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In the present work, controlling mechanisms of creep deformation of a new cast air-hardenable Ti46Al8Ta
[at.%] alloy was studied. Long-term constant load tensile creep tests combined with an abrupt change of the
applied stress were performed at 700 ◦C. The response of the alloy to a stress reduction is analyzed. Transient
behaviour with zero creep before recommencing creep at a reduced load is related to possible creep deformation
mechanisms. The dislocation microstructures are analysed for creep strains corresponding to the minimum creep
rate by transmission electron microscopy. The controlling mechanisms of creep deformation are identied from the
transient creep behaviour of the alloy during stress reduction, the stress exponent and dislocation microstructures
observed after creep testing.
PACS: 61.72.−y, 62.20.F−, 62.40.+i, 81.30.Mh, 83.50.−v

conditions [7, 8]. In many alloys, creep controlling pro-

1. Introduction

Cast TiAl-based alloys represent an important class of
high-temperature structural materials providing a unique
set of physical and mechanical properties for automotive engines, stationary gas turbines and aircraft engines.
These outstanding mechanical properties result mainly
from the fact that the as-cast microstructures consist of
well aligned

α2 (Ti3 Al)

and

γ (TiAl)

lamellae [1]. Reduc-

ing the grain size in cast samples has been shown to
improve signicantly room-temperature ductility without degradation of the creep resistance [2].

Hu et al.

[3] showed that Ta has low diusion coecients in both

α

(Ti-based solid solution) and

γ

phases and favours

the massive transformation over the lamellar formation
at low cooling rates.

Based on this concept, an air-

-hardenable Ti46Al8Ta [at.%] alloy, requiring only air
cooling from the single

α

phase eld to reduce the grain

size of the cast components via formation of massive

γM (TiAl),

was designed [3, 4].

Potential industrial ap-

plications of this alloy are conditioned by optimisation
of processing techniques [5, 6] and a more complex understanding of mechanical properties including creep at
operating temperatures.

cesses can be identied by observing the value of stress
exponent and the type of dislocation structure. However,
supplementary techniques are necessary to use to identify creep mechanisms in many TiAl-based alloys because
the stress exponent usually changes gradually with increasing stress [9]. Stress reduction test has been widely
used to identify the controlling mechanisms or to measure internal stresses during creep of metallic materials.
The presence or absence of an incubation period of zero
creep in a stress reduction test can assist in determining whether mechanisms based on dislocation recovery
(incubation period) or glide (no incubation period) control the creep of the alloy [10]. In spite of recent studies
on creep of Ti46Al8Ta [at.%] alloy [11, 12], transient
creep behaviour after a stress reduction and deformation
microstructures after creep at an operating temperature
◦
of 700 C have not been reported yet.
The aim of the present work is to identify controlling mechanisms of creep deformation of cast intermetallic Ti46Al8Ta [at.%] alloy using stress reduction test,
analysis of dislocation structure and experimental measurements of stress exponent.

Several mechanisms operative in the creep deformation
of TiAl-based alloys have been proposed in the literature

2. Experimental procedure

including dislocation activity (glide and climb), grain-boundary sliding, mechanical twinning, and dynamic
recrystallization, which are quite sensitive to the constituting phases, microstructural morphologies, and test

Cylindrical Ti46Al8Ta [at.%] bars with a diameter
of 13 mm and length of 120 mm were prepared from a
plasma melted ingot prepared by IRC Birmingham [13]
using centrifugal casting into ceramic moulds at ACCESS
(Germany) [14].
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The cast bars were subjected to ther-

momechanical heat treatment consisting of hot isostatic

(512)
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pressing (HIP) at an applied pressure of 200 MPa, tem◦
perature of 1260 C for 4 h, which was followed by so◦
lution annealing at 1360 C for 1 h and air cooling. The
heat treatment was nalized by HIP ageing at an applied
◦
pressure of 150 MPa and temperature of 1260 C for 2 h
◦
followed by cooling at a rate of 5 C/min [15].
Cylindrical creep specimens with a gauge diameter of
6 mm, gauge length of 30 mm and two ledges for attachment of high temperature extensometer were lathe
machined from the as-received bars.

The surface of

the gauge section was polished to a roughness of about

µm. Creep tests were performed at a temperature
◦
of 700 C under initial applied stresses ranging from 250
0.3

to 400 MPa. The specimen displacement was measured
using a high-temperature extensometer attached to the
ledges of the specimen. Continuous data acquisition and
processing of time-elongation data was accomplished by

Fig. 1. BSEM micrograph showing the microstructure
of the Ti46Al8Ta [at.%] alloy before creep.

a computer.
Microstructure evaluation of creep specimens was performed before and after testing by backscattered scanning electron microscopy (BSEM) and transmission electron microscopy (TEM). Metallographic preparation of
samples consisted of standard grinding using abrasive papers, polishing on diamond pastes with various grain sizes
up to 0.25

µm.

TEM samples were mechanically thinned

to a thickness of about 50

µm.

The thinning continued

in a solution of 300 ml CH3 OH, 175 ml 2-butanol and
◦
30 ml HClO4 at a temperature of −10 C and voltage of
40 V until sample perforation.

Volume fractions of co-

existing phases and the size of lamellar colonies were determined from digitalized micrographs using a computer
image analyser.

3. Results and discussion

Figure 1 shows the microstructure of Ti46Al8Ta

α2 +γ microstructure
of the as-received material consists mostly of the plate-

Fig. 2. Dependence of creep rate on strain at 700 ◦C.
The applied stresses are indicated in the gure.

[at.%] before creep. The convoluted
-like

α2

phase (bright grey contrast) which forms small

colonies within the

γ

phase [15].

As shown by Saage

et al. [4], this type of microstructure is formed by precipitation of the

α

and/or

α2

phases on four equivalent

{111} planes of the massively transformed γM during the
◦
second HIP-ing at 1260 C and cooling from two-phase

α+γ

eld. It should be noted that because of the convo-

value at a strain ranging from 1.2 to 2.6%, the creep rate
increases with increasing strain.

No steady-state creep
◦
stage is observed in the tests performed at 700 C and
applied stresses ranging from 250 to 400 MPa. The minimum creep rates

and applied stresses

ε̇min = Aσ n ,

luted type of microstructure of the studied alloy, the pa-

where

rameters usually used for microstructure quantication

nent.

such as colony size, lath distance, etc. are dicult to

ε̇min

σ

were tted

to the power law

A

(1)

is a material constant and

n

is the stress expo-

Figure 3 shows the dependence of the minimum creep

assess. Therefore, the microstructure is characterised by

rate on the applied stress.

the volume fraction of coexisting phases and mean length

the creep data, the stress exponent is determined to be

α2 laths measured from BSEM images such as that
shown in Fig. 1. For the heat treated alloy before creep,
of the

α2 laths
µm and (29.8 ± 1.3) vol.%,

mean length and average volume fraction of the
are measured to be (8.5 ± 0.3)
respectively [15].

Figure 2 shows the variation of the creep rate with

n = 7.0 ± 0.2.

Using a linear regression of

It should be noted that the stress ex-

ponent of 7 measured in this study is close to values
of 7.3 and 6.8 measured for Ti46Al2W0.5Si and for
Ti48Al2W0.5Si [at.%] alloys, respectively [16, 17]. On
the other hand, it is higher than the value of 5.8 mea-

strain. During the primary creep stage the creep rate de-

sured by Lapin et al. [11, 12] for the same alloy creep
◦
tested at temperatures from 700 to 800 C and applied

creases with increasing strain. After reaching a minimum

stresses ranging from 200 to 400 MPa or that of 5 deter-
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mined by Lapin [18] for Ti45.2Al2W0.6Si0.7B [at.%]
and Parthasarathy et al. [19] for selected polycrystalline
fully lamellar TiAl-based alloys. The obtained stress exponent is also higher than the experimentally measured
and theoretically predicted values of about 5 for the creep
controlled by dislocation climb in single-phase alloys [20].

Fig. 5. Variation of average creep rate with time during stress reduction from 350 to 250 MPa at 700 ◦C. The
duration of zero creep stage is indicated in the gure.
Microstructural observations revealed that the creep
of the specimens tested to strains corresponding to min-

Fig. 3. Dependence of minimum creep rate on the applied stress at 700 ◦C.
The high stress exponent

n

measured in this study re-

quires a supplementary experimental technique to identify the creep controlling mechanism.

In order to de-

termine the creep mechanisms, the alloy was crept at
350 MPa to a strain of about 2.8%, which is slightly
higher than that of 2% corresponding to a minimum
creep rate and then the stress was abruptly decreased
to 250 MPa.
Figure 4 shows the creep response of the alloy to this
stress reduction.
It is clear that the stress reduction is followed by a
zero creep stage and the creep at the new applied stress
of 250 MPa begins after an incubation period of 55 h, as
shown in Fig. 5. The presence of an incubation period of

imum creep rate is dominated by

1/2⟨110]

type ordinary

dislocations, as seen in Fig. 6. The lamellar interfaces appear to eectively constrain deformation to the individual

γ

lamellae with little evidence for direct transmission of

dislocations under applied creep conditions.
cations in the thicker

γ

The dislo-

lamellae tend to be elongated in

the screw orientation and appear to be frequently pinned
along their lengths. The dislocation segments form local
cusps along the length of the dislocations.

Such cusps

are frequently associated with tall jogs on the screw dislocation segments [16]. The dislocation segments bowing
between the jogs lie on parallel {111} planes and the jogs
themselves lie on a cross slip plane.

As suggested by

Appel [21], the jogs move by climb under the combined
action of thermomechanical stresses and osmotic climb
forces arising from the chemical potential of the excess of
vacancies.

zero creep after the stress reduction indicates that creep
is controlled by dislocation recovery where dislocation
climb is rate-controlling process.

Fig. 4. Creep strain response to stress reduction from
350 to 250 MPa at 700 ◦C. The incubation period is
indicated in the inset of the gure.

Fig. 6. TEM bright eld micrographs showing the deformation microstructure of the creep specimens tested
to a strain of 1.7% at 700 ◦C/250 MPa for 1372 h, zone
axis [1̄10]γ .
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The stress necessary to move channelling dislocations
within the

γ

the bowing stress, which explains the low dislocation density observed within the thin

γ

lamella shown in Fig. 6.

It should be noted that besides ordinary dislocations observed within the

γ

phase, few mechanical twins were ob-

served within some thick

γ

lamellae and some

γ

grains.

The contribution of mechanical twinning to the overall
measured creep strain is negligible at low strains corresponding to minimum creep rate but signicantly increases in advanced stages of creep [22].

4. Conclusions

Controlling mechanisms of the creep deformation of a
new cast air-hardenable Ti46Al8Ta [at.%] were stud◦
ied at 700 C. The creep curves show a primary creep
stage which is directly followed by tertiary creep. During the primary creep stage the creep rate decreases with
increasing strain. After reaching a minimum value, the
creep rate increases with increasing strain.

The power

law stress exponent for the minimum creep rates is mea-

n = 7.0 ± 0.2.

The presence of an incubation

period of zero creep after stress reductions indicates that
creep is controlled by dislocation recovery, where dislocation climb is probably the rate-controlling process. TEM
investigations reveal that ordinary dislocations in the

γ
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lamellae depends on the lamellar spacing.

The decrease of lamellar spacing results in an increase of

sured to be
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matrix dominate the deformation microstructures at

creep strains corresponding to minimum creep rate. The
dislocations are elongated in the screw orientation and
form local cusps, which are frequently associated with
jogs on the screw segments of dislocations.
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