).

Alloy TAMS5 (Ti-44.9A1-1.2Mo) was investigated at 1000, 1200 and 1300 °C.
At 1000 °C the microstructure consists of the three phases (pTi,Mo),, Ti;Al,
and TiAl. At 1200 °C (Figure 5a), three phases are still present, but Ti;Al has
transformed to (aTi). The difference to TAM4 is the higher phase fraction of
TiAl, which is due to a higher overall Al content of the alloy (44.9 instead of
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Table 8. EPMA results on phase contents, alloy and phase compositions, and phase fractions of
alloys heat-treated at 1100 °C for 200 h (n.d.: not determined).

Phase composition
measured with EPMA

Alloy composition after heat treatment . (et Phase fraction

Alloy No. (at.%) Phases Al Mo (vol.%)
TAM3 Ti-30.0Al-5.0Mo? (BT, 298+0.2 48%0.1 93

Mo),

TisAl 29.2+0.2 1.0£0.1 7
TAM4 Ti-39.6A1-2.0Mo® (BT, 370+03 33x0.1 50

Mo),

TisAl 39.2+03 08=x0.1 30

TiAl 468+0.2 05%0.1 20
TAM6 Ti-44.5A1-2.5Mo (BT, 364+06 65%0.2 25

Mo),

TiAl 472104 1.0+£0.1 75
TAMS8 Ti-44.6Al-3.7Mo® (BT, 351+04 11.2+0.2 21

Mo),

TiAl 472+04 1.7£0.1 79
TAM11¢ Ti-56.7A1-10.6Mo (BTi, 434+04 220+0.2 1

Mo),

TiAl 56.1+05 94+0.2 89

?nominal composition
Pas-cast composition
‘sample was homogenised at 1300 °C for 48 h before the heat treatment

Table 9. EPMA results on phase contents, alloy and phase compositions and phase fractions of
alloys heat-treated at 1200 °C for 30 h (n.d.: not determined).

Phase composition
measured with EPMA

Alloy Alloy composition after heat treatment _ @t Phase fraction
No. (at.%) Phases Al Mo (vol.%)
TAM4 Ti-39.6Al-2.0Mo® (aTi) 404 +0.3 1.1+£0.1 66
(BTi,Mo) 37.7+0.3 28+0.1 34
TAM5 Ti-44.9A1-1.2Mo? (aTi) 40.2+0.3 13£0.1 n.d.
(BTi,Mo) 37103 35%0.1 n.d.
TiAl 46.1+04 0.8%0.1 n.d.
TAM6 Ti-45.0Al-2.5MoP (BT, 376+0.7 52%02 24
Mo),
TiAl 473+04 1.1+£0.1 76
TAM8 Ti-45.0AI-5.0Mo® (BTi, 383+£06 9.2+03 37
Mo),
TiAl 488+03 19+0.1 63
TAM10 Ti-45.0Al-10.0Mo® (BT, 395+04 13.8%0.2 56
Mo),
TiAl 51204 40x02 44
TAM11 Ti-56.1AI-10.9Mo? (BTi,Mo) 469+03 21.2+03 8
TiAl 56.9+0.3 93+0.2 92
TAM12 Ti-61.1AI-2.9Mo TiAl 61.1+0.3 29+04 100

?as-cast composition
Phominal composition

39.6 at.% Al). The sample quenched from 1300 °C shows large grains with a
lamellar two-phase microstructure of (aTi) and TiAl (Figure 5b). This type
of microstructure is characteristic for Ti-Al alloys in this composition range.
Alloy TAM6 (Ti-45.0A1-2.5Mo) shows a similar microstructure as alloy
TAMS at 1300 °C. At 1200 °C and below, the alloy composition is located in
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Table 10. EPMA results on phase contents, alloy and phase compositions and phase fractions of
alloys heat-treated at 1300 °C for 20 h (n.d.: not determined).
Phase composition

measured with EPMA
(at.%)

Alloy Alloy composition after heat treatment e Phase fraction
No. (at.%) Phases Al Mo (vol.%)
TAM4 Ti-40.6Al-1.9Mo (aTi) 40.6 +£0.2 1.9+0.1 100
TAM5 Ti-44.9Al-1.2Mo*® (aTi)  420+£07 1.2+0. 43
TiAl 47.2+0.8 1.0+0.2 57
TAM6 Ti-45A1-2.5MoP (aTi)  424+07 24+02 48
TiAl 478 0.9 1.3+0.1 52
TAM7 Ti-44.6Al1-3.7Mo® (aTi) 43.4+0.7 3.0£0.1 n.d.
TiAl 483 +0.5 1.7+0.2 n.d.
(BT, 384+04 6704 n.d.
Mo)
TAM8 Ti-45.0A1-5.0Mo® (BTi, 37.7+04 81%03 31
Mo)
TiAl 47903 21+£0.1 69
TAM9 Ti-45.0Al-7.5MoP (BT, 383+02 11203 44
Mo)
TiAl 495+£03 3.0%0.1 56
TAM10 Ti-45.0A1-10.0Mo (BTi, 39.8+0.2 13.0+04 56
Mo)
TiAl 50.7+03 41%02 44
TAM11 Ti-54.1A1-12.9Mo (BT, 463+04 216+05 32
Mo)
TiAl 57.5+0.1 8604 68
TAM12 Ti-62.5Al-2.9Mo TiAl 625+02 29%0.1 100

“as-cast composition
Prominal composition

the two-phase field (BTi,Mo), + TiAl (Figure 6a). Similar observations were
made for alloy TAM7 (Ti-44.6Al-3.7Mo) between 800 and 1200 °C. At 1300
°C, the composition of this alloy is located in the tie-triangle (aTi) + (BTi,
Mo) + TiAl (Figure 6b).

The microstructure of alloys TAMS8 (Ti-45.0A1-5.0Mo), TAM9 (Ti-45.0Al-
7.5Mo), and TAM10 (Ti-45.0A1-10.0Mo) is composed of the two phases (BTi,
Mo), and TiAl in the temperature range between 800 and 1200 °C
(Figure 7a-d). Between 1200 and 1300 °C, (Ti,Mo), disorders in these three
alloys, which is confirmed by DSC measurements (Table 11). Based on these
results, the two phases present in the microstructure at 1300 °C are identified
as disordered (PTi,Mo) and TiAl (for a discussion of the ordering behaviour
of the (BTi,Mo) phase, see also Section 4.3).

A two-phase equilibrium is observed in the microstructure of alloy TAM11
(Ti-56.1A1-10.9Mo) after heat-treatments between 1100 and 1300 °C (Figure
8a). Based on HEXRD measurements, these two phases are identified as (BTi,
Mo)/(PTi,Mo), and TiAl. At temperatures below 1100 °C, the microstructure
is more complex. Figure 8b shows a BSE image of alloy TAM11 quenched
from 1000 °C revealing four different contrasts. (Ti,Mo), (light grey) and o
phase (bright) particles are surrounded by TiAl; regions (dark grey), which
in turn are surrounded by a TiAl matrix (dark). The presence of these four
phases indicates that the sample is not in equilibrium (since in a three-
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TAM1 (Ti-15Al-2.5Mo)
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Figure 2. BSE image of alloy TAM1 (Ti-15AI-2.5Mo) heat-treated at (a) 900 °C showing a two-
phase microstructure composed of (aTi) (dark) and (BTi,Mo) (bright) and (b) 1000 °C showing a”
martensite that formed from (BTi,Mo) during quenching; (c) DSC heat flow curve of alloy TAM1
heat-treated at 1000 °C showing that dissolution of (aTi) is completed just below 1000 °C.

component system, a maximum of three phases can be in equilibrium). There-
fore, the sample was homogenised at 1300 °C for 48 h, as the alloy is in equili-
brium at this temperature, as shown in Figure 8a. However, after the
subsequent heat treatment at 1000 °C, a microstructure similar to the non-
homogenised alloy was observed (Figure 8c). Similar observations were also
made in samples heat-treated at 900 °C (Figure 8d) and 800 °C. A detailed dis-
cussion about the phases which should be in equilibrium follows in Section 4.4.

Alloy TAM12 (Ti-62.0A1-3.0Mo) is single-phase TiAl after heat treatment at
1200 and 1300 °C.

The results presented here and listed in Tables 5-10 are used to determine
the isothermal sections, which are presented and discussed in the next section.
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Figure 3. BSE image of (a) alloy TAM2 (Ti-18.8Al-2.0Mo) quenched from 1000 °C showing a
three-phase microstructure (aTi) (grey) + (BTi,Mo)o (bright) + TisAl (dark) and (b) alloy TAM3
(Ti-30.0Al-5.0Mo) quenched from 900 °C showing big (BTi,Mo), (bright) grains with fine TisAl
(dark) precipitates and TisAl at the grain boundaries.

TAMA4 - 1200 °C ™M
~ o

r 10 ym

Figure 4. BSE image of alloy TAM4 (Ti-39.6Al-2.0Mo) (a) heat-treated at 1000 °C showing a
three-phase microstructure consisting of (3Ti,Mo), (bright), TizAl (grey), and TiAl (dark) and
(b) heat-treated at 1200 °C showing a two-phase microstructure composed of (aTi) (dark)
and (BTi,Mo), (bright) (although there appear to be different dark contrasts, the measured com-
positions were found to be identical).

4. Discussion

Based on the above presented experimental results, partial isothermal sections
between 800 and 1300 °C (Figures 9-14) were determined. The isothermal section
at 700 °C is not drawn due to the few own experimental data available. Data for the
binary boundary systems Ti-Al and Ti-Mo were taken from the assessed phase dia-
grams reported in Refs. [34-36], respectively. The dashed phase boundaries and three-
phase fields are taken from our earlier review work [14], which evaluated the literature
available at that time on phase equilibria in the Ti-Al-Mo system. In the following
four sections, the solubility limits of the ternary elements in the binary boundary
phases, the position of the application-relevant (aTi)/Ti;Al + (BTi,Mo)/(BTi,Mo),
+ TiAl three-phase field, the ordering behaviour of (3Ti,Mo) in the ternary compo-
sition range, and the phase equilibria regarding the o phase are discussed.
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S\ TAMS - 1300 °C

Figure 5. BSE image of alloy TAM5 (Ti-44.9Al-1.2Mo) (a) heat-treated at 1200 °C showing a
three-phase microstructure consisting of (aTi) (grey), (BTi,Mo), (bright), and TiAl (dark) and
(b) heat-treated at 1300 °C showing a two-phase microstructure between (aTi) (bright) and
TiAl (dark).

(a) ITS!

Figure 6. BSE image of (a) alloy TAM6 (Ti-45.0Al-2.5Mo) heat-treated at 1200 °C showing a two-
phase microstructure composed of (Ti,Mo), (bright) and TiAl (dark) and (b) alloy TAM7 (Ti-
44.6Al-3.7Mo) showing a three-phase microstructure consisting of (aTi) (grey), (BTi,Mo)
(bright), and TiAl (dark) after heat treatment at 1300 °C.

4.1. Solubility of ternary elements in the boundary phases (aTi), TisAl, (8Ti,
Nb), and TiAl

(aTi): From the binary Ti-Al phase diagram [34, 35] it is known that the (aTi)
solid solution exists in two separated phase fields, which are separated by the
TizAl phase. This is also observed in the ternary Ti-Al-Mo system (Figures
9-14). In the range of investigated temperatures between 800 and 1100 °C,
(aTi) exists in a narrow composition range along the Al-Ti boundary with
maximum Al contents increasing to >20 at.% and low Mo solubility (~0.5
at.% in alloys TAM1 and TAM?2). This is consistent with the equally low solu-
bility values reported by Huang et al. [12], who found a maximum Mo content
of ~1 at.%. At 1200 and 1300 °C, another phase field of (aTi) appears at higher
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Figure 7. BSE images of (a) alloy TAMS (Ti-45.0Al-5.0Mo) heat-treated at 1000 °C, (b), (c) alloy
TAM9 (Ti-45.0Al-7.5Mo) heat-treated at 900 and 1300 °C, respectively; (d) alloy TAM10 (Ti-
45.0A1-10.0Mo) heat-treated at 1200 °C all showing a two-phase microstructure consisting of
(BTi.Mo)/(BTi,Mo),, (bright) and TiAl (dark).

Al contents, which extends further into the ternary composition triangle
with increasing temperature (Figures 13 and 14). The maximum Mo content
in this (aTi) phase field is reached in the three-phase equilibrium with
(BTi,Mo) and TiAl. At 1300 °C this value lies around ~3 at.% Mo (at a
corresponding Al content of about 43 at.%). The values measured at 1200
and 1300 °C (Tables 9 and 10) are in agreement with those reported in the
literature [11, 12, 37].

Table 11. Composition (from EPMA) and respective disordering temperature (determined by
DSC) of the (BTi,Mo), phase. The composition values are taken from the samples quenched
from 1300 °C (Table 10). For the single-phase alloy TAM13, the analysed as-cast composition
is given.

Composition of (BTi,Mo) phase (at.%)

Alloy No. Ti Al Mo Disordering temperature (°C)
TAM8 54.2 377 8.1 1278
TAM9 50.5 383 11.2 1287
TAM10 47.2 39.8 13.0 1285

TAM13 53.2 26.3 20.5 1394
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TAM11 - 900 °C homogenized
& '

(d)
Figure 8. BSE images of alloy TAM11 (Ti-56.1AI-10.9Mo) (a) heat-treated at 1300 °C showing a
two-phase microstructure composed of (3Ti,Mo) (bright) and TiAl (dark); (b) heat-treated at
1000 °C; (c) homogenised at 1300 °C for 48 h and subsequently heat-treated at 1000 °C; and
(d) homogenised at 1300 °C for 48 h and subsequently heat-treated at 900 °C showing (BTi,
Mo), (grey), TiAl (dark), TiAlz (light grey), and o phase (bright) in their respective
microstructures.

Ti;Al: Ti;Al shows a similar low solubility for Mo as (aTi). The solubility
reaches a maximum of about 2 at.% (alloy TAM3 at 900 °C, see Figure 10).
These observations are in agreement with Huang et al. [12]. Since the Mo solu-
bility in alloys TAM1 ((aTi) + (BTi,Mo) + Ti3Al) and TAM4/TAMS6 ((Ti,Mo)
+ Ti3Al + TiAl) is always lower than in alloy TAM3, this leads to a curved phase
boundary, showing a shallow solubility maximum around 30 at.% Al, which is
observable in all sections from 800 to 1100 °C (Figures 9-12).

(BTi,Mo): The (BTi,Mo) solid solution extends far into the ternary compo-
sition triangle and its phase field even connects to the binary A2-disordered
MoAl phase at temperatures above 1470°C [16], which is special to the Ti-
Al-Mo system. In the temperature range investigated here, the solubility for
Al reaches a maximum value at 1300°C of about 48 at.% (Figure 14) and
decreases with decreasing temperature to about 42.5 at.% at 800 °C
(Figure 9). The Mo content at these maximum solubility compositions also
decreases with decreasing temperature from values of roughly about 30 at.%



44 e B. DISTL AND F. STEIN

MosAl
) — f' S
800 C 70 // \\ 2 /‘\ y’\\\
3 Faak —- 30
o I
v
\@ -20 <
A (BTi,Mo) / (BTi,Mo), i 2
/ 1 o
- Ll g E
o T 3> Wi
T-) 7 — 7 7 / ) e
i = TiAl e
0 (aTi) 10 20 30 ¢ 40 50 o

Al (at.%) —

Figure 9. Partial isothermal section of the Ti-Al-Mo system at 800 °C based on the experimen-
tal results listed in Table 5. The measured overall compositions of the samples are indicated by
black stars (unfilled stars: as-cast or nominal alloy composition), the purple lines show the
three-phase equilibria, and blue symbols and lines mark the analysed phase compositions
and the resulting phase boundaries. The position of the dotted line, which marks the boundary
between the disordered (BTi,Mo) and the ordered (BTi,Mo), phase, is based on the modelling
work of Witusiewicz et al. [13] and the assessment by Distl et al. [14].
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Figure 10. Partial isothermal section of the Ti—Al-Mo system at 900 °C based on the experimen-
tal results listed in Table 6 (symbols as in Figure 9).

(not measured in the present study) at 1200 °C (Figure 13) to <20 at.% at 900
and 800 °C (Figure 9 and 10). The evolution of the phase field of the B2-ordered
(BTi,Mo), phase is discussed below in Section 4.3.

TiAl: The maximum solubility of Mo in the TiAl phase was not measured
here, but can be roughly estimated from the present investigations to increase
slightly with temperature in the range from about 8 to 10 at.%, with the
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Figure 11. Partial isothermal section of the Ti-Al-Mo system at 1000 °C based on the exper-
imental results listed in Table 7 (symbols as in Figure 9).
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Figure 12. Partial isothermal section of the Ti—Al-Mo system at 1100 °C based on the exper-
imental results listed in Table 8 (symbols as in Figure 9).

respective Al contents shifting from about 52 to 58 at.%. These data are in good
agreement with those published by Huang et al. [12], who reports a solubility of
~9 at.% Mo for TiAl

4.2. The three-phase field (aTi)/TisAl + (BTi,Mo)/(BTi,Mo), + TiAl

Using the series of the six alloys TAM5-10 with 45 at.% Al and 1.25 to 10 at.%
Mo (and alloy TAM4 with 40 at.% Al and 2 at.% Mo), the position of the three-
phase field (aTi)/TizAl + (BTi,Mo)/(BTi,Mo), + TiAl could be studied as a func-
tion of temperature. This three-phase field is of central importance for the
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Figure 13. Partial isothermal section of the Ti-Al-Mo system at 1200 °C based on the exper-
imental results listed in Table 9 (symbols as in Figure 9).

development of Mo-containing TiAl-alloys and contradicting information
about its position and/or the surrounding two-phase fields are reported in
the literature [4, 11, 37-43].

For the temperature range from 800 to 1100 °C, the present results show that
the Ti;Al-TiAl boundary of the three-phase triangle is located very near to the
Ti-Al binary system (below 1 at.% Mo for all temperatures, cf. Tables 5-8), and
the (BTi,Mo), corner shifts slightly to lower Mo contents with increasing temp-
erature from ~5 to ~3 at.% Mo (see Figures 9-12). At higher temperatures of
1200 and 1300 °C, Ti;Al is replaced by (aTi). At 1300 °C, all phase compositions
become enriched in Mo, shifting the entire three-phase field into the ternary
system (see Figures 13 and 14).

In the literature, experimental values for the phase compositions of the
three-phase equilibrium are rarely reported and in most cases only special

o 70

1300 °C 5
| 20 o
(BTi,Mo) o
-
-10 &

Ti ¥ 7 7 7 7 7 7 0

0 10 20 30 40@™ 50 60
Al (at.%) —

Figure 14. Partial isothermal section of the Ti-Al-Mo system at 1300 °C based on the exper-
imental results listed in Table 10 (symbols as in Figure 9).
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Figure 15. Overlay of the stability ranges of B2-ordered (BTi,Mo)o (filled areas) from 800 to
1400 °C with the dashed lines showing the phase boundaries of the single-phase A2-(BTi,
Mo) phase fields (the respective 1400 °C line of A2-(BTi,Mo) was taken from [14] as this temp-
erature was not investigated here). The Al-poor side of the filled areas corresponds to the A2/B2
transition lines shown as dotted lines in the isothermal sections in Figures 9-14.

temperatures were studied. An exception is the work of Kainuma et al. [37],
who report phase compositions of the three-phase equilibrium at 1000, 1200,
and 1300 °C. The resulting positions of the three-phase field agree well with
the present study. While at 1000 °C there is excellent agreement (Ti-36.8Al-
0.8Mo, Ti-35.5Al-5.5Mo, and Ti-46.3A1-0.6Mo reported by Kainuma et al.
[37], and Ti-37.0A1-0.8Mo, Ti-35.8Al-5.1Mo, and Ti-46.9A1-0.5Mo obtained
in the present work for Ti;Al, (BTi,Mo),, and TiAl, respectively), there is a
small shift in the reported Al contents by about 1-2 at.% to higher values
[37]. Kimura et al. [4, 11] reported an alloy of composition Ti-45.6Al-3.0Mo
that is three-phase at 1200 and 1300 °C. This composition indeed falls into
the three-phase field at 1300 °C presented in Figure 14, while the isothermal
section in Figure 13 indicates that this alloy should be two-phase (fTi,Mo),
+ TiAl at 1200 °C. At lower temperatures of 1100, 1000, and 800 °C, the alloy
was found to be two-phase (fTi,Mo), + TiAl, which again is in perfect agree-
ment with the present results. Li and Loretto [38] studied an alloy of
nominal composition Ti-44Al-2Mo after heat treatment at 1200 °C and
observed a three-phase microstructure. Compared to the present isothermal
section at 1200 °C, this alloy composition is located just outside of the three-
phase field in the adjacent (BTi,Mo), + TiAl two-phase field, but a slight shift
in composition would be sufficient to bring the results into agreement. Das
et al. [39] performed heat treatments at 1240 and 1175 °C on a Ti-50Al-5Mo
alloy. The obtained microstructure was found to be two-phase (BTi,Mo), +
TiAl in agreement with the present results (1200 °C isothermal section). In
the studies of Singh et al. [40] and Azad et al. [41], no phase compositions
were given and the times chosen for the heat treatments were very short (1
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or 2 h at 1300 °C, 4 h at 1200 °C, and 6 h at 1100 °C), which - as even men-
tioned by the authors themselves, see [40] - is not sufficient to reach equili-
brium and does not allow a comparison with the present results. The only
work in which results are presented that clearly do not seem to match the
present ones are reported in Refs. [42, 43]. The authors studied a series of
alloys Ti-44Al-xMo with x=1, 3, 5, and 7. According to their work, the 1300
°C equilibrium phases are (aTi) for x=1 and (aTi) + (Ti,Mo) for x =3-7,
whereas according to our 1300 °C isothermal section (Figure 14) this instead
should be (aTi)+ TiAl for x=1 (cf. also TAM5, Table 10 and Figure 5b),
(aTi) + (BTi,Mo) + TiAl for x =3, and (BTi,Mo) + TiAl for x =5 and 7. While
for x =1 and 3, the difference might be explained by small shifts in chemical
composition, the discrepancy is most striking for the high Mo contents,
where (aTi) is reported instead of TiAl. Unfortunately, the phase compositions
were not analysed in Refs. [42, 43]. It is also worth mentioning that all the alloys
studied in [42, 43] contained a small amount of B (~0.1 at.%). However, it is
very questionable whether this can explain the surprising discrepancy.

4.3. Ordering bevaviour of (BTi,Mo)

As indicated by the dashed lines in the isothermal sections (Figures 9-14), there
are temperature-dependent composition ranges in the Ti-Al-Mo system where
ordering occurs in the bec (BTi,Mo) phase. Even though the extension of the
phase field of this B2-type (BTi,Mo), phase was not studied here in detail,
the present results give some respective information. This refers in particular
to the ordering state at the Al-rich boundary, where this phase can be in equi-
librium with (aTi), TizAl, and/or TiAL

A contour plot showing an overlay of the (fTi,Mo), (and (fTi,Mo)) iso-
thermal phase fields at 800-1400 °C is shown in Figure 15. The disordering
temperature of the (pTi,Mo), phase depends on composition and reaches
maximum values >1400°C (e.g. an order/disorder transition temperature of
1418 °C was measured for an alloy Ti-25A1-25Mo [23]). The maximum stab-
ility is reached at a not exactly known composition in the range of Ti-25Al-
25Mo. Room-temperature XRD investigations on a series of 1000 °C heat-
treated samples had revealed that the stability is highest along the section
TiAl-TiMo with an estimated maximum between about 25 and 30 at.%
Mo [18]. However, more recent ab initio calculations along this section indi-
cate that maximum stability of the ordered state should be expected at about
18 at.% Mo [19]. This maximum is marked by the black cross in Figure 15,
and the shape of the 1400 °C stability range, which is a rough estimate, was
drawn to account for (i) this maximum, (i) the finding that highest
stability is along the section TiAl-TiMo, and (iii) the measured values of
1418 °C for Ti-25Al-25Mo from [23] and 1394 °C for Ti-26.3A1-20.5Mo
(TAM13, Table 11).



PHILOSOPHICAL MAGAZINE (&) 49

TAM11 - as-cast TAM11 - 800 °C

Figure 16. BSE image of alloy TAM11 (Ti-56.1AI-10.9Mo) (a) in the as-cast condition showing
solidification of primary (3Ti,Mo) completely surrounded by a grey contrast and a dark contrast
filling the left over space; (b) the heat-treated sample quenched from 800 °C showing first indi-
cations of formation of o (bright).

Of particular importance for the development of novel, Mo-containing TiAl-
based alloys is the ordering state of the (3Ti,Mo) phase at the Al-rich boundary,
because for the processing of such alloys it is important to know if they contain
the ductile (BTi,Mo) phase or the brittle ordered variant (pTi,Mo),. The isother-
mal sections in Figures 9-13 show that up to 1200 °C this will be the ordered (BTi,
Mo), phase, while disordering takes place between 1200 and 1300 °C along the
Al-rich boundary. This is confirmed by the DSC results on the three alloys
TAMS-10 (Table 11), which are included in Figure 15. The highest order/dis-
order temperature was measured for the middle alloy, which has a composition
close to the TiAl-TiMo section (50.5 at.% Ti). This fits exactly to the assumption
that stability of the ordered state is highest along this section, and in addition
helps for a rough estimation of the 1300 °C stability range that is completely sur-
rounded by disordered (3Ti,Mo) (see also Figure 14).

4.4. Phase equilibria with the o phase

The o phase only exists up to a maximum temperature of 1166 °C. With respect
to its phase equilibria with the three Mo-poorer phases (fTi,Mo),, TiAl, and
TiAl, contradictory variants are reported in the literature [10, 12, 13]. According
to the work of Eremenko et al. [10], who studied equilibria at 1000 °C, the four
phases form the two three-phase equilibria (3Ti,Mo), + TiAl; + 0 and (pTi,Mo),
+ TiAl + TiAl;. This was confirmed by the more recent investigations of Huang
et al. [12], while these authors reported a change of the equilibria at lower temp-
erature to TiAl + TiAl; + o and (BTi,Mo), + TiAl + o at 800 and 900 °C. This
means that the two-phase equilibrium in the middle between the two three-
phase equilibria switches from (BTi,Mo), + TiAl; to TiAl+ o, i.e. a respective
invariant transition-type reaction must take place between 900 and 1000 °C. In
contrast to that, Witusiewicz et al. [13] present isothermal sections at 800, 900,
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1000, and 1100 °C where the equilibria given above for 1000 °C remain
unchanged in the entire temperature range. In the present work, one alloy
with a composition in the relevant composition range was investigated
(TAM11, as-cast composition Ti-56.1A1-10.9Mo). As already described in
Section 3 (‘Results’), no final thermodynamic equilibrium was reached for this
Mo-rich alloy after the heat treatments at 800-1000 °C, so no direct conclusion
can be drawn on the true equilibria. However, as will be discussed now, the
results are in favour of the version of Witusiewicz et al. [13] according to
which the phase equilibria do not change in this temperature range.

As mentioned above, four different phases are present in the microstructure of
alloy TAM11 heat-treated at 1000 °C and below (Figure 8b-d). Attempts to estab-
lish equilibrium by prolonging the heat treatment times and by an additional pre-
ceding homogenisation at 1300 °C were unsuccessful, most likely related to the
very slow diffusion of Mo. However, the microstructure of samples in the as-
cast state and after heat treatment at 1300 °C, which both were used as starting
materials for the heat treatments at 800-1000°C, gives important hints on the
phases in equilibrium. As Figure 16a shows, the as-cast microstructure consists
of a Mo-rich primary solidified phase (Ti-45.3Al-19.5Mo), which is (pTi,Mo)
as can be seen on the liquidus projection presented in Ref. [14]. This phase is
enclosed by a region of grey contrast (Ti-54.7Al-11.3Mo) and the rest of the
microstructure shows a dark contrast (Ti-60.2A1-7.2Mo). A bright contrast, cor-
responding to the o phase, as observed in the heat-treated alloys (Figure 8b-d and
Figure 16b), is not visible in the as-cast microstructure, meaning that the o phase
has formed as a result of the heat treatment and must be one of the equilibrium
phases. Moreover, the microstructure of this alloy after heat treatment at 1300 °C
is two-phase (pTi,Mo) + TiAl (Figure 8a). Since this material was also used as a
starting material for heat treatments at 900-1100 °C, the two phases TiAl; and o
that occur in the samples heat-treated at 900 and 1000 °C, must both be equili-
brium phases at these temperatures.

In addition, when looking at the four-phase microstructures in Figures 8b-d
and 16b, it is remarkable that TiAl (the dark matrix) is completely separated
from the o phase and (PTi,Mo) and is in contact only with TiAl;, while there
are extended regions with three-phase mixtures (fTi,Mo) + TiAl; + o phase.
It is this three-phase mixture that has been consistently identified as three-
phase equilibrium at 1000 °C in Refs. [10, 12, 13]. Since the four-phase non-
equilibrium microstructures observed in TAM11 at 800, 900, and 1000 °C
are qualitatively very similar to each other regarding the arrangement and mor-
phology of the phases, and since there are no indications of an invariant reac-
tion that may have occurred, it is cautiously concluded that the expected
equilibrium phases at 800 and 900 °C do not change but are the same as
those at 1000 °C (which is then consistent with [10, 13]). The isothermal sec-
tions at 800-1100 °C (Figures 9-12) were drawn based on this assumption of
a non-changing type of equilibria.
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5. Conclusions

Based on the presented experimental results, seven partial isothermal sections of
the Ti-Al-Mo system between 800 and 1300 °C were established focusing on the
role of Mo additions to the Ti-Al-based phases (aTi), (3Ti), TizAl, and TiAlL

The solubility of the ternary elements in Ti;Al and in the Ti-rich, low-temp-
erature (aTi) phase is low (below about 2 and 1 at.% Mo, respectively). The Mo-
solubility in the Ti-rich (aTi) phase increases with temperature and reaches 3
at.% at 1300 °C. For the TiAl phase, a maximum solubility in the range of 8-
10 at.% can be estimated from the present experiments.

The (BTi) phase forms a continuous solid solution with Mo, and this (pTi,Mo)
solid solution can dissolve up to 48 at.% Al (at 1300 °C) in the temperature range
studied here. Within a temperature-dependent composition range, B2-type order-
ing occurs in the (BTi,Mo) phase. The maximum order/disorder transition tempera-
ture and the respective composition are not precisely known (but this temperature
exceeds 1400 °C and the composition most probably lies on the section TiAl-TiMo,
as indicated in the literature). The shrinkage of the phase field of the ordered (BTi,
Mo), phase is shown as a function of temperature in Figure 15. The order/disorder
temperature of the (3Ti,Mo) phase occurring as equilibrium phase in alloys in the
application-relevant composition range is in the range 1200-1300 °C. Along a
series of alloys with 45 at.% Al and increasing amounts of Mo, it reaches its
maximum value of 1287 °C for an addition of ~7 at.% Mo.

The position of the three-phase triangle (aTi)/Ti;Al + (BTi,Mo)/(pTi,Mo), +
TiAl is very near to the Ti-Al boundary at temperatures up to 1100 °C and then
slightly shifts into the ternary system at 1200 and 1300 °C due to the increasing
solubility of Mo in (aTi).

As Mo is a very slowly diffusing element in Ti-Al-based alloys, thermodyn-
amic equilibria with the o phase (~Ti-40A1-30Mo) were not reached in the
present study within the applied heat treatment times. Nevertheless, the
present results and a comparison with the partially contradicting information
from the literature indicate that TiAl does not form equilibria with the o
phase, but instead there is a three-phase equilibrium (pTi,Mo) + TiAl; + o phase.

While the equilibria involving the o phase still need to be studied in more
detail, the Mo-poor part of the ternary system with compositions most relevant
for the development of improved TiAl-based alloys has been well determined
by the present investigations.
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