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ABSTRACT The creep deformation behavior of an easy oriented PST crystal was investigated at 800 C in

compression creep. T he stress range was 120M Pa to 200 M Pa. The creep curves show ed a steady state stage.

The application of a powerlaw equation led to a stress exponent n= 6. 6 and the creep activation energy () .=

282 kJ/ mol, which indicated that dislocation climb controlls creep mechanism. TEM observation of the crept

samples at steady state regime showed the formation of substructures in some Y plates.
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1 INTRODUCTION

Among intermetallic alloys under develop-
ment for high temperature structural applica
tions, Y-TiAkFbase alloys have been, and con-
tinue to be, the most attractive one to the
aerospace industry due to their low density, high
strength retention at elevated temperatures. Be-
cause of the brittleness of these alloys at temper-
ature below ~ 700 C, most of the research ac
tivities has focused essentially on the optimiza
tion of room temperature ductility and fracture
toughness via suitable alloying additions and mr

1- 3
crostructure (:ontrol[ 1 .

Because Creep proper-
ty of ¥Y-TiAl alloys is important to its use as a
potential high temperature materials, without a
fundamental understanding of creep behavior,
there is greater risk associated with the use of Y-
TiAl in the envisaged critical propulsion applica-
tions. So far, the work on creep behavior of Y-
TiAl has been limited to the polycrystalline alloys

due to their complication of the microstruc

turel ¥ 9

, therefore, little knowledge and un-
derstanding in creep behavior of the alloys has
been gained.

Yamaguchi et al’’ have succeed in growing
the so-called polysynthetically twinned ( PST)

crystals of TiAl, which contains only a single
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grain with two phases T1Al/ Ti3A1 lamellar struc
ture, providing a good simulating material for
studying the deformation mechanism in two
phases alloys with fully lamellar structure. Stud-
ies on the tensile or compression properties of
PST crystals indicated that the deformation
mechanism of PST crystals strongly depend on
the angle ®between the lamellar boundaries and
the loading axis, and there exist two types of de-
formation depending on the angle . When the ¢
= 0" or 90°, shear deformation occurs across the
boundaries and yield strength is high, which is
called the hard-type deformation; when the an-
gle Pvaries from 35° to 75°, the yield strength is
low, which is called the easy-type deformation.

In present study, Tr48Al PST crystals
were prepared by using induction floating zone
melting furnace, and the creep behavior of speci-
mens oriented with easy-type deformation was
investigated. The purpose is attempt to detect
the creep mechanism of lamellar structure with
this orientation.

2 EXPERIMENTAL

The master ingot with nominal composition
of Tr48Al was prepared by induction levitation
melting T1 sponge and high purity Al in a water
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cooled copper crucible. Rods, 8 mm in diameter
and 100mm long, were cut from the master in-
ot. The PST crystals were grown from the rods
using an induction floating zone melting furnace
by controlling the growth rate under an argon at-
mosphere. Compression samples, approximately
3mm X 3mm in cross section and 5. 5Smm long,
were cut from as grown crystals with the traces
of the lamellar boundaries perpendicular to the
compressive axis on the X-face, while on Y-face
the lamellar boundaries were seen to edge on, as
shown in Fig. 1. The angle between lamellar
boundary and compressive axis was represented
by @ which was 45° in the samples.
Compression creep testing was conducted at
850 C in air under constant load control on a
compression creep test machine equipped with
lever arms of 10: 1. The stress level ranges from

120M Pa to 200 M Pa .

system was used to monitor and record strain da-

An optical measurement

ta. Minimum creep rates were determined using
sliding regression.

The deformation structure of the crept sam-
ples were preserved by cooling the samples under
load. The TEM foils were prepared by jet using
an electrolytic solution of 8% (in volume) per-
chloric acid + alcohol. TEM investigations were
conducted on Hitachi H-800 operating at 150kV
with double tilt stage.

Compression axis

Lamellar X — face Y—face
|
Fig. 1 Geometry of compression specimen

3 RESULTS

3.1 Determination of the crystallographic ori-
entation of the loading axis
The orientation relationship between the

TiAl and TizAl phases in the lamellar structure
of Trrich TiAl compounds has been reported in
detail in the previous paper[i, Le (111)
(0001) o and [ 110] ¢ I <112074

{11207 directions on the hasal plane in the TizAl
phase with the hexagonal D09 structure are all
equivalent while the [ 110] direction and the oth-

er two <101] and <011] directions on the (111)
plane in the TiAl phase with tetragonal L 1o

Since three

structure are not equivalent to each other, there
are six possible orientations of the [ 110] direc

tions in the TiAl phase with respect to (11207
directions in_the TizAl phase, that is

[ 1 ][110] 1 1[1120] o,
[TH][110] 1 [IZO]G,
[Hﬂ[ll()] vt 7[2110] (1)
[ 1 ][110] . T[IIZO]G,
[ 1 ][110] . T[lZO]G,
[ T 110] v+ 1 [2110] o (2)

where T T and ! T mean paraﬂel and antipar
allel. Thus, in the TiAl/Ti3Al lamellar struc
ture, the TiAl phase can exist in six orientation
variants. The TiAl domains with six variants
can be classified into two types of domains, 1.
e., the matrix domains corresponding to the
[ II] and [ III in Eqn. (1), and
twin domains corresponding to the variants
[ I], [ II] and [ II]] in Eqn. (2). The thin foil

was cut parallel to the Y-face of the crept sam-

variants [ 1 ],

ples, and its normal was determined nearly to be

(110>. Thus,

with respect to the matrix domains of the variant

[ I ] was calculated to be [ 441].

the orientation of loading axis

3.2 Creep behavior

The creep curves of the samples with ¢ =
45° at different stress levels are shown in Fig. 2,
as strain vs. time ( &t ) plots.

The creep curves are essentially of normal
type. After the initial strain on loading, the
creep rate decreases gradually during “ primary
stage”, until an apparently constant or steady-
state rate is reached during the “ secondary

stage”. The extent of the three stages can vary
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markedly with respect to strain and time for dif-
With the increase of
the duration of the steady-state
stage became short, or disappeared, and the ter

ferent stress conditions.
stress level,

tiary stage was onset early. The minimum creep
rates for different stress levels measured through
the linear regress method are listed in Table 1.
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Fig. 2 Creep strain vs. time of the
samples with ®= 45" at 800 C
Table | Minimum creep rate at different

stress levels

Orientation Stress level Temperature Minimum creep

/(%) /M Pa / C rate/ h™ !
120 800 3.31x 10 °

45 150 800 2.39x 1074
200 800 1.49x 10" 3

The stress dependence of the minimum
creep rate is usually described by power law ac
cording to §,= AJ'( Q(./RT)[SZ, where A is a
constant, (). is the activation energy for creep,
R the gas constant, T the ahsolute temperature,
n the stress exponent.

This equation yields a linear relation be
tween &, and Oin a double logarithmic plot. The
slope of this curve yields a stress exponent n.
The stress dependence of the minimum creep
rate for specimens with ®= 45" at 800 C is
shown in Fig. 3(a). It can be seen that welkde
fined linear relations are obtained, which demon-
strates that the creep rates for PST crystals with
P= 45" in the present experimental conditions
exhibit a power law dependence on the applied
stress. The value of stress exponents is equal to
the slope of line, 1.e. n= 6.6, which is slightly

higher in comparison to the value found in fec
metals and alloys for dislocation creep.

The activation energy for the secondary
creep was determined by deforming a series of
specimens at the same stress but at different
e. g 700 °C, 750 C, 800 C,
850 C. According to the power law, Arrhenius
type curve was plotted for In§, with reciprocal
test temperature, 1/( RT ), under stress of 150
MPa, as shown in Fig. 3(b), in which welkde
fined linear relations are also obtained. From the
slope of the curve in Fig. 3(b), the activation
energy for the secondary creep were determined,
which was 282k]J/ mol, and quite close to the ac

temperatures,

tivation energy for self diffusion of T1i in single
phase TiAl ,i.e. 290kJ/ mol'”!.
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Fig. 3 Stress and temperature dependence
of the minimum creep strain rate
of the samples with = 45°
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3.3 Deformed microstructure during sec
ondary creep

Fig. 4 shows the micrographs of the de
formed structure corresponding to the secondary
creep regime of the specimens at 150 MPa. It
can be seen that the deformation occurred pri-
marily parallel to the lamellar houndaries, and no
dislocations, or deformation twins were seen to
pile up at the houndaries. The deformation mr
crostructures in different Y plates are quite dif-
ferent, and dislocation tangles and substructures
constitute the main deformation microstructures
in most Y plates, as shown in Fig. 4(a). The
dislocation walls and subgrains can be seen in
many Y plates, as shown in Fig. 4(b), (¢),
which are thought to be formed as result of climb
of edge segments. Deformation twins are occa
sionally found in some Y plates of the crept specr
mens, as shown in Fig. 4(d).

4 DISCUSSION

Six different types of ordered domain exist-
ing in TiAl phase constituting in TiAl/Ti;Al

lamellar structure have been established, and the
crystallographic orientations of the loading axis
with respect to the matrix domains of the variant
[ has also been determined. Thus, the Schimd
factors for the slip systems and twinning on the
(111) planes parallel to the boundaries in six
types of TiAl domains can be calculated, which
is listed in Table 2.

Because the angle bhetween the lamellar
houndaries and the loading axis is 45°, the slip or
twinning systems with the highest Schmid fac
tors are on the ( 111) planes parallel to the
lamellar boundaries. So the shear deformation
will occur along the lamellar boundaries, and the
dislocations or twins will not interact with the
boundaries, as seen in Fig. 4. Otherwise, the
situation of the deformation in each Y plate is
quite different. It depends on the magnitude of
the Schmid factors for slip or twinning system.
From Table 2, we can see that, in ¥ plates with
variant [, 1/6] 112] twinning system has the
highest Schmid factor, so the activity of twin-
ning is favor in these Y plates. While in oth-
er Y plates with varient II or varient III the

Fig. 4 Micrographs of deformed structure corresponding to secondary creep
(a) —the typical creep deformation structure in the samples with $= 45°, 0= 150 MPa, €~4%;
(b) —dislocation wall in a Y plate; (¢) —subgrain formed in a ¥ plate; (d) —twinning deformation in a Y plate
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Table 2 The Schmid factors for the slip systems on (111) plane
in Y domains with six orientations
slip variant [ variant I1 varlant 111
planes . : : : : : :
direction matrix twin matrix twin matrix twin
1/72] ITO] 0 0 0.435 0.435 0.435 0.435
(111) [Olz] 0.435 0.435 0.435 0.435 0 0
[ 101] 0.435 0.435 0 0 0.435 0.435
1/6[1151 0.5 0.5 0.215 0.215 0.215 0.215

1/2] IIO] dislocations are predicted to operate by
So the

magnitude of Schmid factors controls the activity

the magnitude of the Schmid factor.

of the slip or twinning system and results in the
different deformation morphologies in Y plates
with different variations.

Based on previous studies of creep deformar
tion of Y-TiAl'* % the dependence of mini-
mum creep rate on stress usually can be described
using a power law description, in which creep
deformation controlled by dislocation climb gen-
erally exhibits a stress exponent on the order of 4
to 5. Dislocation climb controlled creep also calls
for an activation energy equal to that for self dif-
fusion, given that creep is taking place within
the high temperature regime of power law re
gion. From the present results, the value of the
stress exponent is 6. 6, which is a little higher
than that for dislocation climb controlled creep,
but the creep activation energy of power law for
the samples with ®= 45 is 285 kJ/ mol, which
is close to that for T1i self diffusion and in agree-
ment with the classical creep theory which pre-
dicts dislocation climb as rate limiting for creep.
The observation to the deformation structure of
the crept samples shows the formation of disloca
tion wall and substructure in some ¥ plates which
results from dislocation climb. Based on these,
we suggest that creep deformation of the sample
with easy orientations within the present tem-
perature and stress regime is primarily controlled
by a dislocation climb process. But the higher
stress exponent may be attribute to the character
of lamellar structure in PST crystal. As dis
cussed above, the deformation mechanism differs
in the Y plates with different orientation varr
ants, and in some Y plates, the twinning defor-
mation occurs during creep, which can not be

predicted by classical creep theory. It may be
one of the reasons of high value of exponent for
power law.

5 CONCLUSIONS

(1) The creep curves for PST crystals with
easy orientation at 800 C, stress level range of
120 M Pa to 200 M Pa exhibit the steady state
stage.

(2) The stress exponent and creep activa
tion energy for power law are 6. 6 and 285 kJ/
mol respectively. With the observation to the
creep deformation structure, we learn that the
creep process is mainly controlled by the disloca
tion climb.

(3) The deformation structure observation
by TEM shows that the deformation morpholo-
gies are different in each Y plates, which is at-
tribute to the Schmid factors for slip or twinning
system in Y plates with different orientation varr

ants.
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