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High-temperature strengths and fracture toughnesses of y-phase titanium aluminides were
estimated at room and elevated temperatures. The effects of chromium on these mechanical
properties were investigated. It was found that addition of chromium substantially improved
the room- and high-temperature strength and toughness of the binary titanium aluminides.

The transition temperature at which the strength drops was found to increase due to the
addition of chromium. The fracture behaviour of binary and chromium-alloyed titanium
aluminides were investigated. The fracture mechanism was affected by the addition of
chromium. Ductile tearing was observed for the ternary material at 800 °C, and this was

delayed for the binary material.

1. Introduction

The light weight and the excellent high-temperature
properties of titanium-aluminide-based intermetailic
compounds make them most suitable for elev-
ated—temperature applications [1-3]. Among titan-
ium aluminides, y-phase materials are of special inter-
est because they have higher oxidation resistance,
higher elastic modulus and better creep properties
than a,-phase titanium aluminides. But, their low
room-temperature ductility and poor formability re-
strict any industrial applications. Addition of ternary
elements such as chromium [4], manganese [5] and
vanadium [6] was found to have a considerable influ-
ence on the mechanical properties of titanium alumin-
ides. Two-phase alloys have shown high ductility up
to 2.2% in binary alloys (Ti-48Al) [7] and as high as
4% in ternary alloys (Ti-—48Al1-(1-2)Mn, Cr, V) [8].
Still, the maximum room-temperature ductility and
toughness achieved are below the acceptable limits for
practical applications. A better understanding of the
fracture mechanism and the characteristic values of
the fracture toughness are necessary for designing
alloys with improved ductility and toughness. The
fracture mechanism of binary titanium aluminides has
been investigated in detail [9-12]. However, the frac-
ture mechanism of ternary titanium aluminides with
improved mechanical properties has not yet been
studied in detail.

The fracture-mechanics approach has not been de-
veloped fully in the research field of intermetallic
compounds. So, valid fracture-toughness values (es-
timated by the standard test procedures [13, 16]) are
not available for these materials at elevated temper-
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atures. A low yield strength, compared to the fracture
toughness, makes fracture-toughness estimation more
complicated at room and high temperatures. Thick
specimens are needed to estimate the fracture-tough-
ness values, K., in accordance with the ASTM stand-
ard [13]. Many investigators have shown that the
ductility of titanium-based intermetallic compounds
increases drastically with increasing temperature [7,
14, 15]. This will increase the fracture toughness at
higher temperatures. So, it will be very difficult to
obtain the K, fracture-toughness values, since frac-
ture will occur after a large amount of plastic deforma-
tion and stable crack growth at elevated temperatures.
So, it is essential to estimate the fracture toughness
using the elastic—plastic fracture parameter, the J-

Integral [16]. The standard test procedure of esti-

mating the elastic—plastic fracture toughness, J,, re-
quires too many specimens [16].

In the present study, a simple test procedure, using a
single specimen with a side-groove, was followed to
estimate the acceptable values of fracture toughness at
room and elevated temperatures for the binary TiAl
and chromium-alloyed TiAl. The fracture mechanisms
at room and elevated temperatures were investigated.
The effects of chromium addition on the strength, the
fracture toughness and the fracture mechanism are
discussed. '

2. Materials and experimental
procedure

2.1. Test materials

This investigation used y-based Ti-50at% Al and

Ti—47 at % Al-3 at% Cr, which are referred to as TiAl
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and TiAlCr, respectively. High-purity ingots were pre-
pared by plasma arc melting. The nominal composi-
tions of the test materials are shown in Table I. The
ingots were homogenized for 96h at 1050°C in
vacuum. The cast and homogenized microstructures
of the test materials are shown in Fig. 1. The homo-
genized TiAl was mostly y-phase with very little
a,-phase. The mean grain size was about 200 pm. The
homogenized TiAlCr contained mostly equiaxed
grains. Some lamellar grains were also observed.
X-ray diffraction (XRD) studies carried out on the
heat-treated TiAlCr samples indicated the presence of
the B-phase (body-centred cubic b.c.c.) in addition to
the a,-phase and y-phase. Detailed transmission elec-
tron microscopy (TEM) investigations performed by
Hanamura et al. [17] also confirmed the presence of
the B-phase (b.c.c.) in heat-treated TiAICr. The mean
grain size of the TiAlCr was about 60 um. Test speci-
mens were made by multi-wire cutting followed by
machining to the required dimensions and surface
finish.

TABLE [ Chemical compositions of the test materials

Alloy Composition (at (%) Composition (p.p.m)
Ti Al Cr O H C

TiAl 49.1 50.9 - 170 50 70

TiAlCr 48.1 49.2 2.75 250 7.0 120

200 um

o 5

' Figure 1 Optical micrographs of the test materials: (a) TiAl and
(b) TiAICr.
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2.2. Experimental procedure

2.2.1. Flexural-strength experiments

The flexural strengths of the test materials were estim-
ated using three-point-bend specimens of dimensions
3 x4 x 35 mm? (Fig. 2a) at room and elevated temper-
atures in a vacuum of better than 4 x 1073 Pa. The
span length of the three-point bending was 30 mm.
Experiments were conducted with an Instron-type
universal testing machine at a crosshead speed of
0.5 mm min~!. The specimens were soaked at the test
temperature for at least 15 min before testing. Fracto-
graphical investigations were carried out on the frac-
tured surfaces by scanning electron microscopy
(SEM).

2.2.2. Fracture-toughness experiments
Initially, fracture-toughness tests using specimens of
dimensions 5 x 10 x 55 mm?3 were carried out to estim-
ate the K fracture-toughness value for the binary
TiAl. From the estimated values, it was found that
thicker specimens were needed to estimate the plane-
strain-fracture-toughness values for these materials.
So, a simple J,. test method using a side-grooved
specimen was followed for the rest of the experiments
to estimate the fracture toughness, Ji,, at room and
elevated temperatures. The maximum load in the
load—displacement plot of the specimens with proper
depths of the side-groove and precrack coincided with
the crack-initiation point [18].

An electro-discharge-machine (EDM) notch was
machined in three-point-bend specimens (Fig. 2b) as a
starter for fatigue precracking. The fatigue precrack
was introduced up to an a/W ratio of about 0.5 using a
sinusoidal wave at 10 Hz and a stress ratio of 0.1. The
final maximum stress-intensity factor for fatigue
cracking, Kepax, Was controlled lower than 0.6K;.. A
side-groove was introduced in the precracked speci-
mens using a fine diamond cutter of 0.3 mm thickness
to a depth of about 25% of the specimen thickness.
This precrack length and side-groove depth made the
maximum-load point coincide with the crack-initia-
tion point [19].
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Figure 2 Geometry of the test specimens (all dimensions are in mm):
(a) three-point-bend specimen, and (b) side-grooved toughness spe-
cimen.



Fracture-toughness experiments were carried out
with an Instron-type universal testing machine at a
crosshead speed of 0.5mmmin~! in a vacuum of
better than 4 x 10~ 3 Pa. The span length of the three-
point bending was 40 mm, Specimens were soaked at
the test temperature for 15 min before testing. After
testing, the fracture surfaces were studied by SEM.

3. Results

3.1. Flexural strength

3.1.1. TiAl

Fig. 3 shows the relationship between flexural strength
and temperature for the test materials. For the binary
TiAl, the room temperature strength was low and
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Figure 3_Flexural strength versus temperature for test materials
with a schematic of the dominant fracture mode: (A) TiAl, and (O)
TiAlCr. ’

Figure 4 SEM fractographs of TiAl bend specimens: (a) 20 °C, and
(b) 600°C.

increased with temperature up to 600°C. Above
600 °C, the flexural strength decreased. At room tem-
perature, the fracture surface exhibited a transgranu-
lar-cleavage mode of fracture with typical “river-
patterns” as shown in Fig. 4a. Marks of twin and/or
slip lines were observed on quasi-cleavage fracture
surfaces of the specimens fractured at 600 °C (Fig. 4b).
Specimens tested at 800 and 1000 °C were very ductile
and did not fracture. The fracture surfaces of the
specimens bent at 800 and 1000 °C and subsequently
fractured at room temperature represented the room-
temperature fracture modes.

3.1.2. TiAICr

The flexural strength of TiAICr was very high at both
room and elevated temperatures compared to binary
TiAl An inverse temperature dependency of strength,
which wassimilar to that in the binary material, was
observed. The maximum strength was attained at
800 °C for TiAlCr.

Fractographical investigations carried out on the
room-temperature fracture specimens of TiAlCr
showed a dominant transgranular-cleavage-type frac-
ture (Fig.5a). Lamellar-type fracture regions were also
observed in the room-temperature fracture surfaces
representing the starting microstructure which con-
tained some regions of lamellar grains (Fig. 5b). La-
mellar-type fracture regions were also observed
similar to the room temperature fracture surfaces in
the specimens fractured at 400°C. Grain-boundary
cracking (Fig. 5¢) was predominant at 600°C and
void-nucleation sites were also observed (Fig. 5d). For
the TiAlCr also, the specimens tested at 800 and
1000°C did not fracture. But, fracture surfaces of the
specimens bent at these temperatures and sub-
sequently fractured at room temperature were charac-
terized by dominant dimple-fracture regions (Fig. 5e).

3.2. Fracture toughness
3.2.1. TiAl
The relationship between fracture toughness, J;,, and
temperature is shown in Fig. 6. The room-temperature
toughness was very low and increased with temper-
ature up to 800°C. Apparent fracture-toughness K-
values were calculated from the maximum fracture
load and net specimen thickness, and they were plot-
ted against the test temperature (Fig.7). A linear
increase in the fracture toughness was observed up to
800°C and thereafter it decreased. Room-temper-
ature-fracture-toughness K,-values were estimated
using non-side-grooved  specimens. The three
specimens tested ~yielded an average value of
12.7 MPam /2, which was almost identical to the
value obtained using the side-grooved specimen.
Microfractographs of TiAl toughness specimens are
shown in Fig. 8. Room-temperature fracture surfaces
exhibited an entirely transgranular-cleavage type of
fracture with typical “river-patterns” (Fig. 8a). The
specimens fractured at 600°C exhibited a dominant
transgranular-cleavage mode of fracture with some
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Figure 6 Fracture toughness, J;, versus temperature for the test
materials: (A)TiAl and (O) TiAlCr.

intergranular-fracture regions (Fig. 8b). Slip-plane
fracture with saw-toothed zigzag planes was also ob-
served (Fig. 8c). With a further increase in the test
temperature, the area of the intergranular-fracture
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Figure 5 SEM fractographs of TiAlCr bend specimens: (a) 20°C,
(b) 20°C, (c) 600 °C, (d) 600 °C, and (e) 800°C.
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Figure 7 Apparent fracture toughness, K, versus temperature for
test materials with a schematic of the dominant fracture mode: (A)
TiAl and (O) TiAICr.

region increased. The specimens tested at. 1000°C
exhibited an intergranular type of fracture in addition
to dimple fracture (Fig. 8d). With increasing temper-
ature, the fracture mode changed from a dominant
transgranular cleavage at room temperature to an
intergranular mode of fracture at intermediate tem-
peratures. At higher temperatures, dimple fracture was
dominant.
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Figure 9 SEM fractographs of TiAICr toughness specimens: (a) 20°C and (b) 1000°C.

3.2.2. TiAlICr

Side-grooved specimens were used to evaluate the
fracture-toughness values at room and elevated tem-
peratures and the estimated Ji.-values are shown in
Fig. 6. The room temperature toughness of TiAlCr
was very high compared to that of binary TiAl. With
an increase in temperature, the fracture toughness
increased up to a temperature of 800 °C and thereafter
it decreased.

Fractographs of the TiAlCr toughness specimens
are shown in Fig. 9. Room-temperature fracture was
predominantly by transgranular cleavage with typical
“river patterns”, similar to that shown in Fig. 5a and
some lamellar fracture regions were also observed

(Fig. 9a). The area of the intergranular-fracture re-
gions increased with increasing temperature. The frac-
ture mode changed to void nucleation, growth and
coalescence above 800 °C and the material showed the
highest toughness at this temperature (Fig. 9b).

4. Discussion

The mechanical propertics measured for TiAl and
TiAICr increased with temperature up to a transition
temperature and thereafter they decreased. The de-
tailed fractographical investigations carried out indic-
ate the different fracture modes at different temper-
atures. The increase in strength and toughness
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with temperature can be related to the fracture mech-
anism and is discussed in the following section. Addi-
tion of chromium substantially increased the flexural
strength and fracture toughness of titanium alumin-
ides. The improvement in the mechanical properties
due to addition of chromium can be attributed to
various reasons and these are also discussed.

4.1. Fracture mechanisms at elevated
temperatures
4.1.1. TiAl
Based on fractographical observations, the schematic
representation of the dominant fracture mode of bend
and toughness specimens are shown in Figs 3 and 7
respectively. For the binary TiAL room temperature
fracture was predominantly by transgranular cleavage
with typical “river patterns”. It was difficult to differ-
entiate between the fatigue-precrack and the unstable-
fracture region because of the brittle nature of failure
and the large grain size of the material. Lipsitt and co-
workers [10, 11] have investigated the deformation
substructure of TiAl up to 900 °C, and they suggested
that the mobility of the a/6[1 12] partial dislocation
controls the plasticity of TiAl. This partial dislocation,
which is a constituent of the a<0 1 1 superdislocation,
is immobilized below 700 °C by an unknown obstacle.
A large number of microcracks were observed in the
unstable-fracture region indicating that the failure
mechanism is by microcrack initiation and unstable
growth in contrast to the microvoid nucleation,
growth and coalescence in the case of conventional
titanium alloys [20]. Microcracks might have nu-
cleated in the stress-concentrated-dislocation pile-up
sites. The low room-temperature toughness- of binary
TiAl can be attributed to the poor ductility caused by
dislocation interlocking and pile-ups [10, 117].

Above 700°C the a/6[112] is no longer pinned,
and the activity of the a<{011}) superdislocations in-
creases rapidly with increasing temperature [10, 11].
Twins play an important role in the deformation
above 700°C because the a/6(112) partial disloc-
ation is also the twinning dislocation. During the
present investigations, cross-slips or twins were ob-
served .in the fracture of bend specimens tested at
600°C (Fig. 4b). But, no twins were observed in the
toughness specimens fractured at same temperature. A
sharp fatigue precrack in the toughness specimens
increases the crack-tip stresses substantially and pro-
motes cleavage failure. So, the increased brittle nature
of failure was observed in the toughness specimens.
The fracture surfaces were characterized by trans-
granular cleavage and slip-plane fracture with
saw-toothed zigzag planes (Fig. 8c). Some regions of
intergranular fracture were also observed.

Bend specimens tested above 800 and 1000 °C did
not fracture. Specimens tested at 800 and 1000 °C, and
fractured at room temperature, represented the room-
temperature fracture modes. In the toughness TiAl
specimens, intergranular-fracture regions were ob-
served at 800°C in addition to the transgranular-
cleavage-fracture régions. The flexural strength was
found to decrease at 800 °C compared to the strength
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at 600°C. The test material might have possessed
maximum flexural strength and fracture toughness in
between 600 and 800 °C. The fracture mode changed
from a dominant transgranular cleavage to an inter-
granular mode of fracture at this temperature. The
increase in mobility of the dislocations caused an
increase in ductility and thus an increase in the
toughness of the material.

Though grain-boundary separation was dominant at
1000°C, dimple-fracture regions were also observed.
The increase in the ductility above the brittle—ductile
transition temperature is normally attributed to dy-
namic recrystallization [21]. This phenomena is readily
detected by metallographic methods and is evidenced
by the decrease in hardness [22] and strength and by
the increase in ductility. Recrystallization is one reason
for the softening of the material at 1000 °C and for the
decrease in the toughness, K..

4.1.2. TiAICr

In addition to the increase in the measured mechanical
properties due to addition of chromium, the temper-
ature at which the maximum strength was obtained
was also found to increase. The maximum strength
was observed near 600 °C for binary TiAl while it was
between 700 and 800 °C for TiAlCr.

The room-temperature fracture surface of the
chromium-alloyed material was more or less similar to
that of the binary material. But, lamellar-type fracture
regions were observed in TiAlCr (Fig. 9a). The in-
creased amount of lamellar grains in TiAlCr might
have caused these lamellar fracture regions. The large
amounts of energy consumed in tearing hard, lamellar,
grains and the relaxation of stresses due to micro-
cracking at lamellar-grain boundaries might have res-
ulted in the improved mechanical properties.

Grain-boundary separation was dominant at
600 °C. Cavities or dimples were also observed on the
fracture surfaces (Fig. 5¢). Generally, it is considered
that cavities are nucleated from the second-phase
material or point defects [23]. During the present
investigations, cavities were observed in the bend
TiAICr specimens tested at 600 °C (Fig. 5c). From the
shape and size of the cavities, it is clear that the
cavities might have nucleated from the $-phase [17].
The presence of the B-phase in the ternary material
might have accelerated the cavity-nucleation process
at lower temperature than for the binary material.

With further increases in temperature, the concen-
tration of cavities considerably increased, and at
1000°C the specimen exhibited entirely dimple-like
fracture. The maximum strength was observed near
700°C and the maximum toughness at 800 °C. The
fracture mode changes from a dominant intergranular
fracture to dimple-like fracture near this transition
temperature.

4.1.3. A model for fracture-mode transition
From the foregoing results and discussion, a model to
explain the temperature dependency of the fracture
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Figure 10 Schematic representation of the dominant fracture mech-
anism for titanium aluminides.

modes can be proposed as shown in Fig, 10. At lower
temperatures, the deformation is interrupted by the
occurrence of cleavage fracture. The criterion for
cleavage fracture is given by the stress [24], and is
indicated by line 1 in Fig. 10. Although the critical
cleavage-fracture stress is almost independent of the
temperature in steels [24], it depends on the temper-
ature in TiAl-system intermetallic compounds. The
critical cleavage-fracture stress increases with increas-
ing temperature due to the increase in the mobility of
dislocations, which relax the stress concentration in
grains. At higher temperatures, since the grain-bound-
ary cohesive strength decreases with increasing tem-
perature, the critical intergranular-fracture stress (line
2 in Fig. 10) becomes lower than the critical cleavage-
fracture stress. There is a rather wide transition region
between these two different modes. The maximum
value of the strength is observed in the transition
region. At even higher temperatures, the deformation
is interrupted by the occurrence of dimple fracture.
The criterion for ductile dimple fracture is given by the
strain [25], and this is shown by line 3 in Fig. 10.
Another transition in the fracture mode from inter-
granular fracture to ductile dimple fracture is ob-
served.

It should be noted from the model proposed here
that the different factors corresponding to the fracture
modes should be taken into consideration in the
improvement of the strength, the fracture toughness
and the transition temperature. '

4.2. Effects of chromium addition

A substantial improvement in flexural strength and
toughness was obtained by the addition of chromium,
regardless of the fracture modes and temperatures.
The improvement in these properties can be related to
the microstructure and crystal structure, which are
affected by the addition of chromium, though many
other parameters (such as grain size and atomic bond-
ing), may also have some influence.

4.2.1. Microstructure
The room-temperature fracture surfaces were charac-
terized by a lamellar-type fracture in addition to

cleavage fracture with “river-patterns” whereas the
dominant fracture was of a transgranular-cleavage
type in the binary material. The increase in the
amount of lamellar grains in TiAICr results in lamellar
fracture regions. Lamellar microstructures increase
the crack-growth resistance and thereby increase the
toughness of the material [26, 27]. The TiAlCr was
also found to have a B-phase in addition to an ao,-
phase and a y-phase {17]. The influence of the B-phase
in Ti;Al-Nb alloys was studied in detail by many
investigators; the toughness of the material originated
from the ductile $-phase [28]. The high resistance to
fracture of the hard o,-phase and/or the presence of a
transformed ductile B-phase [17] contributed to the
improved fracture toughness of the TiAlCr alloy in-
vestigated.

In addition, many investigators have shown that
two-phase materials are more ductile than single-
phase titanium aluminides [7, 29, 30]. Huang and Hall
[7] and Vasudevan et al. [29] have discussed the effect
of the a,-phase on the ductility of TiAl Since, the a,-
phase dissolves more interstitials (Table I), such as
nitrogen and oxygen, than the y-phase, the increase in
the a,-phase takes more interstitials from the y-phase
and thereby increases dislocation mobility. Addition
of chromium strengthens and stabilizes the o,-phase
[30] and permits easy mobility of dislocations. This
increase in mobility of dislocations also contributes to
the improvement in toughness.

4.2.2. Crystal structure

The increase in the mechanical properties measured
can be related to the crystal structure of the material
[31, 32]. The unit cell of TiAl has a face-centred
tetragonal (f.c.t.) structure with a c¢/a ratio greater than
unity [33]. Sastry and Lipsitt [34] have studied the
deformation behavior of TiAl and they attributed the
poor ductility to the inactive slip system. But, addition
of ternary elements reduced the unit-cell volume and
the c/a ratio considerably [35, 36]. Plastic deforma-
tion becomes casier, and it might have resuited in
the increased toughness of the chromium-alloyed
material.

The above discussion is related mainly to the cleav-
age fracture. There is little information available
about intergranular fracture and ductile dimple frac-
ture of TiAl alloys at elevated temperatures. Further
detailed investigation is needed to comprehend the
dominant factor in the improvement of the strength
and fracture toughness of chromium-alloyed TiAl at
elevated temperatures.

5. Conclusions

Flexural-strength and fracture-toughness experiments
were carried out at different temperatures on TiAl and
TiAlCr, and the fracture mechanisms were investig-
ated. The results can be summarized as follows.

1. The flexural strength and fracture toughness of
the binary and ternary materials increased up to a
transition temperature and thereafter they decreased.
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There was an increase in the transition temperature at
which the strength and fracture toughness decrease;
this was due to the addition of chromium.

2. Addition of chromium improved the flexural
strength and fracture toughness of y-phase titanium
aluminides. The o,-phase and B-phase present in
chromium-alloyed titanium aluminide contribute pos-
itively to the flexural strength and fracture toughness.

3. The fracture mechanism at elevated temper-
atures is affected by the addition of chromium. Dimple
fracture was observed in the ternary material at a
lower temperature than in the binary material.

4. The fracture mode and fracture mechanism
changed with temperature. The various factors corres-
ponding to the fracture modes should be taken into
consideration of improvements in the strength and
toughness. :
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