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Abstract
Deformation twinning, which takes place abnormally within lamellar TiAl subjected to creep
deformation at strain rates as low as 107, has been found to be intimately related to the motion, pileup
and dissociation of interfacial (Shockley partial) dislocations. In this study, results of in-situ TEM
observations are presented to verify the motion and pileup of interfacial dislocations. Since the
interfacial (Shockley partial) dislocations are energetically unfavorable to undergo cross-slip or climb,
under normal conditions they can only move conservatively along interfaces. Consequently, the pileup
configuration once generated cannot be easily dissipated and thus remain in place even at elevated
temperatures. The dislocation pileup eventually leads to the emission of deformation twins from the

interfaces into y lamellae when a local stress concentration due to the dislocation pileup becomes so

great. Deformation twinning of {111}<11 2>- and {11 2 }<111>-type (both generate 23 twin

boundaries) have been observed. Both types of twinning can be rationalized by dislocation mechanisms
involving the core dissociation of interfacial dislocations: 1/6[1_2i] ainy — 1/6[011] 100y + 1/6[i 15] (T 1)
and 1/6[15 1T ainy - _[OiO] ©o1) + 1/6[111] (117, and the emission of 1/6<I 1§> and 1/6<111> twinning
dislocations into y lamellae to form the (i 11)[1 15]- and (1 15)[1 11]-type twins, respectively. The

critical shear stress for the {111}<I1 2 >-type twinning is evaluated using Peach-Koehler formula based
upon the pileup configuration of interfacial dislocations.

1. Introduction
Two-phase lamellar TiAl alloys with y (TiAl) and a, (Ti3Al) phases presented as alternating layers

are appealing for applications in advanced turbine engine components because of their high specific



strength, stiffness, creep resistance and environmental resistance at elevated temperatures. However, a
major draw back for the structural applications of the material is their inadequate fracture resistance
(ductility and toughness) at low temperatures. To overcome this obstacle, a recent development of the
material has focused on refining the y/a, lamellar microstructure through advanced processing routes
such as a powder metallurgy (PM) process. The creep properties as well as room-temperature ductility
of PM TiAl with a refined lamellar microstructure by introducing more lamellar interfaces to the
material have been demonstrated to be superior to those of TiAl fabricated by conventional processing
techniques such as ingot metallurgy (IM) which contains relatively coarser microstructures [1-3].
These results invite the need of investigation on the structure-property relationships of refined lamellar-
TiAl in order to understand the deformation mechanisms as well as the role of lamellar interface in
deformation behavior of the material.

One of the unique deformation substructures of two-phase lamellar TiAl is the formation of
deformation (mechanical) twins with the thickness in the sub-micrometer region [4-7]. The twinning
phenomena have been observed in lamellar TiAl under different testing conditions: tension, creep, and
shock deformation. In addition, the creep resistance of lamellar TiAl can be significantly enhanced by
deformation twinning via prestraining [8]. That is, when a specimen is first crept to a few percent of
strain to form deformation twins at a high stress level, the specimen become more resistant to a
subsequent creep deformation at a lower stress level. Although the twinning mechanisms remain to be
clarified, it is known that the twinning phenomena become more pronounced within lamellar TiAl with a
refined lamellar microstructure. In addition to the stress and orientation dependency of deformation
twinning, one of the most important characteristics of twinning phenomena in lamellar TiAl that
twinning can take place at elevated temperatures when samples were crept under low strain rates, and

the volume fraction of twins increases with cumulative strain. This is unique to the twinning



phenomena observed in conventional metals and alloys where deformation twinning is more likely to
occur under the low-temperature and high strain-rate conditions [9].

A physical model to rationalize the twinning phenomena in lamellar TiAl is currently lacking. It has
been proposed previously that the {111}<112>-type deformation twins can be nucleated from lamellar
interfaces by a stair-rod cross-slip mechanism [10], here we provide further the experimental evidence to
support the “interface-activated” deformation twinning in order to better understand the role of lamellar
interfaces and the interfacial dislocations in twinning as well as deformation behavior of lamellar TiAlL

2. Experimental

A two-phase lamellar TiAl alloy with a nominal composition of Ti-47AI1-2Cr-2Nb (at. %) was
fabricated by a powder metallurgy process, which involves a hot-extrusion of gas-atomized titanium
aluminide powder at 1400°C. A refined fully lamellar microstructure (y lamellae: 100 ]300 nm thick,
and 0, lamellae: 10 [J 50 nm thick) was formed within the alloy [7]. After extrusion, the alloy was
stress-relieved at 900 °C in a vacuum (0107 Pa) for 2 h. Creep tests were conducted in a dead-load
creep machine with a lever arm ratio of 16:1. For current study, the deformation substructures of tested
specimens [crept at 760°C, 138 MPa (creep strain: 0.25%), 760 °C, 518 MPa (creep strain: 3.6%), and
815°C, 420 MPa (creep strain: 1.7%)] were investigated and compared. TEM foils were prepared by
twinjet electropolishing in a solution of 60 vol. % methanol, 35 vol. % butyl alcohol and 5 vol. %
perchloric acid at 15 V and -30 °C. The microstructures of the crept alloys were then examined using
a JEOL-200CX transmission electron microscope equipped with a double-tilt goniometer stage. Images
of dislocations were recorded using a weak—beam dark field (WBDF) imaging technique under g (3g)
two—beam diffraction conditions with the deviation factor w (= &, s) > [, where &, is the extinction
distance and s is the deviation distance from the exact Bragg position. The g-b invisibility criteria used

for determining the Burgers vector of Shockley partials are described as follows [11]: (a) Invisible if g-b



=0 or x1/3. (b) Invisible if g-b = -2/3 but visible if g-b = +2/3 provided the deviation factor w > 1. (¢)
Invisible if g-b = +4/3 but visible if g-b = -4/3 provided the deviation factor w> 1.
3. Results and Discussion
3.1 Twinning phenomena in crept samples
The creep data obtained from samples tested at 760 and 815°C is shown in Fig. 1 (a), which

reveals that there exist two distinct low stress (LS) and high stress (HS) creep regimes. In the LS regime

(<400 MPa), a nearly linear creep behavior (i.e. E [Jo" and n [11) is observed, and in the HS regime (>
400 MPa), a nonlinear creep behavior (i.e. n [17) is observed. While the linear creep behavior in the LS
regime can be rationalized to be due to the viscous glide of interfacial dislocations [7], an explanation
for the (high n) nonlinear creep behavior (although twinning is known to be the predominant
deformation mode) in the HS regime remains to be further explored because of its relative complexity.
Figures 1 (b) and 1 (c) are typical twinning substructures formed within samples crept at A (760 °C, 518
MPa, € = 3.6%) and B (815 ° C, 420 MPa, € = 1.7%), respectively. Here, deformation twins of nano-
scale can be clearly seen in Fig. 1 (b). Besides, the twin density is found to be greater within the sample
crept under higher stress and creep strain. More evidence for the emission of deformation twins from
lamellar interfaces is shown in Figs. 2 (a) and 2 (b), where the nucleation of twin embryos from
interfaces were observed within samples crept under different conditions. The observations of chisel- or
blade-shape twin embryos support the twinning mechanisms we have proposed previously [7] that
twinning process is resulted from a successive dislocation dissociation [by (interfacial dislocation) — b,
(stair-rod dislocation) + b3z (twinning dislocation)] and repeated emission of twinning dislocations from
interface as illustrated in Fig. 2(c). Since each twinning dislocation is sequentially emitted, the

formation of chisel- or blade-shape embryo is anticipated.
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Fig. 1. (a) Steady-state creep rate plotted as a function of applied stress at 760 and 815°C.
Typical deformation substructures observed from samples crept at (b) 760 °C, 518 MPa and (c)
815°C, 420 MPa.
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Fig. 2. TEM images showing the emission of twin embryos (marked by arrows) from lamellar
interfaces observed from the samples crept at (a) 760 °C, 518 MPa and (b) 815 ° C, 420 MPa.

When creep is conducted in  HS regime, the strain accommodation near colony boundary due to the
motion of interfacial dislocations (interfacial sliding) becomes less effective as the strain rate increases.
This could results in the pileup of interfacial dislocations near the boundary and causing a local stress

concentration to build up near the boundary, which may promote the twinning process so as to dissipate



the local stress concentration. That is, a higher density of deformation twins is likely to form near the
colony boundary. A typical example is shown in Fig, 3, where the twin density is greater than that

found at location far away from the colony boundary [Fig. 1(b)].

e Fig. 3. TEM image taken from a sample
;. \45. crept at 760 ° C and 518 MPa showing
y @& the formation of higher density of
E deformation twins (labeled as DT) near

A oi%m?f colony boundary.
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In addition to the twinning phenomena observed above, the twinning process is also found to be

dependent on the orientation of lamellar interface with respect to the stress axis as shown in Fig. 4. Here
in the same crept sample, deformation twins were found within both 10 © -oriented and 45 © -oriented
grains but was not found in a 5° -oriented grain. More importantly, instead of the normal
{111}<11 2 >-type twin as found in the 45 ° grain, a (11 2 )[111]-type deformation twin was found
within the 10 © grain. This is abnormal since it is the twin system most commonly observed in bcc
structure, although both the {111}<I11 2> and {11 2 }<I111> twin boundaries are belongs to 23 type
according to the coincident site lattice (CSL) concept [12]. More results on the dislocation reactions for

the {111} and {112} twinning are demonstrate below.



As for the ( 1 11)-type deformation twinning, the corresponding dislocation dissociation reaction is
suggested to be 1/6[1217 111y [b1] — 1/6[011] (100) [b2] + 1/6[1127] (111, [bs]. The (111)-type twin is

accordingly formed by a successive emission of the twinning dislocations 7/6[1 12] on the (I 11)plane
and leaving the stair-rod dislocations 1/6[011] on the (100) plane. The evidence of the formation of stair-
rod dislocations is shown in Fig. 5, where an array of 7/6[011] stair-rod dislocations become invisible
[Fig. 5 (a)] or visible [appeared as sharp-bright contrast in Fig. 5 (b)] when a reflection vector (g) 200 or
021 is used for imaging. It is noted that the individual stair-rod dislocation is not resolvable because of a

very narrow distance (0.25 nm) between the stair-rod dislocations. Similarly, the corresponding
dislocation dissociation reaction for the (11 5)-type deformation twinning is suggested to be 1/6]1 2 1]
ay [b1] - _[OIO] o1y [b2] + 1/6[111] 17y [b3]. The (i 11)-type twin is accordingly formed by a

successive emission of the twinning dislocations 7/6[111] on the (11 E)plane and leaving the stair-rod

dislocations 7/2[100] on the (001)plane. The evidence of the formation of stair-rod dislocations is

shown in Fig. 6, where an array of 1/2[010] stair-rod dislocations become visible [Fig. 6 (a)] or invisible
[Fig. 6 (b)] when a reflection vector (g) 020 or 002 is used for imaging.

The above observations suggest that the resolved shear stresses on both lamellar interface [parallel to
the (111) plane] and twin plane are critical to the twinning process, the shear stress on interface is
necessary to generate the pileup configuration for activating twinning reactions, and the critical shear
stress (T.) on twin plane is required to pull the twinning dislocation so as to form the stacking fault (a
pair of twin interfaces) on its wake, 1.e. T, = yir/2b, where Yis the stacking fault energy. Although
further study is needed to rationalize the {112}-type twinning, it is postulated here that “interface
activated” twinning can be a competing process between the {111}- and {112}-type twinning. The
{112}-type twinning becomes favorable when a lamellar grain is oriented so that the resolved shear

stress on {111} is smaller than the critical stress required for the {111}-type twinning, and on the other



hand the resolved shear stress on {112} is greater than the critical stress required for the {112}-type

twinning. Consequently, the orientation of lamellar grain in Fig. 4 (c) promote the dissociation reaction:
1/6[1 2 1] iy - _[OiO] ooty +1/6[111] (115 for {115 } twinning and prohibit the dissociation reaction:

16[1217 a1ty — 1/6[011] ooy + 26[112] (111 for {111} twinning.

Fig. 4. TEM images taken from a sample crept at 760 © C and 518 MPa showing the twinning
process is dependent on the orientation (angle) of lamellar interface with respect to the stress axis

(SA). (a) No twin formation within a 5 -oriented lamellar grain, (b) the formation of (1_ 11)-
type twins within a 45 ° _oriented lamellar grain, (c) the formation of (112 )-type twins within a

10 © -oriented lamellar grain. N (foil normal) || Z (zone axis) = [Oi 1], [| [011 1],2. Notice the
appearance of thickness fringes on every deformation twin located between interfaces.



Fig. 5. Paired WBDF images showing the existence of 7/6[011] stair-rod dislocation array at the junctions (indicated by arrows) between the
(111)-type deformation twin (DT) and a, lamella. (a) Invisible at g = 200 (g*b = 0), (b) visible at g = 012 (g*b = _), Z (zone axis) = [021 ].



Fig. 6. WBDF images showing the existence of 1/2[0 1 0] stair-rod dislocation array at the junctions (indicated by arrows) between the (11 2 )-
type deformation twins (DT) and a, lamella. (a) Visible at g =020 (g°b = 1), Z (zone axis) = [304], (b) invisible at g = 002 (g*b = 0), Z
(zone axis) = [320].



3.2 In-situ TEM observations of interfacial dislocation motion and pileup

Results of in-situ TEM experiment to demonstrate the cooperative motion of interfacial dislocations
in lamellar TiAl under room-temperature straining conditions have been reported elsewhere [13]. Here,
results of in-situ TEM observations (from a sample pre-crept at 760 ° C and 138MPa) are presented in
Fig. 7 to demonstrate the motion and pileup of interfacial dislocations under electron-beam heating
conditions. Since the purpose the study is solely to demonstrate the direct observations of interfacial
dislocation motion, the amount of temperature increase by beam heating is not a major concern. It is
also noted that a local heating can be achieved when electron-beam is focused to a small spot size of
several micron meters.

Figure 7 (a) shows the cooperative motion of a dislocation array (eight interfacial dislocations) on a
y/y interface. Each of the eight dislocations moved about 250 nm after beam focusing (heating) for 20
seconds. That is, each dislocation moved at roughly the same velocity in this case. Figure 7 (b) shows
the motion of interfacial dislocations within a dislocation pileup on a y/a, interface. Here, the head of
dislocation pileup is at the tip of a, fragment adjacent to the dislocation labeled #1. It is seen that the
dislocation spacing increases with distance from the pileup tip, and the dislocations close to the pileup
tip moves slower than those far away from the tip. For instance, the #10 and #20 dislocation moved
about 170 nm and #35 and #45 dislocations moved about 250 nm after beam focusing (heating) for 30
seconds. That is, during beam heating, dislocations in the pileup start to squeeze which causes the
increase of dislocation density within the pileup. The above in-situ observations of interfacial
dislocation motion and pileup can be explained below.

Since the pre-crept sample contains residual stresses especially at interfaces, interfacial dislocations
can start to move or drift under heating according to v = MF, where vy 1s the (drift) velocity of

dislocation, M is the mobility of interfacial dislocation, and F is the effective force acting on the



dislocation. An explicit expression for the dislocation mobility M limited by solute drag can be found

) DsQ , . .
n [14] is M = ———, where [ is a constant, b is the length of Burgers vector, C, is the solute

Bb’CokT
concentration and D is the solute diffusion coefficient, and Q is the atomic volume of solute. For the
effective force (F) acting on the i-th dislocation in a dislocation array or pileup can be expressed as F' =

2 n b2 n
Hb ! [15], where the term H
21 — V) =0 Xi — 21 — V) =0 Xi =

/”t /"l

H -

represents the sum of internal forces

acting on the i-th dislocation by the other dislocations of the pileup; x; — x; represents the distance
between the i-th and j-th dislocations. Accordingly, vgsincreases as a result of the increase of
dislocation mobility as temperature (7) increases after beam focusing (heating), and vz diminishes as
temperature decreases to an ambient temperature after beam spreading. The velocity of dislocations
close to the pileup tip becomes slower indicates that the internal stress acting on the dislocations
increases as the dislocations move closer to the pileup tip, and therefore reducing the effective force (F)
acting on the dislocations. In addition, the effective stress (or local stress) 7, at the tip (or lead

dislocation) of the pileup of n dislocations is nT according to Eshelby et al. [17].



Fig. 7. Consecutive in-situ TEM images showing (a) the motion of an interfacial dislocation array in a y/y interface (beam heating: 20 s), and
(b) the motion of interfacial dislocations in a dislocation pileup on a y/a, interface (beam heating: 30 s). The head of pileup is at the tip of a,

fragment adjacent to the dislocation labeled #1.



3.3 Critical shear stress for the interface-activated (111)[11 2 | twinning

The above TEM observations support that deformation twinning in crept FL-TiAl is activated by the
local stress concentration due to the pileup of interfacial dislocations during creep deformation. Since
the interfacial (Shockley partial) dislocations are energetically unfavorable to undergo cross-slip or
climb, under normal conditions they can only move conservatively along interfaces. Consequently, the
pileup configuration once generated cannot be easily dissipated and thus remain in place even at
elevated temperatures. The dislocation pileup eventually leads to the emission of deformation twins
from the interfaces into y lamellae when a local stress concentration due to the dislocation pileup
becomes so great. The significance of the previously proposed twinning mechanisms [10] is to reveal
that there are several barriers to be overcome in order to activate the twinning reaction. These barriers
include (1) the repulsive force (F) between the interfacial (Shockley) and stair-rod dislocations, (2) the
increase of line energy due to the dislocation dissociation, and (3) the increase of interfacial energy due
to the formation of twin faults. Among them the repulsive force (F) between the interfacial (Shockley)
and stair-rod dislocations is considered to be rate controlling. That is, a minimum shear stress for

“interface-activated” twinning will be the critical stress (T¢) required to activate the dissociation
reaction [as for example of the (i 11)-type twinning]: 1/6[1_2i] ainy — 1/6[011] 100y + 1/6[i 15] (1 11).

This can be evaluated using Peach-Koehler formula based upon the pileup configuration of interfacial

dislocations illustrated in Fig. 8.

Fig. 8. A schematic illustration shows a dislocation pileup configuration on a y/a, interface. by

(1/6[i2i] ), b2 (1/6[011] ) and b3 (1/6[i 15] ) respectively, stand for interfacial, stair-rod, and

twinning dislocation. Line vectors of the three dislocations are all parallel to the <011>
direction.



Assuming an isotropic elasticity, the critical stress can be approximately evaluated using Peach-Koehler

formula:
Ox Oxy O cos O
F = |Oyx Oyy 0 bl cosD: x [001]
0 0 o= cos 03
i j k
F = by [0.50x 0.50y 0.870%
0 0 1

Since the stair-rod dislocation (b;) is pure edge in character, the elastic stresses about the stair-rod
dislocation are:

_ b y(3x* +y?) S —ub2  x(x* +y?) _ Uvb2y
2ml-v) (x*+y?)’ T T 2ml-v) (P Hy?)? T T - v +y?)

XX

where,y =apx'+tany, x = anyx'+ axy’,and a;; = ax = cos 54.4°, a;p= cos 144.44°
and az; = cos 35.56°.

Thus,
T. b= b; (0.5 Oyx), T.= 1.02 uby/21M1-V).

Where u (~56 GPa at 760°C [16]) is the shear modulus, b, (J0.163 nm) and b, (10 0.094 nm) are the
length of Burgers vectors of Shockley and stair-rod dislocations, and x' (= 0.4 nm) and y' (= 0.46 nm)
are the distance between dislocations in the x'- y' axes. The critical stress (T,) is estimated to be 1.28
GPa.

In the case of a low applied stress (138 MPa) and small creep strain, the resolved shear stress (T;)
acting on the interface plane is about 69 MPa (for Schmid factor = 0.5), the number (n» [120) of pileup
dislocations required to create a high enough effective stress (i.e. T, = nT[17]) is large. Consequently,
the formation of deformation twins under low stress and low strain is less likely. In the case of a high
applied stress (518 MPa), shear stress acting on the interface plane is about 259 MPa (using Schmid
factor 0.5). This value is much greater than 69 MPa for the case of low applied stress, the number (n [
6) of pileup dislocations, thus accumulation creep strain required to nucleate deformation twins becomes

much easier to reach. A recent investigation on the formation of deformation twins in lamellar TiAl



creep-deformed at different loading conditions [18] has further support the above viewpoint. That is,
deformation twins started to form within samples loaded at 138 MPa level when the accumulation creep-
strain became large (1.5%). In addition, the volume fraction and thickness of deformation twin were
found to increase with increasing accumulation creep-strain.

4. Conclusion

Twinning phenomena and the role of interfacial dislocations in deformation twinning of lamellar

TiAl have been investigated. In addition to the stress and orientation dependency of deformation
twinning, several other characteristics of twinning phenomena are identified as below. (1) Twin
embryos of blade-shape are found to nucleate from lamellar interfaces. (2) The thickness of
deformation twin is in a range of several to several tens nanometers. (3) Density of twin lamellae near
to colony boundary is usually greater. (4) Twinning can take place at elevated temperatures under very
low creep strain-rates, which is unique to the twinning phenomena found in conventional metals and
alloys where deformation twinning are more likely to occur under the low-temperature and high strain-
rate conditions. The twinning mechanisms are further verified to be a stress relaxation process for the

local stress concentration at the tip of interfacial dislocation pileup. Deformation twinning of
{111}<11§>- and {11 2 }<I11>-type (both generate 23-type twin boundaries) have been observed.
Interface-activated twinning processes based upon the core dissociation of interfacial dislocations:
1601211 11y — /610117 ooy + 2/6[112 ] (7 myand 1/6[12 1] q1ny — _[010] coony + 2/6[111] (115 ). and the
emission of 1/6<112> and 1/6<111> twinning dislocations are proposed to rationalize the formations of

(11D)[112]-and (112)[111]-type twins.
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