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ABSTRACT TiAl PST erystals were grown using an induction floating zone melting furnace. The creep
behavior and deformation structure at 800 ‘C were studied for the samples with three orientations. T he resulis
indicate that the creep behavior of PST erystals is strongly dependent on the lamellar orientation with respect

to the loading axis. The presence of lamellar boundaries influences the creep deformation. They may not only

inhibit shear deformation across the lamellae, but also pin the dislocation and restrict its motion.
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1 INTRODUCTION

Without a fundamental understanding of its
creep behavior, there is great risk associated
with the use of TiAl in the envisaged critical
propulsion applications. Recent investigations
have shown that the creep strength of TiAl al-
loys is very sensitive to microstructure, and the
microstructure with fully lamellar structure has
been found to have the highest creep resis

(121 Thoese are associated with the lamellar

[3.

tance
houndaries' > *l. However, there have heen only
a limited number of studies dealing with the
creep mechanism, especially the effects of lamel-
lar boundaries on creep of this fully lamellar
Polysynthetically twinned ( PST)

crystal provides a good simulating material for

structure.

studying the mechanism of creep in the alloys
with fully lamellar structure, because the so
called PST crystals contains a single set of lamel-
lar structure. In this study, PST crystals were
grown and their creep behavior was investigated,
focusing on the effects of lamellar boundaries on
creep deformation.

2 EXPERIMENTAL PROCEDURE

Tr48Al ( mole fraction, %) PST crystal
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rods with a diameter of 8 mm were grown using
an induction floating zone furnace. The com-
pression specimens with the dimension of 3 mm
X3 mm X 6 mm were cut from asgrown PST
crystal, as schematically shown in Fig. 1. The
angle between lamellar boundary and compres-
sion axis was represented by ¢. The compression
creep behavior of the samples with three orienta
tions, i.e., ¢= 0", 45 and 90°, was studied in
this paper. Compression creep testing was con-
ducted at 800 C in air under constant load on a
compression creep test machine. The stress lev-
els were 150 MPa for the samples with ¢= 45°
and 350 MPa for ¢= (0° and 90° respectively.
The TEM observations of the deformation struc
ture at the secondary stage for the three oriented
samples were carried out on a Hitachi H-800
transmission electron microscope.

3 RESULTS

3.1 Creep curves for samples with three orienm
tations
The creep curves for the samples with ¢=
45°, 0° and 90° at 800 C and stress level of 150
MPa and 350 M Pa are shown in Fig. 2, as strain
vs time ( &¢) plots. As can been seen, for the
samples with ¢= 45°, the creep curve exhibits a
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Fig. 2 Creep curves ( €t) of TiAl
PST crystal samples with three
orientations at 800 C

pronounced primary creep regime at a lower
stress level in comparison with the two other orr
entations. The strain at the minimum creep rate
is about 3%, and the minimum strain rate is
2.39x 10" *h™ " at 0= 150 MPa, while for the
samples with #= (° and 90°, although at a much
higher stress level than that for the sample with
$= 45, i.e., 350 MPa, the primary strain is
much smaller, especially for the sample with ¢
= 90°. Therefore, in comparison with the sam-
¢= 0" and

90°), the creep resistance for the samples with ¢

ples with hard orientations (1. e.,

= 45 is much lower.

[t is interesting to note that, under 350
M Pa stress level, the tertiary creep stage for the
samples with ®= 9(0° is early onset, although
this oriented sample exhibits the highest strength

among the three oriented samples °!,

3.2 Observation of deformation structure at
secondary stage

TEM observation and analysis show that,
for the samples with ¢= 45°, the creep deformar
tion occurs primarily by the activation of normal
dislocations with b= 1/2<110], and the motion
of these dislocations is parallel to lamellar bound-
aries. Therefore, no direct interaction of the dis
locations and lamellar boundaries is found in
these oriented samples. In some lamellae, it can
be noted that dislocations are trapped in interface
boundaries and howing hetween them, as shown
in Fig. 3, which indicates that the boundary in

M2 piz

Fig.3 TEM micrograph of deformation
structure for sample with = 45° crept at
800 C, showing that dislocatons were
pinned at boundaries and bowed ( €=4%)

terfaces can pin the dislocation. In comparison
with the samples with ¢= 45°, the creep defor
mation structures in the samples with ¢= (7 and
90° are quite different. Dislocations with b= 1/2
(110] and deformation twins of { 111} 1/6<112]
type are observed to be activated on the {111}
planes across lamellar boundaries, and the propa
gation of shear deformation ( mainly twinning) is
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hindered by the lamellar boundaries. Figs. 4(a),
(b) and (¢) exhibit the interaction between de-
formation and lamellar boundaries in the crept
samples with ¢= 90°( 1= 800 'C, €~4%; TT,
RT and PT denote truetwin type, 120° rota
tional type and pseudo-twin type boundaries, re
spectively) . When a deformation twin encoun-
ters a true-twin type boundary, it can enter the
barrier lamella and the deformation twins may
pass through a series of true-twin type lamella in
When a
deformation twin encounters the 120° rotational
it is stopped at the
boundary, and deformation mode changes from

a zigzag mode, as shown in Fig. 4(a).
type lamellar boundary,

twinning to slip on the propagation of shear de-
formation across such domain boundaries, as
shown in Fig. 4(b).
that these dislocations are normal dislocations
with b= 1/2<110], and slip on the planes paral-
lel to the twinning planes. However, when the

Contrast analysis indicates

deformation twins encounter the pseudo twin
type lamellar boundaries and ay/ Y interfaces,
they are stopped at these boundaries, as shown

in Figs. 4(a) and (c).
4 DISCUSSION

The microstructure of PST ecrystals is char
acterized with a large number of boundary inter-
faces. It is well documented that, because the
direction and the other two directions on the
(111) plane in the TiAl phase with L1g structure
are not equivalent to each other, while three dir
rections on the basal plane in the TizAl phase
with the hexagonal DOy are all equivalent, there
exist six types of ordered domains in PST crys
tals, which are called six variants'”. Thus,
three types of lamellar boundaries can be formed
between two neighbor variants, i.e., truetwin
type boundary, 120°-rotational type boundary
and pseudo-twin type boundary. The crystallo-
graphic relationship between two neighbor do-
mains at these three types of boundaries can be
represented by the Thomson tetrahedron, as
shown in Fig. 5.

As expected that the strong anisotropy in
compression creep behavior was identified in

TiAl PST crystals. It is attributed to the defor

Fig.4 TEM micrographs of deformation
structure with ¢= 90° showing interaction bet-
ween twinning and different lamellar boundaries
(a) —Interaction between twinning and truetwin type
and pseudo-twin type boundaries; (b) —Interaction be-
tween twinning and 120° rotational type boundary; (c¢) —

Interaction between twinning and dy/ Y interface
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Fig. 5 Crystallographic relationship between two neighbor Y lamellae represented by

Thompson tetrahedron ( The arrows show the twinning direction)

mation mode of PST crystals with different orr
entations. When the angle between the loading
axis and lamellar boundaries is 45°, i e., ¢=
45°, the slip systems on the { 111} planes paral
lel to the lamellar boundaries are activated firstly
due to high shear stress, so the shear deforma
tion in these oriented samples is mainly parallel
to the lamellar boundaries. As a result, these
oriented samples exhibit low yield strength and
creep resistance. On the other hand, when the
load is applied parallel or normal to the lamellar
houndaries, i.e., $= 0° or 90°, shear deforma
tion only occurs on the { 111} planes across
lamellar boundaries, then the dislocations and
deformation twin will interact with the lamellar
boundaries. TEM examination reveals that the
lamellar boundaries can effectively inhibit the
dislocations and deformation twins crossing
them, so the fine interface spacing reduces the
glide distance. Consequently, the samples with
$= 0" and 90° exhibit much higher yield
strength and creep resistance than that of sam-
ples with ¢= 45°. However, for the samples
with ¢= 90°, the tertiary creep regime surpris-
ingly starts much earlier than those for the two
other oriented samples do, which may be assocr
ated with the spheroidization of a during the

creep' ®. When the stress is applied perpendicu-
lar to the lamellar boundaries, only the pyrami
{1121} {1126)) can be activated,

for which the resolved shear stress is much high-

dal slip (1. e.,

er than that for prismatic slip (i. e., {1100}
(1120?) which can be activated when the stress
is applied parallel to the lamellar houndaries' ",
Thus, when the deformation occurs across the
lamellar planes, a high stress concentration will
be built up at the ¥/ a, boundaries, which may
cause (o plates to be split and spheroidization. It
causes the creep instability of the samples with ¢
= 90°.

The anisotropy of creep resistance and creep
deformation structure of PST crystals indicate
that the boundary interfaces can inhibit disloca
tion and deformation twin motion, leading to
improved creep resistance. Two mechanism have
been suggested to account for this improvement
as follows.

First, boundary interfaces in PST crystals
can inhibit the shear deformation across the
lamellae. The observation of the interaction be-
tween deformation twinning and lamellar bound-
aries reveals that the mechanisms in which three
types of lamellar boundaries inhibit the propaga
tion of twinning are quite different, which can
be explained in the view of crystallographical re-
lationship between the two neighbor domains. Tt
can be seen that the relevant slip systems in the
two neighbor domains are in mirror symmetry
about the truetwin type boundary, as seen in
Fig. 5(a) .

encounters this type boundary, the truetwin

Thus, when a deformation twinning

type domain may accommodate the twining shear
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by secondary twinning on the mirror plane, and
the propagation of twinning becomes more diffrr
cult due to the change of twinning plane and dr
rection. For the 120° rotational type houndary,
since the twinning plane are continuously dis
tributed across the domain boundaries but the
twinning shear is rotated 120°, as shown in Fig.
5(b), the twinning shear can be accommodated
into the barrier domain by the activation of the
dislocations with b= 1/2<110] on the continu-
ous { 111} plane. While, for the pseudo-twin
type boundary, the twinning plane is not only
deflected but also rotated across the boundary, as
seen in Fig. 5(¢). Therefore, the twinning shear
is hard to be transferred across such a boundary.
Since the interface is discontinuous both in
chemical composition and crystal structure,
propagation of a twinning shear across such an
interface would not be expected to be easy. On
the basis of the experimental observations and
analysis, it can be noted that the pseudo-twin
type of boundary and the interface are effective
barriers to the propagation of deformation twin.

Second, the boundary interfaces can pin the
dislocations to restrict dislocation motion, caus
ing bowing of dislocation between interfaces.
This mechanism is similar to the interaction of
dislocations with the dispersed particles when a
dislocation passes the particles by the looping
mechanism. A shear stress, Ty, is required to
cause the dislocation bowing out from the pin-
ning points, which can be calculated according to
Orowan equation, 1.e.,

Gb ., L
Ty =
0= om, 2y (1
where G is shear modulus, b is Burgers vector

and L is lamellar interface spacing. It is suggest-
ed that, for TiAl alloys, the fully lamellar mr
crostructure with fine lamellar interface spacing
is expected to exhibit a much higher creep resis-
tance.

5 CONCLUSIONS

(1) The strong anisotropy in creep behavior
was identified in TiAl PST crystals. The creep
resistance of samples with ¢= (° and 90° is much
higher than that of samples with ¢= 45°.

(2) The presence of lamellar boundaries has
an important influence on the creep deformation.
They may not only inhibit shear deformation
across the lamellae, but also pin the dislocations
and restrict their motion.

(3) Among the four types of lamellar inter

faces in PST crystals, the pseudo-twin type

boundary and ay/ YV interface are effective barrr
ers to the propagation of deformation twin.
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