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[ Abstract] Compression creep tests of a Tt 48% Al ( mole fraction) alloy were carried out at 1 150K with soft-orientated
PST crystal. Parallel tw inning took place during the creep. Changes in lamellar microstructure caused by the parallel twin-

ning were investigated, and their effects on creep deformation behavior were discussed. The results show that the parallel

twinning occurs in an early stage of creep, and makes significant contribution to creep strain in the domains favorably orr

ented for the twinning. The nucleation of parallel twins finishes at a strain of about 3% . There is a critical resolved shear
stress for parallel twinning, and it is about SO0 MPa in the Tr48% Al PST crystals at 1 150K. The activity of parallel

twinning increases with increasing applied stress or in a coarse lamellar material. The addition of parallel twins reduces the

average value of lamellar spacing. In general, the refinement of lamellar structure should improve creep resistance. How-

ever the strengthening by parallel twinning is not evident in creep of the soft PST crystals because the soft deformation

modes are the dominant deformation mode in the crystals.
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1 INTRODUCTION

TiAFbased alloys are a prospective light material
for high temperature structural applications such as
automotive and aerospace engine component, and
have been investigated extensively in the last
decadel 2. TiAl alloys consist of ¥TiAl and a»-
Ti3Al phases, and take several types of microstruc
tures depending on their heat treatment. Among
those microstructures, a fully lamellar structure is the
most favorable for the high temperature applications
fracture
It has been
well established that the morphology of lamellar

owing to their superior creep resistance,
[3~9]

toughness and fatigue resistance
structure strongly influences creep properties of TiAl
19101 "1t should also be noted that the lamellar

structure usually changes during creep at elevated
temperature. To design the lamellar structure proper-

alloys

ly, the microstructural changes during creep and their
influence on creep properties should be understood.

The following events are the representative
changes that occur during creep exposure of lamellar
TiAl alloys: 1) decrease in ay volume fraction by dis-
solution of thin a lamellae or precipitation of ¥ plates
in thick a lamellae; 2) spheroidization of lamellae;
3) parallel twinning.

The precipitation of Y plates and parallel twin-
ning result in refinement of lamellar structure and the
consequent strengthening. On the other hand, the
dissolution of a, lamellae eliminates a; ¥ boundaries,
and coarsens lamellar structure. The coarsening and

@ [Received date] 2001- 10- 08

spheroidization of lamellar structure brings about
weakening of TiAl alloys. This paper focuses on the
parallel twinning among the three microstructural
changes.

Plastic deformation of TiAl alloys can occur by
mechanical twinning associated with 1/6<112] {111}

L1211 this paper, (111) plane is defined

shearing
to be parallel to lamellar boundaries. Twinning on
this type of planes introduces additional ¥ plates par-
allel to the original lamellae, and is called parallel

twinning. There is only one true twinning direction b

= 1/6[ 112] on ( 111) plane since the other 1/ 6112]
displacements destroy the ordered L1y structure of
TiAl. Mechanical twinning in TiAl alloys has been
observed during superplastic and creep deformar

[13~ 19

tion I Tt has been suggested that the contribu-

tion of mechanical twinning should be considered
when analyzing creep deformation of TiAl alloys''!l.
M echanical twinning mechanisms in TiAl alloys have
been well understood in the last few years!?-?".
However, details of parallel twinning during creep
and the contribution to creep strain are not clear at
present. It has been reported that the activity of me-
chanical twinning depends on stress, temperature and

. [14,19,22,23
stram[ 1% 52, 23]

. It is also needed to clarify the effect
of the deformation conditions on the activity of paral-
lel twinning.

In this study, evolution of the parallel twins and
the consequent lamellar refinement during creep are

quantitatively investigated with soft-orientated PST
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crystal of a Tr48% Al ( mole fraction) alloy. The
contribution of parallel twinning to creep strain is an-
alyzed, and the effect of lamellar refinement on creep
behavior is discussed. More details have been reported

elsew here! 2¥ .

2 EXPERIMENTAL

The PST crystal of TiAl alloy used in the present
study was grown at Kyoto University with a growth
rate of 1.4 x 10" 'm/s. Its nominal composition is Tr
48% Al ( mole fraction). Compression specimens,
2mm X 2mm in cross section and 3mm in height,
were cut from the asgrown PST crystal. The orien-
tation of compression specimens is schematically
drawn in Fig. 1. One of the surfaces of the parallel
piped is { 112}, and the lamellar boundaries are paral-
lel to ( 111). The between lamellar

boundaries and the stress axis was controlled to be

{112} $

angle

=R

e

A

N\
@l‘\

)

Fig. 1 Schematic drawing of
soft-oriented PST crystal

35°. The specimens were subjected to creep tests
without applying any other heat treatment. Table 1
gives the compression axes of the six orientation varr
ants of lamellae in accordance with the notation of
Inui et all !

Compression creep tests were conducted under
constant stress condition at applied stresses ranging
from 100 to 400 MPa. The testing temperature of
1150K was kept within *1K during creep tests.
Specimens were protected from oxidation by an argon
gas atmosphere. Creep tests were terminated at
strains of 2%, 5% and 20% at a constant stress of
251 M Pa to investigate the evolution of parallel twin-
ning. Another series of creep tests were terminated
after a strain of 5% to investigate the effect of applied
creep stress on the twinning. The specimens were
cooled down to room temperature at an initial cooling
rate of 0. 25K/ s under full load in order to retain the
deformation microstructures. Thin foils for transmis-
sion electron microscopy (TEM) were sectioned from
the crept specimens, so as to obtain {112} as the foil
normal. The thin foils were prepared using a standard
twinjet thinning technique. TEM observation was
conducted with a JEOL™ EX 2000 transmission
electron microscope operated at 200kV. Lamellar
spacing was measured using a number of lamellae:
about 150 lamellae in each specimen. An arithmetical
average value of lamellar spacing is used without tak-
ing account of the type of boundaries ( a2/ Y or ¥/ ¥
boundaries) . Thickness and spacing of a phase were
obtained from scanning electron micrographs ( SEM)
taken by compositional contrast of backscattered elec
trons.

3 RESULTS AND DISCUSSION

3.1 As grown microstructure

The asgrown crystal used in the present study
has an @ volume fraction of 15%. T he size distribu-
tions of lamellar spacing, @ thickness, and a, spac
ing in the present crystal obey a long-normal
distribution as known in Ref. [ 16] . The arithmetical

Table 1 Miller indices of compression axis, and Schmid factors of 110]{111} ordinary slip

and [ 115] (111) parallel twinning systems in each ¥ domain

Domain Iw I Iy 1y N
Compression aixs 3114 3114 1143 4311 4311 1143
[110](111) - 0.470 0. 470 0.235 0.235 0.235 0.235
[110](111) - 0.157 0.157 0.352 - 0.196 - 0.196 0. 352
[110](111) 0.403 - 0.224 - 0.419 0.011 0.011 - 0.419
[110](111) - 0.024 0. 403 0.618 0.050 0. 050 0. 168
[112](111) 0 0 0. 407 - 0.407 - 0. 407 0. 407

M —matrix; T —twin
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average lamellar spacing of the asgrown crystal was
513nm, with average @ thickness and spacing of
410nm and 2.7 Hm, respectively.

Glide of ordinary 1/2<110] dislocation on {111}
planes and 1/6112] {111} twinning are the primary
deformation modes operative during creep of the soft-
oriented PST crystal at 1150K!*!. Schmid factors
for the ordinary slip and parallel twinning system are
listed in Table 1. The parallel twinning is a favorable
deformation mode in only two of the six ¥ domains
(domains Ik and Ilt) in compression tests. In the
other domains compressive stress acts against ( Ily
and IIk) or does not assist ( [ v and I 1) the parallel
twinning. The [110] (111) easy mode slip is the
dominant deformation mode in the domains [ y and

[ . In the domains IIy and Ik, the [ 110] (111)
slip system has the highest Schmid factor. The activi-

ty of the [ 110](111) soft mode slip has been report-
ed in the domains It and Il in addition to the par

allel tw inning[ =

3.2 Evolution of parallel twinning during creep de-
formation
Fig. 2 shows an example of TEM micrographs
taken after creep deformation to 5% strain at

251 MPa and 1150K. The domain A contains thin

plates running parallel to the original lamellar bound-

aries. The diffraction pattern indicates that the plates
are in twin relation with respect to the matrix. They
are terminated at the boundary between the domain
A and B, since the parallel twinning system is unfa-
vorably oriented in the domain B. These facts sug-
gest that the thin plates were introduced by parallel
twinning during creep. The generation of parallel
twins reduces average lamellar spacing. To investi
gate the evolution of parallel twinning, the lamellar
spacing was characterized statistically as a function of
creep strain. Fig. 3 illustrate the log-normal distribu-
tion of lamellar spacing of as-grown and crept specr
mens at 251 MPa and 1150K. The crept specimens
show a shift of the distribution curves toward smaller
spacing. The shift is significant up to a stain of 2%,
but a little after 2% strain. The distribution curves
indicate that lamellae with large spacing disappeared
while the left end did not move. This fact suggests
that the parallel twinning primarily took place in
thick Y lamellae but hardly occurred in thin Y lamel-
lae. The refinement of lamellar spacing during high
temperature deformation is consistent with previous
studies on polycrystalline TiAl alloys! ' 227!

The arithmetical average values of lamellar spac
ing are plotted as a function of creep strain in Fig. 4.
The lamellar spacing decreases significantly up to a
creep strain of 2% and remains almost constant

after 5% strain. It suggests that the parallel tw inning

Fig. 2 TEM micrograph of soft-orientated PST crystal deformed at 1 150 K and 251 MPa to 5% strain
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Fig. 3 Change in distribution curve of

lamellar spacing with progress of
creep deformation at 251 M Pa
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Fig. 4 Change in arithmetical average
lamellar spacing A with creep strain

contributes to deformation in the early stage of creep
only. In the later stage, dislocation glide is the domi-
nant deformation mode even in the domain Il and
[Tk favorably oriented for parallel twinning. This is
in good agreement with the results obtained by Seo et
all*®! and Skrotzki et all'*!. In these studies mechani
cal twinning has finished at a strain less than 1%.

3.3  Contribution of parallel twinning to creep
strain
The parallel twinning reduces the average lamel-
lar spacing A according to the following equation:

'k = i + 2n (1)
where M is the average value of the initial lamellar
spacing, n is the number of parallel twins introduced
in a unit length, and 1/ A corresponds to the number
of lamellar boundaries in a unit length.

The parallel twinning creates the following
amount of strain:

&= mntr ¥t ( 2)
where m is the Schmid factor for the parallel twin-

ning, ¢t is the average thickness of a parallel twin,

and ¥t is the amount of twinning shear that is 12

in FCC structure. From Eqns. (1) and (2), one ob-
tains

11 _2&

A N mer v (3)

The creep strain & caused by parallel twinning
can be estimated from the change in the arithmetical
average value of lamellar spacing.

The two types of domains are favorably oriented
for parallel twinning among the six domain types of
lamellae. Suppose all the creep strain is accomplished
by parallel twinning in those domains, namely,

&= €3 (4)

where  €is the total creep strain. The Schmid factor

for the [ 112] (111) parallel twinning is calculated to
be 0.407, as shown in Table 1. The average thick-
ness of a twin plate was measured to be 40 nm in the
specimen crept to 2% strain at 251 M Pa. Fig. 5 illus
trates the change in the number of lamellar boundaries
(1/ N during the creep test at 251M Pa as a function
of the total creep strain € The solid line was estimat-
ed with Eqn. (3) on the assumption of Eqn. (4). The
estimated line agrees very well with the experimental
result. It follows from this fact that the parallel twin-
ning created most of the creep strain of the two favor-
ably oriented domains in the early stage of creep.

Eqn. (3)

Soft PST (¢ =35")
1150K, 251 MPa

15 ® %
Creep strain/%
Fig. 5 Reciprocal values of A plotted

against creep strain
(Solid line was estimated with Eqn. (3))

Morris and Leboeuf ! have estimated the con-
tribution from mechanical twinning to the total creep
strain in Y grains of a duplex TiAl alloy: 10% and
50% for 280MPa and 360MPa, respectively, at
973 K. This is in good agreement with the present
study: 33% at 251 MPa and 1150K in the early

stage of creep.

3.4 Effect of applied stress on parallel twinning
activity

Fig. 6 represents the log-normal distribution

curves of lamellar spacing measured in as grown and

crept specimen after a constant strain of 5% . The re-

sults of Fig. 4 suggest that the distribution curves at
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5% strain represent the stationary curves after the
completion of parallel twinning. No change in the
distribution curve from the underformed state is rec
100 M Pa.
curves obviously shift toward smaller size in the speci-

mens deformed at 200 and 251 M Pa. The arithmetical

average values of lamellar spacing are plotted against

ognized at However, the distribution

the applied stress in Fig. 7. The lamellar spacing de-
creases with increasing applied stress at stresses high-
er than 126 MPa. At 251 MPa, for example, the
lamellar spacing at 100 M Pa remains at the original

value, suggesting a critical stress for parallel twinning
of 120MPa in the present PST crystal.

15[ soft PST ($=35")
1150K ——Undeformed
e=5% 0 100 MPa
-—==200 MPa
10t e 251 MPa

L%
T

Relative frequency/%

Fig. 6 Distribution curves of lamellar spacing
measured after 5% deformation at each creep

stress against creep strain

Lamellar spacing/nm
8

8

Soft PST ($=35")
1150K, e=5%

N
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<

n I

36 100 130 200 250
Creep stress/MPa

Fig.7 Lamellar spacing X measured after
completion of parallel twinning as a function of
applied creep stress O

By using the Schmid factor for the [ 112](111)
parallel twinning ( 0.407), the critical resolved shear
stress ( CRSS) for twinning is calculated to be
50MPa in the Tr48% Al alloy at 1 150K. This value
is smaller than that measured by high strain rate de-
formation: 151 MPa in Tr49. 3% Al ( mole fraction)
at 3000s” ' and 1073K. This difference suggests

that stress concentration created by dislocation motion

during creep may assist the nucleation of the parallel
tw ins.

3.5 Saturation level of lamellar spacing

It is obvious from Fig. 7 that the number of par
allel twins that can be added to a lamellar structure
increases with increasing applied stress. The coheren-

[25:29] oo the Sterfa

cy stress in a lamellar structure
cial energy per unit volume increase with decreasing
lamellar spacing. Therefore, the stress necessary to
nucleate parallel twins should increase with decreasing
lamellar spacing. In other words, there should be a
minimum lamellar spacing X attainable by parallel
twinning at an applied stress T. The value of A may
be related to T by the following equation:

X = aGb/T (5)
where G is the shear modulus, b is the magnitude
of Burgers vector, and a is a constant. The actual
number of boundaries added by parallel twinning in
the domains IIl and It is three times larger than
the average value defined by Eqn. (1), since parallel
twinning occurs in the two orientation variants of ¥
domain only. Eqn. (1) is modified to the following
form, using the actual value of lamellar spacing X in
the twinning domains:

=+ 6n (6)

From Eqns. (5) and (6), the number of parallel
twins n” that can be added at a stress Tis given by

W= el (7

Substituting this equation into Eqn. (1), the av-
erage lamellar spacing X after the completion of par
allel twinning is obtained as

A 2., o

X T3 %" 3a6h° (8)
where m is the Schmid factor. This equation gives
the average lamellar spacing after the completion of
parallel twinning at applied creep stress O.

Eqn. (8) predicts a linear relation between the
reciprocal value of X and applied creep stress. In
Fig. 8, the values of lamellar spacing measured at 5%
strain, that correspond to X , are plotted against
creep stress according to Eqn. (8). Several assump-
tions were made to derive the equation as mentioned
above. The linear stress dependence of (1/ X' ) above
126 M Pa confirms the assumptions to be correct. The
slope of the straight line in Fig. 8 is calculated to be 9
x 10" *(Um*MPa)~ '. For the 1/6[ 112]( 111) par
allel twinning in domain IIk and Ily, m= 0.407, b
= (0.16nm, and G= 60GPaat 1150K. The value of

a is estimated at 1. 6 on the basis of these quantities.

3.6 Effect of initial lamellar spacing
The lamellar spacings measured after the comple
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Fig. 8 Change of 1/ X' with creep stress O

tion of parallel twinning are compared in Fig. 9 be
tween the PST crystals having the different initial
lamellar spacings: X = 300nm and 870nm. The
peak value of distribution curve of lamellar spacing is
used in the comparison. The arithmetical average val-
ue and the peak value of the present PST crystal are
513 nm and 300nm, respectively. The experimental
results of the other crystal have been reported in
Ref. [ 17]. Both materials show similar behavior: the
parallel twinning is inactive below a critical stress of
about 120MPa, and the lamellar spacing measured
after creep tests decreases with increasing creep
stress. It is noted that the refinement of lamellar
spacing is more substantial in the coarse lamellar ma-
terial. The lamellar spacing attainable by parallel
twinning at the high creep stress seems independent
of the initial lamellar spacing.
1000

o—21,=870nm
0—49=300nm

2

Peak lamellar spacing/nm
F -
=

Soft PST ($=35"), 1150K

0 50100 150 200 250 30
Creep stress/MPa

Fig. 9 Influence of initial lamellar spacing
on peak values of lamellar spacing measured
after completion of parallel twinning
against creep strain

3.7 Effect of lamellar refinement on creep behav-
ior
The normal transient creep curves were always

recorded in creep of the soft-oriented PST crystal.
The creep curves are drawn in Fig. 10 in the form of
creep rate as a function of creep strain. The creep rate
decreases monotonously to a stationary value with the
progress of creep deformation. The change in creep
rate is a little after 2% strain. The creep rate at 5%
strain is plotted against creep stress in Fig. 11. At
this strain, the lamellar spacing is refined by parallel
twinning at stresses higher than 120MPa, while it
remains at the original spacing at lower stresses. The
figure exhibits an identical stress exponent over the
whole stress range investigated regardless of the activ-
ity of parallel twinning. The stress exponent of 3. 8 is
typical of dislocation creep in single-phase materials.

107!
Soft PST ($=35") 2—400 MPa
1150K 0—251 MPa
10°2 o—158 MPa
0—100 MPa
T
. -
3 1073
g
a
-4
g 10 |
1073
-6 1 !
W5 { 3 3 7
Creep strain/%

Fig. 10 Effect of applied stress on
creep curves of soft-orientated PST crystals

1073
F Soft PST (#=35")
1150K, e=5%

1074k
4

]

£10°°
!

10°¢

10'7 e 1 1 i

80 100 200 300 400 §

Creep stress/MPa

Fig. 11 Stress dependence of creep rate
measured at 5% strain in soft-orientated
PST crystals

The parallel twinning refines lamellar mi
crostructure, and introduces additional barrier to hard
mode deformation. In polycrystals, the hard mode
deformation is necessary to maintain strain compati
bility. It has been proved in polycrystalline TiAl al-
loys that creep resistance of lamellar microstructure
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increases with decreasing lamellar spacing
et al'* also have pointed out on a polycrystalline ma-
terial that the lamellar refinement makes a harder mr
crostructure and consequently provide a greater creep
resistance. However, no change in stress exponent is
detected in Fig. 11 regardless of the activity of parallel
twinning. It is suggested that the hardening effect of
parallel twinning is hidden by some special situation
in the soft-orientated PST crystal. Deformation of the
soft PST crystal is dominated by the soft deformation
modes whose slip planes are parallel to lamellar
boundaries''”'. Thus, the refinement of lamellar
spacing is not effective to hinder the motion of soft
mode dislocation. There are six orientation variants of
lamellae, and the parallel twinning occurs in the do-
mains IIl; and IIt in compression tests. After the
parallel twinning, the twinned domains become do-
I and IIy, respectively. However, the

Schmid factors for the soft deformation modes ( 1/2
(110) and 1/2[112] on (111)) do not change after
As a result, the
parallel twinning cannot contribute to hardening in
the soft-oriented PST crystal.

mains

twinning (as shown in Table 1).

4 CONCLUSIONS

1) Parallel twinning occurs in the early stage of
creep deformation in the lamellae favorably oriented
for parallel twinning. The parallel twinning creates
most of the creep strain in the twinning domains.
However, the parallel twinning finishes after a strain
of 3% at creep stress of 251 MPa at 1 150K.

2) Parallel twinning reduces average lamellar
spacing. The minimum lamellar spacing attainable by
parallel twinning decreases with increasing applied
stress. The activity of parallel twinning is more sig-
nificant in a coarse lamellar material.

3) There is a critical resolved shear stress for
parallel twinning and it is estimated to be 50 M Pa in a
Tr48% Al PST crystal at 1150K.

4) The stress exponent for creep rate is identical
regardless of the activity of parallel twinning. The
lamellar refinement by parallel twinning cannot con-
tribute to hardening because of the special situation of
the soft-orientated PST crystal in which the primary
slip planes are parallel to the lamellar boundaries.
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