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Abstract

Creep properties of two cast TiAl-based alloys with nominal chemical composition Ti-46Al-
2W-0.5Si and Ti-45A1-2W-0.6Si-0.7B (in at.%) were investigated. The constant load creep
tests were performed in air at applied stresses ranging from 200 to 390 MPa in the temperature
range from 973 to 1073 K. For both alloys, the minimum creep rate is found to depend strongly
on the applied stress and temperature. The power law stress exponents of minimum creep rate
and the apparent activation energies for creep are determined. The initial microstructure of
the alloys is unstable. In the lamellar and feathery regions, the a2 (TizAl)-phase transforms to
the v(TiAl)-phase, B2 particles and fine TisSis precipitates. The main microstructural change
observed in the 7-rich region was precipitation of fine TisSi3 particles. Ordinary dislocations
in the v matrix dominate the deformation microstructures at creep strains lower than 1.5 %.
For both alloys at low creep strains, the kinetics of the creep deformation is proposed to
be controlled by non-conservative motion of dislocations. The alloy doped by boron shows

o7

superior creep resistance when compared to that of boron-free counterpart alloy.
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1. Introduction

TiAl-based intermetallic alloys have been exten-
sively studied as potential high-temperature struc-
tural materials in the gas turbine and automotive in-
dustry for various applications such as blades in the
last stage of the low-pressure turbine, high-pressure
compressor blades, vanes, casings, diffusors, automo-
tive exhaust valves and turbocharger wheels [1-6]. At
intermediate temperatures (about 1023 K), these al-
loys can successfully compete with titanium alloys [7],
nickel based single crystalline superalloys [8—10], nickel
aluminides [11-14], or iron aluminides [15-17]. Since
TiAl-based alloys are difficult to hot work, cold work
or machine, large attention is paid to investment cast
alloys [18].

Among various TiAl-based systems, cast ABB-2
and ABB-23 alloys with nominal chemical com-
position Ti-46A1-2W-0.5Si and Ti-45A1-2W-0.6Si-
-0.7B (in at.%), respectively, have been developed as
potential blade material for stationary gas turbines

[4]. The ABB-23 alloy was derived from its boron-
free counterpart ABB-2 alloy [19]. Alloying by boron
was proved to be an effective and economic method
to achieve grain refinement, reduce lamellar colony
size and prevent uncontrolled grain growth during
heat treatments performed within the single phase
a-field [20-22]. In spite of the fact that the micro-
structure, microstructure stability and creep beha-
viour of the ABB-2 and ABB-23 alloys have been stud-
ied by several authors [23-27], microstructure stabil-
ity and mechanical properties of small simple shape
specimens can differ significantly from those prepared
from large complex shape castings. Therefore, it is of
great importance to study microstructural and mecha-
nical properties on prototype castings and to define
real application potential of these alloys for the in-
dustry.

The aim of this paper is to study creep properties
of two investment cast alloys with nominal chemical
composition Ti-46A1-2W-0.5Si and Ti-45A1-2W-0.6Si-
-0.7B (in at.%). The initial microstructure, micro-
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structure stability, deformation microstructures and
kinetics of creep deformation are reported and dis-
cussed.

2. Experimental procedure

Creep experiments were conducted on the alloys
with the chemical compositions given in Table 1. The
material was provided by Alstom Ltd. in the form of
large investment cast turbine blades, plate with di-
mensions 15 X 75 x 121 mm and cast cylindrical bars
with diameter of 16 mm and length of 200 mm. The
as-received components were subjected to hot isostatic
pressing at applied pressure of 172 MPa and tempe-
rature of 1533 or 1543 K (Blade 2) for 4 h, which was
followed by solution annealing at 1623 K for 1 h and
gas fan cooling. The heat treatment was completed by
stabilization annealing at 1273 K for 6 h and furnace
cooling to room temperature.

Tensile creep specimens with a gauge length of 20
mm and gauge diameter of 4 mm were cut from the
central part of the cast components by electro spark
machining. After lathe machining, the specimen sur-
face was polished to a roughness of about 0.3 pm. Con-
stant load creep tests in air were performed at tempe-
ratures of 973, 1023, and 1073 K under initial tensile
stresses ranging from 200 to 390 MPa. The specimen
displacement was measured using a high-temperature
extensometer attached to the ledges of the creep spe-
cimen. The extensometer was equipped with a linear
variable displacement transformer (LVDT). The ac-
quisition of time-elongation data was accomplished by
computer and data processing was performed by com-
puter program.

Microstructural analysis was performed by op-
tical microscopy (OM), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and
energy dispersive X-ray (EDX) spectroscopy. OM and
SEM samples were prepared using standard metallo-
graphic techniques and etched in a reagent of 150 ml
H->0, 25 ml HNOj3 and 10 ml HF. TEM samples were
thinned mechanically to thickness of about 40 ym and
then by ion milling until perforation. Volume fraction
and size of coexisting phases were determined by com-
puterized image analysis.

3. Results and discussion
3.1. Microstructure before creep

Figure 1a shows the typical as-received microstruc-
ture of the ABB-2 alloy. The microstructure of gauge
region of creep specimens is equiaxed with an av-
erage grain size of about 600 pm. The microstruc-
ture within the grains consists of lamellar (66 vol.%),

Fig. 1. SEM micrograph showing the typical microstruc-

tures in the gauge region of creep specimens before testing:

(a) ABB-2 alloy, (b) ABB-23 alloy. L — lamellar region, F —

feathery region, G — ~-rich region, £ — TisSis precipitates,
P — boride particles.

feathery (26 vol.%) and ~-rich (8 vol.%) regions. The
lamellar regions contain continuous as(TizAl) lamel-
lae in the v(TiAl) matrix with a mean as-ay inter-
lamellar spacing of 645 nm. Besides the continuous
lamellae, discontinuous lamellae composed of as seg-
ments, fine needle-like B2 particles and Ti5Sis precip-
itates are also observed in the lamellar regions [23, 26].
Some lamellar regions contain coarse blocky type B2
particles. The feathery regions are composed of the
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Table 1. Chemical composition of the investment cast components (in at.%)

Material Ti Al %% Si B C Fe Cu O N H
ABB-2 Plate Bal. 46.11 2.02 0.48 - 0.017 0.017 0.001 0.168 0.093 0.040
ABB-2 Blade 1 Bal. 46.88 1.96 0.53 - 0.024 0.041 0.004 0.193 0.032 0.040
ABB-2 Blade 2 Bal. 46.23 2.00 0.48 - 0.017 0.015 0.001 0.087 0.038 0.081
ABB-23 Bars Bal. 45.11 2.01 0.59 0.74 0.020 0.031 0.001 0.184 0.031 0.009
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Fig. 2. TEM micrograph showing a» lamellae and « matrix

with low dislocation density in lamellar and ~v-rich regions

of the ABB-23 alloy before creep testing. Zone axis near
[110] and g vector (111).

~ phase, irregular partially decomposed «s lamellae,
B2 particles and TisSis precipitates [23, 26]. The -
-rich regions are composed of the ~ matrix and
coarse spherical Ti5Siz precipitates. Figure 1b shows
the typical microstructure of the ABB-23 alloy.
The microstructure is equiaxed with an average
grain size of 85 pm. The microstructure consists
of lamellar regions L (48 vol.%) with an average
colony size of 70 pum and elongated ~-rich regions
G (52 vol.%). The lamellar regions are composed
of as; and ~ lamellae with a mean as-a inter-
lamellar spacing of 530 nm. Besides the continu-
ous as-lamellae, lamellae partially decomposed into
the ~+ matrix and needle-like B2 particles are ob-
served. Fine TisSi3 precipitates were identified at
lamellar ay /v interfaces [22, 28]. Some lamellar re-
gions contain coarse blocky type B2 particles. The -
-rich regions contain vy matrix with numerous ribbon-
like boride particles, rod-like B2 particles, as phase
and coarse TisSiz particles. It should be noted that

0 2 4 6 8 10

Strain [%)]

Fig. 3. Dependence of creep rate on the strain for the ABB-
-23 alloy at 1073 K. The applied stresses are indicated in
the figure.

both alloys showed very low dislocation density be-
fore creep testing, as illustrated in Fig. 2.

3.2. Creep

Figure 3 shows variation of the instantaneous creep
rate with the strain. During the primary creep stage
the creep rate decreases with increasing strain. After
reaching its minimum at a strain of about 1 %,
the creep rate continuously increases with increasing
strain. Such deformation behaviour is typical for both
studied alloys at all testing temperatures and applied
stresses. The minimum creep rates £, and the ap-
plied stresses o were fitted to the power law

Z'fmin = AJ"? (1)

where A is a constant and n is the stress exponent. Fig-
ure 4 shows variation of the minimum creep rate with
the applied stress. Using linear regression analysis of
the creep data, the stress exponents are determined to
vary from 7.1 to 7.6 and from 4.8 to 5.3 for the ABB-2
(Blade 1) and ABB-23 (Bars) alloy, respectively. The
correlation coefficients r? of these fits are better than
0.96. The measured stress exponents are comparable
with those ranging from about 2 at low stresses to
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Fig. 4. Variation of the minimum creep rate with the ap-

plied stress for the ABB-2 and ABB-23 alloys: (a) 973 K,

(b) 1023 K, (c) 1073 K. The stress exponents, test tem-

peratures and type of tested components are indicated in
the figures.

about 10 at high stresses reported by Appel and Wag-
ner [29] for various TiAl-based alloys. Relatively large
scatter of the measured minimum creep rates among
the cast ABB-2 components indicates lower reprodu-
cibility of the applied investment casting technology
and heat treatments. In spite of the large scatter of
minimum creep rates, all minimum creep rates meas-
ured for the ABB-2 alloy at temperatures of 1023 and
1073 K and applied stresses larger than 200 MPa are
higher than those measured for the ABB-23 alloy. This
difference increases with increasing applied load.

The stress-minimum creep rate-temperature data
were also fitted to the Bailey-Norton power law ex-
pression

émin = A'J" exp (-%) s (2)

where A’ is a constant, Q, is the apparent activation
energy for creep, R is the universal gas constant and T
is the absolute temperature. The apparent activation
energy for creep @, is calculated according to Eq. (2)
in the form

Jln émin
Qa B |:8(1/RT):| o=const .

®3)
The apparent activation energy for creep calculated
for five different applied stresses at three different tem-
peratures is 427 and 355 kJ/mol for the alloy ABB-
-2 and ABB-23, respectively. These values are higher
than those of 250-295 kJ/mol determined for self-
-diffusion of Ti in TiAl [30]. On the other hand, the
activation energy determined for creep of the ABB-23
alloy is comparable with a value of 358 kJ/mol repor-
ted for self-diffusion of Al in TiAl [30]. The measured
activation energies for creep fall into the interval ran-
ging from 230 to 430 kJ/mol reported for the creep of
various TiAl-based alloys [29]. Figure 5 shows the min-
imum creep rate normalized by an exponential term
including the apparent activation energy for creep, the
absolute temperature and the universal gas constant
as a function of the applied stress. From this figure,
it is obvious that all creep data over the studied tem-
peratures and applied stresses cluster around straight
lines. Regression analysis of the creep data yields an
equation for the minimum creep rate of the ABB-2
alloy in the form

42 1
Emin = 1.11 x 107 *0" % exp (_%) (4)

and for the ABB-23 alloy in the form

1
Emin = 5.48 x 1073071 exp <_w> )

RT
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Fig. 5. Minimum creep rate normalized by the apparent

activation energy for creep ., the universal gas constant

and the absolute temperature as a function of the applied

stress. The type of tested components is indicated in the
figure.
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Fig. 6. Dependence of applied stress on the time to 1%
creep deformation in the form of Larson-Miller graph. The
type of tested components is indicated in the figure.

The correlation coefficients of these fits r? are better
than 0.96.

For rotating components like turbine blades, the
maximum overall creep strain depends on the engine
tolerance and is usually less than 1 %. From this
point of view, the time to 1% creep deformation is
of large interest. Figure 6 summarizes the dependence
of the applied stress on the time to 1% creep deform-
ation in the form of Larson-Miller parameter LMP =
T(C + logtyy), where C'is a constant and ¢ is the
time to 1% creep deformation. The LMP is calculated

assuming a constant of C = 25 and taking the meas-
ured time to 1% creep strain. The comparison of the
creep data shows that the creep specimens prepared
from the ABB-2 alloy have inferior 1% creep strain
resistance than those prepared from the ABB-23 alloy
but this difference decreases with decreasing applied
stress. Superior creep resistance of the ABB-23 alloy
can be attributed to better thermal stability of lamel-
lar ap /7y regions when compared to that of the ABB-2
alloy [31].

3.3. Microstructure after creep

Microstructural observations of the crept speci-
mens revealed that the initial microstructure of the
ABB-2 and ABB-23 alloys is unstable. In the lamel-
lar and feathery regions, the as-phase transforms to
the v phase, B2 particles and fine Ti5Si3 precipitates.
The main microstructural change observed in the -
-rich region was precipitation of fine Ti5Siz particles.
The applied stresses accelerate the coarsening kinet-
ics of needle-like B2 particles [32]. The driving forces
for such microstructural changes arise from changes of
the phase equilibria. As proposed recently by Gil et al.
[23] and Mufioz-Morris et al. [24] for the ABB-2 and
ABB-23 alloys, the initial ¥ + @y + B2 microstruc-
ture formed during thermal treatments is inherently
unstable and transforms to a stable v + B2 during
ageing in the temperature range from 1173 to 1273 K.
However, full transformation of the as phase into the
~v and B2 phases was not observed in this study. Such
relatively good structural stability of the studied al-
loys can be explained by stabilizing effect of W, which
shows strong partitioning into the § phase from the
« and « phases and stabilizes also as lamellae in the
~ matrix. During ageing relatively large compositional
changes of coexisting metastable phases must occur by
diffusion of W to dissolute completely oy phase and
to achieve equilibrium volume fraction of B2 and ~
phases at given temperature. However, the diffusivity
of W is known to be very slow at the temperatures of
engineering interest [33], which explains stabilization
of ais phase in the microstructure.

Superior creep resistance of the ABB-23 alloy when
compared to that of the ABB-2 is in a very good
agreement with our previous comparative study on
the microstructure stability of the studied alloys [31].
Since these alloys differ also in the content of alu-
minium (1 at.%), better lamellar structure stability
of the ABB-23 alloy can be only partially attributed
to a positive effect of boron. Besides the grain refine-
ment, boron refines the lamellar structure (A = 530
nm) of the ABB-23 alloy when compared to that of
the ABB-2 (A = 645 nm). However, the mechanisms,
how the minor boron additions affect the stability of
ao /7y lamellar structure in tungsten containing alloys
with the same aluminium content, are still unknown.
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Fig. 7. TEM micrographs showing the deformation micro-
structures in the ABB-2 alloy after creep test at 973 K /200
MPa for 7300 h to a creep strain of 1.3 %: (a) lamellar re-
gion — zone axis near [110] and g vector (111), (b) ~-rich
region — zone axis near [110] and g vector (111). £ — Ti5Sis
precipitates.

Zhou et al. [22] assumed that B segregates at the
lamellar «o/+ and ~/~ interfaces and improves sta-
bility of lamellar structure by: (i) decreasing number
of faults in the lamellar structure and (ii) formation
of boride precipitates at the interfaces, which retards
initial critical processes leading to lamellar instabilit-
ies. However, previous studies of Larson et al. [34, 35]
showed no appreciable evidence of boron segregation

Fig. 8. TEM micrograph showing deformation twins in the

ABB-2 alloy after creep testing at 1023 K/200 MPa for

25667 h to a creep strain of 6.7 %. Zone axis near [110]
and g vector (111).

or boride precipitation to lamellar v/v and ag /7 inter-
faces in Ti-47A1-2Cr-2Nb-0.2W-0.15B (in at.%) alloy.
Since the solubility of boron in the v and as phases
is 0.011 and 0.003 at.%, respectively, boron mainly
concentrates in the boride particles (TiBy and TiB)
[34]. Li and Cao [36] showed that minor boron ad-
dition suppresses the formation of metastable feath-
ery and Widmanstétten microstructure during heat
treatments, which improves the thermal stability of
the lamellar structure and prolongs the creep rupture
life. Similar effect of B on the microstructure and creep
resistance is also observed in the present work.
Microstructural observations revealed that the
creep of the specimens to strains lower than about
1.5 % is dominated by 1/2 < 110] type of ordinary
dislocations in the v matrix. The deformation is in-
homogeneous with smaller dislocation densities in the
thinner ~ lamellae and significantly larger densities in
the thicker v lamellae, as seen in Fig. 7a. During long-
-term creep testing precipitation of fine Ti5Siz particles
in the v matrix was observed. These precipitates act
as effective pinning points for ordinary dislocations,
as seen in Fig. 7b. Clusters of coarse Ti5Sis particles
also act as effective obstacles to dislocation motion so
that dislocations are piled-up at the v matrix/particle
interfaces. The dislocations in the v matrix 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 dis-
locations. Such cusps are frequently associated with
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the tall jogs on the screw segments of dislocations.
The dislocation segments bowing between the jogs lie
on parallel {111} planes and the jogs themselves lie
on a cross slip plane. As shown by Appel [37], the jogs
move by climb under the combined action of thermo-
mechanical stresses and osmotic climb forces arising
from the chemical potential of the excess of vacan-
cies. The dislocation glide at intermediate and high
applied stresses was suggested to be controlled by non-
-conservative dragging of such jogs along the length
of screw dislocations [38]. As revealed by TEM ob-
servations of the crept specimens and stress reduction
experiments [27, 28], creep of the ABB-2 and ABB-
-23 alloys at strains lower than 1.5 % is controlled by
non-conservative motion of dislocations and contribu-
tion of deformation twinning is of a minor import-
ance. Figure 8 shows formation of deformation twins
at creep strains higher than 1.5 %. Contribution of
such deformation twinning to the overall creep strain
increases with increasing strain [39].

4. Conclusions

The investigation of creep properties of cast Ti-
-46A1-2W-0.5Si and Ti-45A1-2W-0.65i-0.7B (in at.%)
alloys designated as ABB-2 and ABB-23, respectively,
suggests the following conclusions:

1. Creep curves of both studied alloys show
primary creep stage that is directly followed by a ter-
tiary creep. Minimum creep rate is found to depend
strongly on the applied stress and temperature. The
stress exponents are determined to be 7.3 and 5.1 and
apparent activation energies for creep are calculated
to be 427 and 355 kJ /mol for the ABB-2 and ABB-23
alloy, respectively.

2. The initial microstructure of both alloys is un-
stable during creep in the temperature range 973-
-1073 K. Transformation of the aq(TizAl)-phase to
the (TiAl)-phase, needle-like B2 particles and fine
Ti5Siz precipitates is observed. However, this process
is very slow at temperatures of engineering interest
and continuous a lamellae are preserved in the mi-
crostructure after long-term creep testing.

3. Minimum creep rates measured for the ABB-23
alloy at temperatures of 1023 and 1073 K and applied
stresses higher than 200 MPa are lower than those
measured for the ABB-2 alloy. The ABB-23 alloy has
superior 1% creep strain resistance than that of the
ABB-2 but this difference decreases with decreasing
applied stress. Superior creep resistance of the ABB-
-23 alloy, when compared to that of the ABB-2, can
be attributed to a better thermal stability of lamellar
structure of the boron doped alloy.

4. Deformation microstructures at creep strains
lower than 1.5 % are dominated by ordinary dislo-
cations in the 7 matrix. Strong interaction of dislo-

cations with fine precipitates is observed. The kin-
etics of creep deformation is controlled by non-
-conservative motion of ordinary dislocations at low
creep strains.
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