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Abstract

The yielding behavior of Al-rich single crystallineTi 55.5 at% Al has been measured along near [0 0 1], [01 0]
and [11 0] orientations in both tension and compression and as function of temperature. All three orientations displayed
anomalous yielding and a pronounced tension/compression asymmetry. The relative strength of the material, location
of the anomalous yielding peak, and tension/compression asymmetry are all orientation dependent. A micromechanical
superdislocation model addressing crystal geometry, sense of the applied load, Escaig forces and the Yoo torque is
presented to explain the observed experimental results.
0 2003 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction such an understanding has been the difficulty in
obtaining single crystalling-TiAl. However, the
Physical and mechanical properties, such as low development of optical float-zone crystal growing
density, high thermal conductivity and high tem- techniques has lead to the availability of small
perature strength, makebased titanium aluminide crystals and related compressive yielding studies
alloys attractive candidates for high temperature of Al-rich y-TiAl.
weight critical applications[1,2]. Two-phase, y-TiAl possesses the lglface-centered tetra-
a,—Ti;Al+y-TiAl, microstructures are being gonal crystal structure that is slightly tetragonal,
developed to provide an overall balance of proper- c/a~1.02[3,4] and highly anisotropic with different
ties. It is well understood that thephase carries  atomic species along the [0 0 1] axis. The reduced
the vast majority of deformation in two-phase symmetry of the L] structure results in ordinary
alloys, but a detailed understanding of the mechan- dislocations,b,q = 1/2 < 11 0], and superdislo-
ical behavior of single-phasgTiAl has not been  cations, bg,,er = <1 01]. The superdislocation
forthcoming. One of the limitations in developing reduces its energy by first dissociating into two
superpartial dislocationd,, = 1/2 < 101], and
further to four Shockley partial dislocations of
* Corresponding author. Tel#44-1223-339883; fax:+44- bShOCk'eV = 1/6 _< 112] _Or bShPCk'eY = 1/6 <_ .
1223-332662. 2 11]. The entire superdislocation decomposition
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<011—1/6<121] + CSF + 1/6
<112) + APB + 1/6[121] + SISF (1)
+1/6<112]

Three different faults, super intrinsic stacking fault
(SISF), antiphase boundary (APB), and complex
stacking fault (CSF) are the products of this dis-
sociation.

Fu and Yoo [5], Woodward et a. [6], Simmons
et a. [7], Rao et al. [8], Panova and Farkas [9],
Girshik and Vitek [10], and Schoeck et al. [11]
have all calculated the planar stacking fault ener-
giesin y-TiAl. Hug et al. [12] and Wiezorek and
Humphreys [13] have made experimental weak-
beam TEM measurements of the stacking faults.
The experimental and theoretical studies all con-
clude that the APB and CSF energies are substan-
tialy higher than the SISF energy.

Subsequent calculations of the partia dislo-
cation separationson the {1 1 1} plane[5,8,11,14],
predict a non-symmetric planar dissociation. The
relative partial dislocation separations are shown
schematically in Fig. 1 with the Shockley partia
dislocations separated by the SISF widely spread
on the glide plane and the two Shockley partias
bounding the CSF comprising a very compact
structure. This strong asymmetry has led some
investigators to describe the dislocation dis
sociation as effectively being threefold written:
<011-1/6 <112 +SISF+1/6<121] +
APB +1/2 < 01 1] [15]. The chemical and physi-
cal asymmetry of the Shockley partial dislocations
suggest that the macroscopic mechanical properties
resulting from superdislocation motion may differ
based on the direction of motion of the dislocation
through the crystal and whether the SISF or CSF
is leading.

The availability of relatively small Al-rich y-
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Fig. 1. Planar dissociation of a superdislocation (b = <
101]) into four Shockley partial dislocations, a superlattice
intrinsic stacking fault (SISF), an antiphase boundary (APB),
and a complex stacking fault (CSF).

TiAl single crystals has permitted measurements of
the alloy’ s compressive flow strength as a function
of temperature for a number of crystalographic
orientations. The first compression studies by
Kawabata et a. [16-19], measured the flow
strength between 4.2 and 1273 K and documented
a positive flow stress anomaly at the three corners
of the extended standard stereographic projection
triangle, namely [001], [010] and [110]. A
comprehensive study by Inui et a. [20] tested sin-
gle crystals of Ti 56 at% Al along seven different
loading axes and concluded that anomalous yield-
ing is attributed to screw oriented superdisiocations
adopting alocked configuration for all orientations
except those within a few degrees of the [021]
orientation.

Binary Ti 56 at% Al single crystals tested along
[010] by Stucke et a. [21] demonstrated that
deformation is not thermally reversible because
dislocations become “permanently locked”. More-
over, the same group tested [001] crystals and
linked anomalous flow behavior with superdisio-
cations cross-dip locking [22]. Wang et al. [23]
compressed Ti 56 at% Al crystals oriented for sin-
gle dip and also observed cross-slipped superdisio-
cations dominating the deformed structure. For the
same alloy and orientation Wang et a. [24] exam-
ined the superdisocation core structure and
observed superpartia dislocations dissociated on
two different octahedral planes forming an acute
angle “roof-type” configuration. Compression
experiments on Ti 54.4 at% Al by Jiao et a. [25]
aso linked the flow stress anomaly to the operation
of superdislocations up to the peak temperature.
The work by Gregori and Veyssiere [15] for Ti
54.4 at% Al concurred with the earlier works and
established that trailing partial dislocation cross-
dlip is responsible for superdisiocations locking
event causing anomalous yielding.

In near stoichiometric polycrystalline aloys
Viguier et a. [26] and Sriram et a. [27] reported
ordinary dislocation, not superdislocation, activity
during anomalous yielding. In these alloys anomal-
ousyielding is related to the localized pinning and
unzipping of ordinary dislocations. A study by Bird
et a. [28] on Ti 54 a% Al at the [3 16 15] orien-
tation concluded anomalous yielding results from
the increasing cross-dlip frequency of ordinary



M. Zupan, K.J. Hemker / Acta Materialia 51 (2003) 6277—6290 6279

screw dislocation segments. Inui et a. [20], Feng
and Whang [29], and Gregori and Veyssiere [15],
al reported ordinary dislocation activity in Al-rich
single crystal y-TiAl is limited to a very small
region of orientations near the [021] crystallo-
graphic axis. At al other orientations, superdislio-
cation activity dominates the yielding behavior of
Al-rich single crystalline y-TiAl.

The compression studies of Al-rich single crys-
talline y-TiAl may be summarized as follows. The
orientations and alloys studied exhibit a marked
compressive flow strength anomaly. The magni-
tude and temperature of the anomalous peak is
orientation dependent and cannot be explained
with Schmid’'s law. TEM studies established the
activity of superdidocations in this anomalous
regime, but the critical resolved shear stress
(CRSS) acting on superdislocations does not col-
lapse to a single value.

The yield strength anomaly, orientation depen-
dence, and tension/compression asymmetry exhib-
ited by NisAl has been successfully modeled by
Paidar et a. [30] using the single crystaline ten-
sion and compression experiments of Umakoshi et
a. [31] as the basis for their model. The scope of
the current study parallels what has been done for
NizAl. The tensile and compressive flow strength
of single crystalline y-TiAl have been measured as
a function of temperature for three orientations.
The observed flow strength behavior is compared
with literature data at similar orientations and tem-
peratures, and the source of the observed yielding
anomaly, orientation dependence and tension/
compression asymmetry is explored with a
micromechanical dislocation model.

2. Experimental methods

Single crystals with diameters of less than 10
mm were grown using an optical float zone fur-
nace. A binary composition of Ti 55.5 a% Al,
nominally y-TiAl, was used to assure that the aloy
passed directly from the liquid phase to the y-phase
field upon cooling. The as-grown single crystal
rods were subsequently quartz encapsulated and
homogenized at 1573 K for 24 h, furnace cooled
to 1273 K, held for 100 h and finally furnace

cooled to room temperature. This heat treatment
was preformed to remove excess point defects and
compositional inhomogeneties [22]. Single crysta
quality was checked using back reflection Laue X-
ray diffraction, and electron diffraction was
implemented to discern the chemica anisotropy,
which lies along the [00 1] direction in the L1,
structure. All specimens were machined by sinking
electro-discharge machining (EDM). The faces of
the microsamples were mechanically polished
using diamond paper, and reflective Pt markers
were placed in the gage of the microsamples using
a focused ion beam.

The microsample tensile testing machine and
interferometric strain displacement gage (ISDG)
used in this investigation follow the designs of
Sharpe [32,33] and high temperature modifications
of Zupan et al. [34,35]. Self-aligning grips match
the ends of bowtie shaped specimens and hold the
specimens in place. A linear air bearing insures
proper alignment of the load frame, greatly reduces
friction in the loading mechanism, and permits
accurate measurement of the load with an in-line
miniature load cell. Loading is accomplished
through the use of a piezoelectric actuator that
alowed for precise stroke-controlled experiments.
The microsamples were heated to and maintained
at the test temperatures with self-resistance heating
(DC voltages of 5 V and currents of 58 A), and
the temperature was monitored throughout the
experiments with a two-color optical pyrometer.

Single crystalline microsamples of y-TiAl were
tested with loading axes near the [001], [010Q]
and [1 1 0] crystallographic orientations. The load-
ing axes were purposely chosen to be near those
of Kawabata et al. [16-19], Stucke et al. [21,22],
Inui et a. [20], and Gregori and Veyssiere [15].
The[110] and [0 0 1] orientations were chosen to
explore a predicted tension/compression asym-
metry between the two orientations caused by
twinning [20]. The tension or compression axes
were located ~4° off the exact crystal orientations
to prevent multiple slip from occurring at the high
symmetry orientations. A single-slip direction
between the three possible deformation mech-
anisms (i.e. ordinary dislocations, superdislo-
cations, and twinning) had a significantly higher
Schmid factor compared to the other slip systems.
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Microsamples were deformed in both tension
and compression, at a strain rate of 1074 s7%, and
over the temperature range of 723-1273 K. The
specimens were loaded monotonically until a mini-
mum of 0.2% plastic strain was induced then
unloaded. The alloy yield strength was identified
using the 0.2% offset method, and specimens were
inspected after testing to ensure that plastic defor-
mation had occurred. In the following figures when
no unloading curve is displayed, the data rep-
resents the total plastic strain achieved before fail-
ure. The Young's modulus (€) and coefficient of
thermal expansion (CTE) was measured as a func-
tion of temperature and crystal orientation during
the initial heating-up portion of the experiments.
Both physical quantities were found to have the
same absolute values and temperature dependence
as values calculated from the stiffness matrix [C;;]
measured by He et a. [36], providing validity to
the stress and strain measurements and microsam-
ple experimental technique reported in [37].

3. Experimental results
3.1. Compressive flow strength

Compression test results for the near [001],
[010] and [110] orientations are plotted in Fig.
2. The measured 0.2% compressive flow stress has
been multiplied by the largest Schmid factor for
superdislocation slip because TEM observations of
crystals deformed at similar orientations and tem-
peratures reported the prevalence of superdislo-
cation activity [15,19-25]. The compression
microsample flow strength measurements and
resulting CRSS are presented in Table 1. The
CRSS measurements of this study are plotted as a
function of temperature with previously published
data [15-22] in Fig. 3. The fact the current results
overlay previously published compression data
attests to the validity of the microsample testing
technique. The plots reveal a marked flow strength
anomaly for all three orientations tested, with the
temperature and magnitude of the stress peak
dependent on crystal orientation. The CRSS data
does not collapse to one value as would be pre-
dicted by Schmid’s law. The crystals deformed by
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Fig. 2. Compression results for the near [00 1], [010] and
[110] orientations of single crystalline y-TiAl as a function of
temperature. The 0.2% flow strength for this alloys have been
extracted from these curves and are displayed in Table 1. The
Young's moduli of the loading and unloading curves have been
measured and are in good agreement with each other.

Inui et al. [20] did not receive a homogenization
heat treatment and the scatter in that data may be
attributed to point defects in the as-grown crystals,
but it is encouraging to note the trends and absolute
values of that study mimics the others.
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Table 1

Microsample compression flow stress measurements for single crystalline y-TiAl for the [00 1], [0 1 0] and [—1 1 Q] crystallographic
orientations as a function of temperature. Measurements in italics were made during reversed cycle loading experiments

Axis Slip system Temperature (K) o (0.2%) (MPa) CRSS by per (MPa)
[001] (111) < -101] 823 278 119
923 376 160
973 388, 391, 361 167
[010] (-11-1) <011 823 270 114
873 264 113
[-110] (-111) <0-11] 873 212, 208, 219, 206 91
973 231, 234 99

3.2. Tensile flow strength

Tensile tests along the near [00 1] orientation
covered a temperature range of 723-1273 K. Fig.
4 displays the stress—strain curves as a function of
temperature and the measured 0.2% flow strength
and CRSS values are reported in Table 2. Anomal-
ous Yyielding behavior was observed up to a peak
temperature of 1123 K followed by a rapid
decrease in flow strength beyond the peak. To the
authors' knowledge no other tensile flow strength
measurements exist for single crystals of y-TiAl.
The [001] tensile flow strength is presented as a
function of temperature and compared with the
compression results of this work and the literature
[15-20,22] in Fig. 5. A pronounced tension/
compression asymmetry exists for the near [00 1]
orientation. The compressive strength is signifi-
cantly higher than the tensile strength, and the
anomalous yielding peak occurs at a lower tem-
perature in compression. These observations sug-
gest that for the [00 1] orientation the obstacle
responsible for anomalous yielding has a lower
activation energy in compression than tension.

Fig. 6 gives the tensile results for the near [0 1 0]
tensile axis, and the measured yield strengths and
CRSS are reported in Table 2. The flow strength
was found to rise with temperature to a peak at
~400 MPa for tests at 973 and 1073 K. After the
peak the tensile flow strength drops off precipi-
tously to below 100 MPa at 1173 K. The [01 0]
tensile flow strength values are plotted in Fig. 7
with previously published compression results
[15-21]. Asfor the near [0 0 1] results, the [0 1 0]
data exhibits a marked tension/compression asym-

metry. Unlike the [0 0 1], the flow strength in ten-
sion is higher relative to the compressive flow
strength for the [0 1 0] orientation. The tempera-
ture dependence of the [010] peaks is aso
reversed as compared to [0 0 1] observations. The
results indicate that the magnitude of the yielding
anomaly, the temperature at which that it occurs,
and the tension/compression flow strength ratio are
all orientation dependent.

The[110] crystal orientation was tested in ten-
sion at 873, 973 and 1100 K, Fig. 8. The measured
flow stress and CRSS are listed in Table 2. The
stress—strain curves suggest that the peak tensile
strength is located near 973 K. Fig. 9 is a com-
posite plot of tensile and compressive data of this
study and literature values [16—20]. Similar to the
[010] axis, the flow strength measurements are
higher in tension than compression, and the tensile
peak is located at lower temperatures. Similar to
[001], the onset of anomalous vyielding is
observed at a lower temperature for the sense of
applied load that results in larger relative yield
strengths.

3.3. Reversed-cycle loading experiments

Reversed-cycle loading experiments designed to
definitively measure the tension/compression
asymmetry of yielding on an individual sample
were conducted along the[00 1] and [1 1 O] orien-
tations. The orientations were selected to explore
the possible asymmetry derived from twinning
[20], and to confirm the measurable tension—com-
pression asymmetry results of the monotonically
loaded specimens. Cyclic loading experiments
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Fig. 3. CRSS for superdislocations as a function of tempera-
ture for near [001], [01 0] and [110] single crystals in com-
pression. The microsample data trends and absolute values are
in agreement with literature values plotted. For each orientation
anomalous Yyielding is observed, however, the location of the
anomalous peak and its magnitude are both dependent on orien-
tation.
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Fig. 4. Single crystalline y-TiAl tension stress-strain results
for near [00 1] oriented crystals. Each of the specimens achi-
eved a minimum of 0.2% strain. The 0.2% flow strength was
measured from each curve and is reported in Table 2.

were conducted in two stages: first a microsample
was loaded in compression to approximately 0.2%
plastic strain, unloaded and reloaded in tension
until it yielded a second time. The second part of
the experiment is to deform a virgin specimen at
the same temperature to yielding in tension fol-
lowed by compressive yielding. The tests were
conducted in the anomalous yielding regime to link
the deformation mechanism to the anomaly.

Fig. 10 shows the stress—strain curves for [0 0 1]
microsamples that were obtained in single cycle
loading experiments at 973 K. The first microsam-
ple yielded at a compressive stress of 391 MPa on
first loading and a tensile stress of 214 MPa when
reloaded in tension, Fig. 10(a). The second
microsample was loaded in tension and yielded at
186 MPa, after which the load was reversed and
the microsample yielded a second time in com-
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Table 2

Microsample tension flow stress measurements for single crystalline y-TiAl aong the [001], [010] and [IlO] crystallographic
orientations. Measurements in italics were made during reversed cycle loading experiments

AXxis Slip system Temperature (K) o (0.2%) (MPa) CRSS by per (MPa)
[001] (111) < —-107] 723 177 76
943 181 77
973 168, 186, 214 81
1123 256 110
1173 109 46
1273 30 12
[010] (-11-1)<017] 823 291 123
973 400 170
1073 401 170
1173 70, 76 31
[-110] (-111) <0-11] 873 277, 291, 284, 300 124
973 397, 371, 388 165
1100 87 37
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Fig.5. Tension and compression 0.2% yield strength as a W
function of temperature for [0 0 1] crystallographic orientation. £
A flow strength anomaly is observed for both tension and com- :E;
pression in this aloy, and the plot shows a measurable £100
tension/compression asymmetry. The yield strength in com-

pression is larger than in tension and the onset of anomalous
yield occurs at a lower temperature in compression.

pression at 361 MPa. Outside of the usual work
hardening from the previous cycle and experi-
mental error, the tensile and compressive flow
strength measurements are the same between the
two experiments. The difference in the two yield
values is indicative of the tension/compression
asymmetry that is inherent to this alloy. Additional
cyclic loading experiments were conducted with
near [110] microsamples at 873 and 973 K.

0.2 0.6 1 01 03 05 01 03 05
Engineering Strain (%)

Fig. 6. [010] tensile stress—strain curves for single crystal y-
TiAl. Of the three orientations tested in this study, the [0 1 0]
crystallographic orientation displayed the largest average strain
to failure in tension.

Results from the 873 K experiments are displayed
in Fig. 11. The [1 1 0] reversed cycle experiments
also exhibited a pronounced tension/compression
asymmetry; with comparable flow strength levels
measured between the cyclic tests.



6284 M. Zupan, K.J. Hemker / Acta Materialia 51 (2003) 6277—6290

500 -
~~
< —
- /,o .
\
\% o / \
4 ! \
3300 \
= \
by \
n \
z \
\
] i
= \
~ \
\
X i
N 100]|| ® Zupan-Tension |
: M Zupan- Compression
= M Gregori- Compression (1999)
¥ Stucke- Compression (1995)
A Kawabata- Compression (1985) -
0 400 800 1200

Temperature (K)

Fig. 7. 0.2% flow stress as a function of temperature for the
near [0 1 0] orientation in tension and compression. The tensile
sense of applied load resulted in a higher flow strength relative
to compression. This finding is reversed from what was meas-
ured for [0 0 1]. Furthermore, the onset of anomalous yielding
occurred at a lower temperature for compression.

~[110]- Ten 873 K ||~[T10]- Ten 873 K
400[ 1+ 4
=
=
< 300/ 1 .
2
=
wn
2 200f 1 §
5
Q
£
2’ 100| 1 i
m
0 . L
01 03 05 0.1 03 05
~[T10]- Ten 973 K ~[110]- Ten 973 K [|~{110]- Ten 1100 K

400

Engineering Stress (MPa)

06 T 01 03 05 01 03 05
Engineering Strain (%)

Fig. 8. [110Q] tensile result for single crystal y-TiAl. The one
specimen was purposely unloaded and the Young's moduli
measured from the loading and unloading curves were in good
agreement. The measurement illustrates that micro-cracking had
not occurred in the specimen. The other curves represent the
strain to failure for this orientation and temperature.
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Fig. 9. Flow strength vs. temperature for the [1 1 0] oriented
single crystals of y-TiAl tested in tension and compression. The
orientation displays a flow strength anomaly in both tension and
compression. A tension/compression asymmetry similar to the
one observed for the [0 1 O] oriented crystals has been measured
with tension being the hard mode of deformation.

The 0.2% flow strength values of each reversed
loading experiment are included in Figs. 5 and 9
and Table 1 (compression) and Table 2 (tension)
with the monotonically loaded data. It is noted that
the flow strength measurements from the fully
reversed cyclic-loading specimens fall within the
virgin sample data scatter and display the same
tension/compression asymmetry as the monotonic
tests. This result suggests that the same defor-
mation mode was active in both tension and com-
pression, and the unidirectional deformation mech-
anism, twinning, is not active since anomalous
yielding was observed in both tension and com-
pression.

4. Yieding model

The yielding behavior of Al-rich single crystal-
line y-TiAl is presented in the previous section as
a function of orientation, temperature and applied
load. The experimenta results of this study are
summarized and compared with literature values
in Figs. 5, 7, and 9. The salient attributes of the
deformation in the anomal ous regime are summar-
ized below and will be used to construct a
micromechanical dislocation model for the meas-
ured yield response.



M. Zupan, K.J. Hemker / Acta Materialia 51 (2003) 6277-6290

400

6285

(a)~[01‘)1]-Com‘pressior’ Tension- 973K

-/

L

200

(b) ~{001]- Tension/ Cofnpression- 973K

-200

Engineering Stress (MPa)
(=]

-400 ‘

/

-0.4 0

0.4
Engineering Strain (%)

-0.4 -0.2 0.2 0.4

Fig. 10. Stress-strain curves for the cyclic loading of a single crystal aong the near [0 0 1] orientation. (a) In the first cyclic loading
excursion the microsample yielded at 391 MPain compression and 214 MPain tension. (b) At the same temperature, a new microsam-
ple was first loaded in tension and found to yield at 186 MPa and then compressed and observed to yield at 361 MPa.

300/ (@)T10}- Cor‘npressi‘on/ Terjsion 873K

L

g

g

(b) {110]- Tension/ Comprepsion- 873K

Engineering Stress (MPa)
=

100
200 -~
-300
-0.3 0.1 0 0.1 03 -04 -0.2 0 02 04
Engineering Strain (%)

Fig. 11. Cyclic loading curves for the [1 1 0] orientation at 873 K. (a) The first specimen yielded at 219 MPa in compression and
then 300 MPain tension. (b) The second test resulted in the sample yielding in 284 MPa in tension and then 206 MPain compression.

4.1. Yielding behavior summary

The experimentally measured yielding response
of Al-rich single crystalline y-TiAl can be summar-
ized as follows:

i) For the three orientations examined in this study
y-TiAl exhibits a positive flow strength depen-
dence on temperature up to a peak, after which
the flow strength drops dramatically.

ii) The[0O0 1] compressive strength is greater than
the tensile strength, and the onset of anomalous
yielding occurs at a lower temperature in com-
pression.

iii) The [0 1 Q] tensile strength is greater than the

compressive strength, and the onset of anomal-

ous yielding occurs at a lower temperature in
compression.

iv) The [110] tensile strength is greater than the
compressive strength, but the onset of anomal-
ous yielding occurs at a lower temperature in
tension.

v) In reversed-cycle tests the flow strength
depends on the orientation, test temperature,
and sense of applied load, but not the sequence
of the loading.

4.2. Didocation core effects
TEM experiments have associated cross-dlip

locked screw-oriented superdislocations with
anomalous yielding in Al-rich single crystalline y-
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TiAl [15,19-25,29]. The prevalence of superdisio-
cation activity and the similarity of theL1,and L1,
structures suggests that anomalous yielding in y-
TiAl and y'-NizAl may arise from a common ori-
gin. Greenburg et al. [38] proposed a number of
non-planar sessile configurations for superdisio-
cations in y-TiAl. To link the proposed dislocation
barriers to yielding, the stability of the core con-
figurations and the mechanisms for the glissile to
sessile transformation must be understood.

Atomistic calculations of non-planar “locked”
dislocation configurations in y-TiAl by Woodward
et a. [6,39] indicate that acute angle “roof-type”
barriers have the largest thermodynamic driving
force; with the total energy of the cross-slipped
configuration being significantly lower than the
planar one. The calculations show that for y-TiAl
a Kear-Wilsdorf-type lock, similar to that respon-
sible for the yield strength anomaly in NisAl, has
an energetic driving force less than half of the
“roof-type” barriers [6,39]. The predictions of
acute angle dislocation core structures are consist-
ent with experimental high-resolution electron
microscopy observations by Hemker et al. [40] and
Wang et a. [24].

For cross-dlip to occur mixed character Shockley
partial dislocations must recombine into a super-
partial of pure screw character. Dislocation core
spreading determines the height of the cross-dlip
energy barrier, with the fault energy being
inversely proportional to the cross-dlip locking
activation energy. Applied stress and crystal
geometry also have a significant effect on the
recombination of partial dislocations and the sub-
sequent cross-dlip. Bonneville and Escaig [41] first
showed that the resolved shear stress on a dis-
sociated FCC dislocation will either force the two
partial dislocations apart, inhibiting cross-dip, or
force them together, promoting cross-slip. Paidar et
a. [30] have modified Schmid's law to incorporate
“Escaig forces” and successfully predict the orien-
tation dependence and tension/compression asym-
metry of the CRSS of NisAl. Moreover, Yoo [42]
solved the force balance between the partial dislo-
cations in the framework of anisotropic elasticity
and showed that out-of-plane forces produce a
torque that pushes the dislocation off the octa-
hedral glide plane. The so-called “Y oo torque’ is

pronounced for materias with high elastic ani-
sotropy, and has been shown to be a significant
factor in determining the cross-dlip frequency of
dislocationsin NizAl. Here, the influence of crystal
geometry, sense of the applied load, the Escaig
force and the Y oo torque on the recombination and
subsequent cross-slip locking of superdisiocations
iny-TiAl isanalyzed and used to explain the exper-
imentally measured flow strength anomaly and
tension/compression asymmetry.

4.3. Crystallographic considerations

The direction that a dislocation glides is depen-
dent on the orientation and sense of the applied
load. The dip systems with the maximum resolved
shear stress for each of the three orientations have
been analyzed to determine the direction a dislo-
cation travels on the dip plane and the leading
stacking fault, i.e. SISF or CSF, as a function of
applied load. Superdislocations for each of the
three primary dlip systems are represented by the
Thompson notation [43], and their direction of
motion is indicated in Fig. 12.

For the [00 1] orientation a tensile shear stress
drives the dislocation to the left on the diagram
with the CSF on head, Fig. 12(a). Reversing the
sense of applied load moves the same dislocation
to the right, with the SISF leading. Similarly Fig.
12(b) and (c) present the directions of motion for
superdislocations for the near [010] and [110]
orientations. Inspection of this figure shows that in
the latter cases a SISF leads during tensile loading
and a CSF under compression. If the sign of the
dislocation Burgers vector is reversed, both the
order of the faults and the direction of motion
switch.

The experimental finding that the tension/
compression asymmetry is the same for [010]
and [1 1 0] but the opposite for [0 0 1] is consistent
with the description of dislocation motion outlined
in Fig. 12. It is, however, important to note that in
al cases the strength is lowest when the CSF leads
the dislocation. This finding indicates that the con-
striction and cross-slip of the leading superpartial
dislocation does not have a strong influence on the
yield strength anomaly. Since constriction and
cross-dip of the leading SISF dissociated superpar-
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(a) [To1j(111) (b) [0113(T17) (c) [0T13(111)
Tension Compression Tension Compression Tension Compression
N

2CB

\ SISF N\ APB £ CSF

BAN &\\\\:g\cﬁ Av"";:%l BA B

Fig. 12. Schematic drawing of the crystallographic dissociation of superdisiocations associated with loading axes (a) [00 1], (b)
[010] and (c) [-110]. The drawings and notation given here follow the definition of the Thompson tetrahedron. The direction of
motion of these dislocations, with respect to the sense of the applied load (tensile vs. compressive), is presented at the top of the
figure and can be used to determine when a CSF leads the dislocation and when it is led by an SISF.

tial is unlikely, the formation of roof-type barriers
may in fact be governed by the back cross-dlip of
the trailing CSF dissociated superpartial.

The CRSS values for the three conditions where
the CSF trails, [001]c, [010]; and [11 0]y, are
plotted in Fig. 13. The flow strength for each of
these conditions was found to be higher than for
their tensile or compressive counterparts, and plot-
ting them together illustrates the fact that the data
of these “hard” orientations collapse to a single
curve. The fact that the CRSS is the same for al
three orientations implies that Schmid's law is
obeyed when the asymmetry of superdislocation
motion is accounted for. Moreover, the observation
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Fig. 13. Plot of the CRSS for the hard directions. The data
for these directions converge to a single CRSS and have the
same peak temperature for the flow strength anomaly.

that the anomalous yielding peaks occur at the
same temperature for these “hard” orientations
points to the activity of a single deformation mech-
anism, presumably the cross-dlip locking of super-
dislocations by the formation of roof-type barriers.

CRSS values for the conditions where the CSF
leads, [001]+, [010]c and [11 0], are plotted in
Fig. 14. For these “weak” orientations the CRSS
do not collapse to a single curve. The magnitude
of the flow strength anomaly is approximately the
same, but the peak temperature for [0 1 0] is lower
than for [001] and [110]. This observation
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Fig. 14. The CRSS for the three weak orientations. This data
does not converge to a single CRSS. The peak temperature of
the anomaly for the [0 10] orientation was measured to be
much lower than that of the [001] and [—1 1 0] loading axes.
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implies that the thermal activation barrier for cross-
dlip is lower for the near [0 1 O] loading axis. The
fact that the overal strength is lower than for the
hard orientations and that the [0 1 0] behaves dif-
ferently than the other two orientations suggest that
an obstacle other than roof-type barriers may be
responsible for the yield strength anomaly for the
soft orientations.

4.4, Effect of resolved shear stresses

_Fig. 15 gives the planar geometry for the
[101](111) dip system that would be active for
the [0 0 1] loading axis. The resolved shear stresses
(RSS) for the primary and secondary octahedral
slip planes and the cube cross-dlip plane are indi-
cated on this figure. Under compressive loading the
dislocation glides to the right, and the RSS on the
secondary octahedral plane acts to drive back
cross-dip of the CSF into an acute angle roof-type
barrier, Fig. 15(c), which isin agreement with pre-
dictions [6,39] and experimental observations
[15,24,40] of superdislocations in y-TiAl. In ten-
sion, the dislocation moves to the left and the RSS
on the secondary octahedral promotes the forma-
tion of a high-energy non-planar configuration with
a CSF located on the cross-dip plane, Fig. 15(b).
Similar analysis shows the formation of “roof-

(a)
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type” barriers is aso favored for [010] and
[110] tensile loading. The finding that the
resolved shear stress promotes cross-slip of the
trailing CSF dissociated superpartia dislocationsis
in agreement with weak-beam TEM observations
[15] and the fact that the formation of roof-type
barriers occurs when the sense of the applied load
isin the hard direction.

4.5. Effect of the Yoo torque

Y 0o and Fu [14] have calculated the anisotropic
interaction forces on dissociated screw dislocations
in y-TiAl. For the [101](111) slip system illus-
trated in Fig. 15, the tangentia force from crystal
anisotropy push the CSF dissociated superpartia
off the dip plane in the [111] direction. Calcu-
lations made using the codes of Yoo and Fu [14]
show the stress on the superpartial to be approxi-
mately 300-600 MPa depending on the SISF and
APB energies. The magnitude of the stresses asso-
ciated with the Yoo torque is substantially larger,
more than three times, than the RSS on the cross-
dlip planes. By comparison, the Y 0o torque results
in a stress of 540 MPa in NizAl [31], but the yield
strength of NisAl is much higher and the RSS are
comparable to the torque stress for NisAl. For y-
TiAl, the large magnitude of the Y oo torque com-

/
111 = Yoo Torque ~
[111] T c V/E
l NN/ — — o IS
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K comlrsrrrrssreresess) N/ ain
\ \
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)
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\
s (111) 2 (111)

Fig. 15. Schematic of a [101] superdisiocation gliding on the (1 1 1) plane displaying the motion of the dislocation when the crystal
is loaded in tension or compression for orientations near [0 0 1]. Under a compressive load, the trailing CSF dissociated superpartial
dislocations can cross-dip on to a second octahedral plane forming an acute angle “roof-type” barrier.
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pared to the RSS significantly increases its effect
on the cross-dlip locking of superdislocations.

The Yoo torque, like the RSS, promotes the for-
mation of the low energy “roof-type” barrier
through cross-dlip of the trailing CSF dissociated
superpartial dislocation in each of the hard orien-
tations ([001]¢, [01 0]y and [110]y). This find-
ing further supports the supposition that the forma-
tion of roof-type barriers leads to anomalous
yielding in y-TiAl. The elastic anisotropy interac-
tion force does not change with the orientation or
applied load and can be used to explain the adher-
ence to Schmid's law illustrated in Fig. 13. The
Yoo torque in effect, mitigates the importance of
the secondary RSS. The Yoo torque acts against
the RSS in the soft orientations ([0 0 1]+, [0 1 0]¢
and [1 1 0]c) and appears to lead to the formation
of an dternative, unidentified but less formi-
dable, barrier.

4.6. Escaig forces on partial dislocation
constriction

Following the work of Bonneville and Escaig
[41], Paidar et al. [30] considered the geometry of
a fourfold dissociated superpartial dislocation in
NisAl and formulated the following equation for
the Escaig effect on the CSF separation of a pair
of Shockley partial dislocations on the primary
dlip plane

d, = 0 @

P [1_< Yars i () )]
2Ycsr Z\E)/CSF
The unstressed dislocation spacing is d,, b is the
Burgers vector, yapg and y-o are the APB and CSF
fault energies and 7, the resolved shear stress on
the edge component of the Shockley partial dislo-
cation. This relation was adapted for y-TiAl using
the asymmetrical geometry and appropriate values
for the APB and fault energies in y-TiAl, and the
results of this analysis indicate that, unlike NisAl,
the applied stress has little or no effect on the mag-
nitude of the CSF dissociation in y-TiAl. This
finding seems reasonable in light of its high CSF

energy and is consistent with atomistic calculations
of Woodward and MacLaren [39], which predict

that neither the Escaig stress nor the RSS have a
strong effect on the driving force for cross-dlip in
y-TiAl. The conclusion that the Escaig force does
not play a major role in the cross-dlip locking of
superdislocation in y-TiAl is also in good agree-
ment with the measured adherence to Schmid’s law
shown in Fig. 13.

5. Concluding remarks

The flow response of Al-rich single crystalline
y-TiAl has been investigated as a function of crys-
tallographic orientation, sense of the applied load
and temperature. Anomalous yielding and a
tension/compression asymmetry were measured for
each of the crystallographic orientations studied,
namely the[00 1], [01 0] and [1 1 O]. Thelocation
of the anomalous peak and the direction of the
tension/compression asymmetry were found to be
orientation dependent. The tensile yield strength
was measured to be stronger compared compress-
ive yielding for the [0 1 0] and [1 1 O] orientations
whilst the opposite was found for the [0 0 1] direc-
tion.

A micromechanical model based on superdisio-
cation cross-dip has been developed to explain the
observed tension/compression asymmetries. Separ-
ating the flow strength data with regard to the
direction of dislocation motion has illustrated that
the CRSS is lowest when the CSF leads and high-
est when it trails. Schmid’s law violations were not
observed for the case when the CSF trails. The Y 0o
torque and RSS on the cross-dlip plane were both
found to promote the formation of low energy
acute angle “roof-type” barriers through back
cross-dip of the trailing CSF dissociated superpar-
tial didocation. Escaig constriction forces have
been evaluated and found to have little or no effect
on the CSF dissociation. Mitigation of the Escaig
forces and the fact that the Yoo torque is much
higher than the secondary RSS combine to explain
why y-TiAl does not shown significant violations
of Schmid's law. The lower strengths and vari-
ations in the onset of anomalous yielding associa-
ted with the case where the CSF |leads the superdis-
location is believed to be related to the creation of
a less formidable, but as of yet unidentified,
locked configuration.
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