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This work considers structural and compression mechanical properties of three Ti3Al-based
alloys processed by powder metallurgy. Mechanically alloyed powders were compacted by
hot-pressing to non-porous homogenous compacts. Prior to compression tests, all compacts
were homogenized by a solution treatment at 1050◦C (α + β region) for 1h, followed by water
quenching. The compression tests were performed from room temperature to 500◦C in vacuum
at a strain rate of 2.4 × 10−3 s−1. Detailed microstructural characterization has been evaluated by
scanning electron microscopy (SEM), followed by electron dispersive spectroscopy (EDS) and
X-ray diffraction analysis. Fracture topography was examined by SEM. The Ti3Al-Nb alloy
exhibits the highest ductility in the whole temperature range, whereas addition of Mo to
Ti3Al-Nb alloy yields the highest ultimate compression strength. A correlation between ductility
and the fracture mode exists for all materials. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Intermetallic compound Ti3Al (α2 phase) with ordered
hcp structure (D019) is the main constituent in a single- or
two phase alloys, e.g. TiAl/Ti3Al (γ /α2). Due to their low
density, good oxidation and creep resistance at high tem-
peratures combined with high strength, these materials are
promising for heat-resisting and heat-proof application in
aerospace, automobile and other industries [1, 2]. How-
ever, the greatest disadvantage of these materials is their
high brittleness. Recently, room temperature ductility and
high temperature properties of Ti3Al-based alloys have
been improved by the addition of the β (bcc)–stabilizing
elements such as Mo, Nb, V or Ta [3, 4]. Powder met-
allurgy processing (PM) demonstrated superior mechan-
ical properties of titanium aluminides to those processed
by conventional ingot metallurgy due to microstructural
homogeneity, minimized segregation and refined grain
size [5, 6]. Since the microstructure of Ti3Al-based alloys
processed by PM is sensitive to processing history, the
optimization of microstructure-property relation to an ap-
propriate PM process control becomes an important issue.

The aim of this work was to understand the influence
of microstructure and alloying additions on the compres-
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sion characteristics and fracture behavior at room and ele-
vated temperatures of Ti3Al-based alloys produced by PM
process.

2. Experimental
The materials chosen for this investigation were three
Ti3Al-based powders. The nominal chemical composition
of these materials is given in the Table I.

The Ti3Al initial powder was produced by Max-Planck
Institute für Metallforschung, Stüttgart, while two other
powders were prepared in Institute of Nuclear Sciences
“Vinča” by mechanical alloying. The mixtures consisting
of Ti3Al and Nb, and Ti3Al, Nb and Mo powders were
ball-milled (ceramic Y2O3 balls were used for milling)
for 24 h in vacuum at 10 Pa. In the next step, the powders
were hot-pressed at various temperature-pressure com-
binations. The optimal time and temperature of vacuum
hot-pressing were determined by measuring the density of
compacts by the conventional Archimedes method. The
highest density (approximately 100%) corresponded to
1350◦C and 4 h of annealing for all three materials. Com-
paction pressure in all cases was 35 MPa.
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T AB L E I . Nominal chemical composition of Ti3Al-based intermetallic
powders

Composition, at%

Powder Ti Al Nb Mo

Ti3Al 75 25 – –
Ti3Al-Nb 66 23 11 –
Ti3Al-Nb-Mo 66 22 11 1

Prior to compression testing all compacts were sub-
jected to the solution treatment under the protection of
high purity argon atmosphere at 1050◦C (α +β region) for
1 h, followed by water quenching. Compressive strength
testing was conducted in the temperature range from 20
to 500◦C in a vacuum chamber (vacuum was 0.1 Pa) at a
strain rate of 2.4 × 10−3 s−1, using rectangular specimens
with dimensions 4 × 4 × 8 mm.)

Specimens for scanning electron microscope (SEM) ex-
amination were prepared by standard techniques of grind-
ing and polishing, after which the specimens were etched
in a Kroll’s solution consisting of 93 ml H2O, 1 ml HF
and 6 ml HNO3.

Energy dispersive spectroscopy (EDS) and X-ray
diffraction were used for the semiquantitative examina-
tions of microstructure. The fracture surface topography
was also examined by SEM.

3. Results and discussion
SEM analysis of the starting Ti3Al powder (average
size <125 µm), showed that the powder particles were
nodular or irregular in shape (Fig. 1a). The other two, me-
chanically alloyed powders (Ti3Al-Nb, Ti3Al-Nb-Mo),
consisted of smaller particles (average size <90 µm),
irregular in shape due to the prolonged mechanical
treatment in the ball-mill (Fig. 1b)

Before performing any kind of characterization it was
important to attain proofs that mechanical alloying was
successfully performed. X-ray diffraction patterns of pow-
ders are presented in Fig. 2a–c. Beside the peaks corre-
sponding to Ti3Al phase few peaks of retained elemental

T AB L E I I . The lattice parameters of Ti3Al phase calculated from the
X-ray diffraction patterns of intermetallic powders

Parameters (nm)

Powder a c c/a

Ti3Al 0.5776 0.4640 0.803
Ti3Al-Nb 0.5783 0.468 0.802
Ti3Al-Nb-Mo 0.5807 0.4656 0.802

Nb and Mo can also be observed. The peaks of Ti3Al
are very slightly shifted in Ti3Al-Nb, Ti3Al-Nb-Mo pow-
ders compared to the peaks of the initial Ti3Al powder
probably due to the dissolution of alloying elements in
the Ti3Al (D019) lattice. The lattice parameters calculated
from the X-ray patterns showed that values of a and c
lattice parameters of the α2 (Ti3Al) phase are higher in
mechanically alloyed powders than those of the pure Ti3Al
powder (Table II), which can also be taken as a proof of
the dissolution of Nb and Mo into the Ti3Al lattice.

EDS analysis (Table III) shows the quantitative evalu-
ation of the chemical composition of the three different
compacts. In the case of Ti3Al compact the chemical com-
position was the same in the interior of grain as well as at
the prior grain boundary. The presence of the alloying el-
ements in the grain interior in the case of two other alloys
(Ti3Al-Nb and Ti3Al-Nb-Mo) indicates that mechanical
alloying was successfully performed. The presence of any
kind of impurities such as oxygen, carbon or hydrogen
was not detected.

The microstructures of solution treated compacts are
shown in Fig. 3a-c. It can be noticed that the structure
of all compacts is homogenous and non-porous. Fig. 3a
displays the structure of Ti3Al compact, which consists
of the α2 phase formed during previous furnace-cooling
from compaction temperature (1350◦C) by (β→α→α2

transformation sequence. In the case of this alloy, so-
lution treatment at 1050◦C for 1h followed by water
quenching, did not succeed to retain the ductile β phase
in the structure. The other two alloys exhibit a fully
transformed Widmanstätten microstucture. Fine lamel-
lae of α2 phase can be observed in the β phase matrix

Figure 1 SEM micrograph of (a) Ti3Al and (b) Ti3Al-Nb-Mo powder particles.
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Figure 2 X-ray diffraction patterns of Ti3Al-based powders. (a) Ti3Al; (b) Ti3Al-Nb and (c) Ti3Al-Nb-Mo.

(Fig. 3b, c). This α2 +α two-phase structure was retained
due to the presence of the β-stabilizing elements in the
composition.

Distribution of chemical elements in three alloys was
established by EDS analysis of solution treated speci-
mens. This analysis clearly shows the difference in chemi-
cal composition between α2 and β phase (Fig. 4). As it was
expected, Ti is equally distributed throughout the whole
structure, while the highest amount of Al is connected
within the β2 phase. As β phase stabilizers Nb and Mo
are detected in the narrow areas of this phase.The mechan-
ical properties of Ti3Al-based alloys are strongly affected
by chemical composition via the microstructure. The ef-
fect of these parameters on the compression strength and
ductility of the Ti3Al-based alloys at room and elevated
temperatures is illustrated in Fig. 5a,b.

The ultimate compression strength (UCS) increases
with increasing deformation temperature, passes through

the maximum at approximately 250◦C and than a decrease
occurs (Fig. 5a). This behavior is essentially the same
for all three alloys. Ti3Al exhibits a strong anisotropy in
strength, ductility and fracture, i.e. the basal, prism, and
pyramidal slip systems are operative depending on crystal
orientation and there is a great difference in the critical
resolved shear stress (CRSS) for these slips and their tem-
perature dependence. CRSS for pyramidal slip increases
with increasing temperature showing an anomalous peak
at around 500◦C, while for prism and basal slips, after
maintaining a constant value, a decrease of CRSS ap-
pears after 700 and 800◦C, respectively [7]. Although in
the case of this paper the material is polycrystalline, it is
quite probable that the pyramidal slip, being the most op-
erative deformation mechanism, is most effective on the
appearance of UCS maximum at 250◦C.

It was previously demonstrated [8] that the decrease of
c/a ratio induces the decrease of the stacking density of

T A B L E I I I . Results of the Spot chemical analysis of Ti3Al-based alloys

Chemical composition, at%

Ti Al Nb Mo

Alloy
Interior of
grain

Grainw
bondary

Interior of
grain

Grain
bondary

Interior of
grain

Grain
bondary

Interior of
grain

Grain
bondary

Ti3Al 75.2 75.3 24.8 24.7 − − − −
Ti3Al-Nb 69.5 70.1 24.0 19.5 6.5 10.4 − −
Ti3Al-Nb-Mo 70.2 70.7 24.8 19.8 4.3 8.4 0.7 0.9
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Figure 3 SEM micrograph of solution treated (annealed at 1050◦C for 1h) and water-quenched compacts. (a) Ti3Al; (b) Ti3Al l-Nb and (c) Ti3Al-Nb-Mo
alloys.

Figure 4 SEM. Microstructure and EDS analysis of chemical elements distribution in the case of solution treated (annealed at 1050◦C for 1 h) and
water-quenched compacts of Ti3Al-Nb-Mo alloy.
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Figure 5 The effect of chemical composition on (a) compression strength and (b) ductility of different Ti3Al-based alloys at elevated temperatures.

atoms in the basal plane in hcp lattice, and the increase
of stacking in prism and pyramidal planes, which than
transform into primary slip planes. This behavior is noted
in the case of the examined materials, where the c/a ratio
decreases in the Ti3Al-Nb and Ti3Al-Nb-Mo alloys com-
pared to the pure Ti3Al alloy (Table II). The results of
Fig. 5a show that the maximum of the UCS is less in the
case of Ti3Al than those in the other two alloys. This is in
the agreement with the mentioned theory and supports the
idea of the supposed slip behavior of these materials. On
the other hand, the addition of Mo not only stabilizes high-
temperature β phase but also strengthens Ti3Al-Nb based
alloys [9], and this is well documented by the highest
values of UCS of Ti3Al-Nb-Mo alloy (Fig. 5a). Ductility
increases throughout the whole temperature range for all
three materials, with the highest values being exhibited
by Ti3Al-Nb alloy (Fig. 5b).

This behavior of three different Ti3Al-based alloys can
be related to their microstructure. Comparing Fig. 3a with
Fig. 3b,c it seems that the effect of microstructure on
UCS plays an important role, i.e. microstructure of ini-
tial Ti3Al differs from other two alloys which multi-phase
microstructures are almost the same. It is obvious that
the different behavior of these alloys is the consequence
of some parameters other than the morphology and the
grain size. Gogia and co-workers [10] presented the re-
sults regarding the dependence of mechanical properties
of Ti3Al-Nb alloys on the amount of α2 phase in the mi-
crostructure (Fig. 6). It can be seen that UCS and YS
decrease with the increase of α2 phase, while the ductility
increases up to 30 vol.% of α2 phase, passes through the
maximum and then decrease occurs. Values of the volume
fraction of α2 and β phase for three alloys investigated
in this work are presented in the Table IV. It can be ob-
served that the amount of retained β phase increases with
increase of the content of β stabilizing elements, show-
ing the highest value for Ti3Al-Nb-Mo alloy. This result
is reasonable considering the greatest Mo β stabilizing
power [11], but, in the same time, the synergetic effect of

both Nb and Mo has to be considered. In view of these
facts, the highest value of UCS may be expected in Ti3Al-
Nb-Mo alloy, while Ti3Al-Nb, due to the most favorable
value of α2 volume fraction (closest to the theoretical
30 vol.%) exhibits highest values of the ductility in the
whole temperature range.

Figs 7a,b shows the fracture surface of pure Ti3Al al-
loy tested at room temperature and 500◦C, respectively.
In general, transgranular brittle fracture is the main frac-
ture mechanism of the alloy that consists of almost en-
tirely α2 phase in the whole temperature interval. Shear
and transgranular brittle fracture together with some shal-
low dimples on the planar facets can be observed on the
fracture surface of the specimen tested at room temper-
ature (Fig. 7a). At 500◦C fracture exhibits pure shear
mode, characteristic for the cph crystals showing faceted

Figure 6 Tensile properties as a function of primary α2 fraction in α2 + β

quenched samples [10].

4311



Figure 7 Fractography of the Ti3Al alloy at (a) room temperature and (b) 500◦C.

Figure 8 Fractography of the Ti3Al-Nb alloy at (a) room temperature and (b) 500◦C.

T AB L E I V. Volume fraction of phases present in the microstructure of
solution treated Ti3Al based alloys

Volume fraction (vol.%)

Intermetallics α2 β

Ti3Al1050◦C 96,21 3,79
Ti3Al-Nb1050◦C 34,61 65,39
Ti3Al-Nb-Mo1050◦C 21,73 78,27

transgranular brittle fracture with tearing on the steps join-
ing the facetes (Fig. 7b). The lowest value of ductility of
this alloy is the direct consequence of the transgranular
brittle mode of fracture, since no plastic flow precedes the
fracture.

In the case of Ti3Al-Nb and Ti3Al-Nb-Mo alloys, which
structure consists of the α2 and retained β phase, mixed
fracture modes are operative both on the room and ele-
vated temperatures (Fig. 8a,b), with the ductile fracture
as a dominating mechanism. Since the fracture behav-
ior of these two alloys is the same, only fracture surface
of Ti3Al-Nb will be presented. At the room temperature
(Fig. 8a), these two alloys exhibit a combined transgran-

ular fracture, which is mainly ductile and is characterized
by microvoid coalescence and the presence of dimples,
and faceted shear fracture dominated by slip decohesion.
Fracture mechanism changes with increase in temperature
(Fig. 8b) in the way, that the share of the ductile fracture
increases which correlates with increase in ductility with
temperature rise. Higher values of ductility in the case of
Ti3Al-Nb and Ti3Al-Nb-Mo compared to Ti3Al are the
consequence of the presence of the ductile β phase and
the ductile fracture as the prevailing fracture mechanism.

4. Conclusions
1. Mechanical alloying of the original starting Ti3Al

powder with Nb and Mo powders was achieved through
ball-milling for 24 h, which is proven by the X-ray diffrac-
tion and EDS analysis. The powders were compacted by
hot-pressing to non-porous homogenous compacts.

2. SEM revealed that the structure of pure Ti3Al
consists of the α2 phase formed by β→α→α2 transfor-
mation sequence. A two-phase (α2 + β) Widmanstätten
microstructure is present in Ti3Al-Nb and Ti3Al-Nb-Mo
alloys with fine α2 lamellae in the β matrix.
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3. The ultimate compression strength of each material
increases with increasing test temperature, up to a
maximum at 250◦C, then a decrease occurs. Addition
of Mo to Ti3Al-Nb alloy yields the highest ultimate
compression strength. The Ti3Al-Nb alloy exhibits the
highest ductility in the whole temperature range.

4. A correlation between ductility and the fracture
mode exists for all materials. The minimum ductility level
of Ti3Al alloy corresponds to transgranular brittle mode
of fracture at room and elevated temperatures. In the case
of Ti3Al-Nb and Ti3Al-Nb-Mo alloys, ductile fracture
mode dominates throughout the whole temperature
interval, increasing their ductility compared to the pure
Ti3Al, as an effect of the presence of the retained β phase.
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