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MICROMECHANISMS OF DEFORMATION AND FRACTURE IN
ORDERED INTERMETALLIC ALLOYS — I. STRENGTHENING MECHANISMS™

M. H. Yoo, J. A. Horton, and C. T. Liu
ABSTRACT

The stability and mobility of active slip and twin modes
in superlattice structures, for both cubic and noncubic
crystals, are theoretically investigated based on the ener-
getics and kinetics of dislocation dissociations. The main
concept of the force couplet model for the positive temperature
dependence of yield and flow stresses is introduced. Two
sources of the glide resistance in ordered lattices are the
fault dragging mechanism and the cross-slip pinning mechanism.
The effective fault energy consists of two terms related to the
chemical and mechanical instability of a shear fault (antiphase
boundary, superlattice intrinsic stacking fault, or microtwin).
Dependence of the yield stress on the orientation and the sense
of applied stress stems from the signs and magnitudes of the
glide and nonglide stresses. As the effective fault energy is
altered by solute segregation and/or high nonglide stress, the
two glide resistance mechanisms are affected differently.

In NijzAl and B~CuZn, the major aspects of anomalous yield
strength, strain rate sensitivity, in situ deformation
transmission electron microscopy observations, microtwinning,
and nonstoichiometry effect are discussed in view of the
present model. In addition, the order twinning-slip conjugate
relationship is identified, in all the superlattice structures
considered, which will influence the deformation behavior by
viscous glide at high temperatures.

1. INTRODUCTION

Ordered intermetallic compounds have long been recognized for their
superior'strength at elevated temperatures. The strong tendency for
chemical ordering in these Intermetallic compounds reduces the atomic

mobility at elevated temperatures and results in good structural stability

*Research sponsored by'the Division of Materials Sciences,
U.S. Department of Energy, under contract DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.

A condensed version of this report, "Micromechanisms of Yield and
Flow in Ordered Intermetallic Alloys,"” is to appear in Acta Metall.
36 (1988).



and resistance to high temperature deformation. However, the low symwetry
crystal structures common to these materials give rise to poor ductility.
Thus, strength and weakness coexist in ordered intermetallic compounds.

Much attention has been given to NijzAl with the L1, structure bhecause
of its unique deformation and fracturs characteristics, viz., the anoma-
lous (positive) temperature dependence of yield and flow stresses and the
inherent susceptibility to intergranular fracture. The current status of
our mechanistic understanding of both the anomalous yield stremgth and the
inherently brittle grain boundary weakness in L1, ordered alloys can be
assessed with the proceedings of two recent symposia.!s>? Though there
have been significant advances recently, most theoretical analyses were
made on the energetic basis alone and nearly all transmission electron
microscopy (TEM) experiments to confirm operative mechaniswms were
performed statically after the mechamical testings. More recently, a
stability analysis of superdislocations and shear faults din the L1,
structure® and in situ deformation TEM experiments on NijAl (refs. 4,5)
have been made. These investigations have disclosed several conclusions
which cannot be accounted for by the prevailing theories available for
the anomalous yvield strength in Ll, alloys.

Another outstanding example of anomalous yield behavior is f-CuZn
with the B2 structure. In this case also, there has been 2 number of in
situ deformation high-voltage electron microscopy (HVEM) experiments to
characterize dislocation behavior and mobility at various temperatures.®™®
Whereas much information on the wmultiplication process and the wmobility of
dislocations has been obtained, the wajor driving force for the amnomalous
yield behavior has not been identified. Also, it is not understood why
only B-CuZn and FeCo show the streungth anomaly among B2 alloys. While
Ni,Al and f-CuZn are the outstanding cases as far as the anomalous yield
strength is concerned,’ a comprehensive analysis on a wide range of
ordered interwmetallics is deemed necessary in ordexr to understand the

micromechanisms of yield and flow behavior of this class of materilals.



The purpose of this report is to analyze the deformation modes in
superlattice structures, of both cubic and noncubic symmetries, on the
basis of energetics and kinetics of dislocation dissoclations, and to
discuss possible micromechanisms for the temperature and strain rate
dependencies of yield and flow stress in ordered intermetallic alloys.

A systematic analysis will be made on the basis of the crystal symmetry,
anisotropic elasticity, dislocation dynamics, and crystallography of
twinning. In Sect. 2, the relative stability and mobility of super-
dislocations are assessed in terms of the change in their dissociation
configurations. Interrelationships between the active slip system and
"order-twinning" are established in Sect. 3. The physical scurces for ths
temperature dependence and the strain rate sensitivity of yield and flow
stresses are discussed in Sect. 4. Sectlon 5 addresses the key issues in

strengthening mechanisms, followed by a summary in Sect. 6.

2. ACTIVE SLIP SYSTEMS

Active slip systems reported in the literature®>!! are summarized
in Table 1, where the slip vectors are Burgers vectors of super-
dislocations, B. The Miller-Bravis indices for slip systems,
{hk“1}<uv-w>, in an ordered crystal structure are referred to the crystal
structure of the corresponding disordered state (fcec for Ll,, Ll,, and
DO0,,; bee for B2, DO,, and L2,; and hep for DO,,). Some of those alloys
which show the anomalous temperature dependence of yleld stress are given

in the last column.'?-1%

The elastic comstants, Cy;, €., and C4u, for
cubic ordered alloys at room temperature'® are listed in Table 2
together with the anisotropy factors, A and R, relevant to the screw
orientations <110> and <111> for the L1, and B2 (DO;) structures,?®

respectively.



Table 1. Observed slip systems in ordered intermetallic alloys

Crystal structure Slip system Anomalous strength

Cubic L1, {111}, {010} <101> Cuj3Au,Co,Ti,Pt,Ti,FesGa

(Fe,Co,Ni),V, NizX
(X = Al,Ga,Si,Ge)

. L2, 110},{112},{123} <111> c
Cubic (B2) %110£ <001> B8-CuZn,FeCo
Cubic DO, {110},{112},{123} <111> Fe,Al,Fe,Be™
. 110},{112} <111>
Cubic L2, EIIO{ <110>,<001> Ag,Mgin
<110>
Tetragonal Ll, {111} 071> TiAl
<110> .
Tetragonal DO0,, (001) <100> Ni,V
. (0001),{1700}, {1101} <11Z0>
Hexagonal DO, 4 {1011}’ 1132 <1123> Mg,Cd,Mn,;8n

*Pseudotwinning is the deformation mode.

Table 2. Elastic constants of
alloys at room

ordered cubic intermetallic
temperature

101! N/m?2-

Type Alloy
Cll CIZ C

A R Ref. 15
44

NijAl 2.23  1.48 1.

L1, Ni,Fe 2.46 1.48 1
Cu,Au 1.87 1.35 0.

DO Fe,S8i 2.32  1.56 1
3 Fe,Al 1.72 1.3z 1
FeAl® 2.09 1.23 1

Nial 2.12  1.43 1

AgMg 0.84 0.56 O

B2 CuZn(II) 1.34 1.04 0
Cuzn(1) 1.29 1.10 0

AuZn 0.50 0.38 0

AuCd 0.90 0.83 0

25 3.34  1.12 a,m
.24 2.53  1.07 b
68  2.60 1.08 c
.35 3.59  1.13 k
.32 6.52  1.30 d
.27 2.94  1.09 d
120 3.28  1.12 e
48 3.47  1.13 £,1
.73 4,94 1.23 g
.82  8.49 1.43 h
.37 5.92  1.27 i
44 11.86  1.64 j

*Extrapolated from the lower

Al concentrations.



2.1 L1, STRUCTURE

2.1.1 Low and Intermediate Temperatures*

Consider a single dislocation loop of Burgers vector, B = [101],
lying in a (111) plane dissociated according to the antiphase boundary

(APB)-type dissociation

3-=
+

w
+

w

(1)

where b = %{TOl] (Fig. 2). The interaction force between the two
superpartial dislocations was calculated earlier by using anisotropic
elasticity theory.®’ The orientation dependence of the radial and
tangential components for the {111) APB-type dissociation in Ni,Al is
shown in Fig. 3. For the screw orientation (¢ = 00), the strength

ratio of the tangential component to the radial component is

£, = fg/fy = (A - 1)Y2/(A + 2), where A = 2C,,/(C;,-C;2). According to
the elastic constants listed in Table 2, f; = 0.6 for NijzAl, Cu,Au, and
NijsFe. Figure 3 shows that this ratio increases with increasing ¢ to the

0.7 at ¢ = 31°, and then decreases to zero at the

[

maximum value of £,

H

edge orientation (¢ 90°). The variation of f, and fg with dislocation
character is depicted schematically in Fig. 2.
Mobility of the edge component is expected to be much higher than

that of the screw component for the following reasons:

1. The larger the dislocation width, the lower the Peierls stress.!®-1!8®
The extended width of a superdislocation is proportional to f,, which
is larger for the edge component than for the screw compeonent (Fig. 3).

2. Similarly, for the core width of each superpartial, the mobility of

the edge component is relatively higher.

*Low, intermediate, and high temperatures are referred to homogolous
temperatures below and above the peak temperature of anomalous yield
strength, Tp, of NijAl. See the three regions shown in Fig. 1.
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Fig. 1. ‘lemperature dependence of yield strength in
ordered intermetallic alloys.
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Fig. 3. Orientation dependences of the interaction force constants

in NijAl at room temperature for the (111) APB-type dissociatiocn.



3. The effect of elastic anisotropy on the dislocation mobility is to
further increase the disparity between the two dislocation characters
(see the two f,. curves in Fig. 3).

4., For near-screw orientations, there may exist intrinsic resistance to
dislocation motion‘due to a distribution of force couplets across the
APB ribbon, Fig. 4(a), which is necessary to counterbalance the

3,9,19

interaction torque between the two superpartials. As was

mentioned in review articles,lo’zo

postdeformation TEM observations
in L1, alloys showed primarily long straight screw dislocations.
More convincing direct evidence for the strong disparity of disloca-
tion mobility between the edge and screw components has been
obtained recently in NijAl by conducting an in situ deformation

TEM experiment.?

The last point (No. 4) mentioned above is unique to the case of
dislocation dissociations in a superlattice with long-range ordering (LRO).
This can be discussed further with the aid of Fig. 4. The magnitudes of
the interaction force components (Fig. 4) are Fy, = f,./2nr and Fg = fg/2nr,
where f,. and fg are given in Fig. 3. Bending of the shear-type APB
ribbon due to the force couplets, as depicted in Fig. 4(a), can be
associated with a continuous distribution of fractional edge dislocation
pairs (a twofold symmetry with respect to the z—axis) such that the fault
vector, £ = b + b, where b = 2({101], b’ = 2[171], and 0 < X < 1.

Figure 4(b) shows this dissociation configuration which is in a state of
static equilibrium. When an externally applied stress, 0,5, is imposed
onto this static configuration, the twofold symmetry of Fig. 4(b)

will generally be destroyed as in the case of cross—slip pinning con-
figuration® shown in Fig. 4(e).

When a uniaxial applied stress, 0,, is applied in a certain
crystallographic direction of a crystal, the resolved shear stress, Txys
for the edge component, b”, favors the stability of APB ribbon interface

when Txy > 0 and the nucleation of a superlattice intrinsic stacking
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Fig. 4. Possible dissociation configurations of a screw super-
dislocation in the L1, structure; (a) force couplets, (b) fractional
edge pairs, (c¢) stabilized APB, (d) stress-induced SISF, and

(e) cross slip.
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fault (SISF) when Txy < 0. Under a temsile stvess, 6,, which resolves

into Ty > 0 and Ty > 0,”

as in Fig. 4(¢), the bending of APB interface
would tend to straightem out, and the mobility of the superdislocation
will be enhanced., When the sign of 0, is reversed, Tzy < 0 and Txy < 0,
the trailing superpartial will be impeded as shown in Fig. 4(d). If the
constriction of Shockley partials is effected and the resolved shear
stresses on both the primary and the cross—slip planes are sufficiently
high, Tay > 0 and T’Zy > 0, then a cross slip pinning configiration as

shown in Fig. 4(e) is possible.®,!?

In this case, the leading super-
partial will be impeded.

That all three dynamic configurations, Figs. 4(c), &4(d), and 4(e),
are possible during deformation is corroborated by recent experimental
findings."»% Figures 5(a) and 5(») represent evidence for the cases of
Figs. 4(¢) and 4(d), respectively. A cowmbination of the two casss,
Figs. 4(c) and 4(e}, could account for the direct observation made by
Baker et al." All of these experiments were carried out at room
temperature, and the separation spacing between the superpartials under
an applied stress was found to be, in all cases, greater thanm the static
equilibrium width, e.g., r, = 6.7 nm for the screw orientation.?® These
observations indicate that the configuration of the cross-slip pinning
process, Fig. 4(e), is not solely responsible for the anomalous

strengthening phencmenon.
2.1.2 High Temperatures

As the deformation temperature, T, is raised, the {010}<I01> cross-
slip system becomes gradually more active and becomes the primary slip
system at T > Tp. The fact that the APB energy omn {010} planes is lower
than that on {111} planes®:%%52% and no interaction torgue exists omn

{010} planes®>'® would suggest a relatively high superdislocation

*In the case of bce structure, Duesbery called T, "g¢lide stress"
and Tyy, "nonglide stress" or "edge stress” (refs. 21,32).



YPa060

a;wi«})‘;égv' :

Fig. 5. Superpartial dislocations at the head of slip bands in
under load; (&) APB coupled superpartials, b = %[101]9 ry ® 7 nm and
(b) the leading superpartial trailing long SISFs, b = %{TTZ].

Ni,Al



12

mobility. However, computer simulation analyses of the core structure of

screw superpartials?®,27

showed two distinct atomic configurations, a
glissile one on {111} planes and a sessile one on {010} planes. In the
latter case, therefore, the mobility of the sessile core configuration
seems to control the dynamic process of {010}<T01> slip. No direct
experimental study of {010}<I01> slip has been dome. Based on weak-beam
TEM analysis, at room temperature, of superdislocations moved on {010}
planes at 800°C in NijAl, Veyssiére?® envisaged nonplanar dissociation
of a mixed dislocation by the glide-climb separation of the superpartial

pair.

2.2 B2 STRUCTURE
2.2.1 Low and Intermediate Temperatures’

As shown in Table 1, several slip planes were identified with Burgers
vector, B = m<111>, where m = 1 for B2 and m = 2 for DO; or L2, structures

respectively.!?!

In an analogous manner as for the becc structure,?’®

two possible ways of sessile splitting of the B screw dislocation that
maintain a threefold symmetry are shown in Figs. 6(g8) and 6(b). The
displacement component perpendicular to the <111> screw dislocation line,

u,, which arises due to the elastic anisotropy,®’

is shown in Fig. 7(a).
The distribution of displacement vectors shown in Fig. 7(4) may be attrib-
uted to two sets of force tripletsT oriented along <110> directions, one
set outward and the other inward with respect to the origin. This
displacement field may be regarded as a bending of the originally
cylindrical surface by a distribution of fractional edge dislocations as

shown in Fig. 7(b).

*I' < T,. The reference peak temperature, in this case, is for B-CuZn
(see Fig. 1 and Table 3).

TBecause of a threefold symmetry with respect to the dislocation
line, the term "triplet" is more appropriate than "doublet” used by
Duesbery.?!
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(a)

Fig. 6. Sessile splitting of an m[111] screw superdislocation in
in the bcc-based superlattices on (a) {112} planes and (») {110} planes.

ORNL-DWG 87-11928

(@) (b)

Fig. 7. The displacement component normal to a screw super-
dislocation, B = m[111], (&) distribution of displacement vectors
and (b) distribution of fractional edge dislocations.
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Table 3. Reference temperatures for the
yield strength anomaly

Temperature? (K}
Material

Ty Tp Te Tem
Ni,Al ~77 ~1000 >1668 1668
B-CuZn ~300 ~500 741 1143

4Tc = the critical temperature for
ordering, Ty = the welting point. See
Fig. 1 for Ty and Tp.

In the case of CuZ2n(I) [ref. 15h], the wmaximum value of the normal
displacement is u; = 0.03 B and the integration constant is €, = ~ 0.02 B.
The integration constant is generally regquired in order to determine the
origin of the dislocation coordinate system with respect to the crystal
axis for the dislocation.®? When the integration constant is set to
zero in Fig. 7(a), the displacement along the [110] direction is increased
to up = uy = 0.05 B, whereas the displacement along the [011] or the
[101] direction is reduced to u, ~ uy = * 0.03 B, uy = 0. TIf the
physical significance of C, is that the screw dislocation of a threefold
symmetry is elastically unstable and tends to contain a net edge component
lying on the (112) plane, then a core transformation into an asymmetric

splitting is possible on the (112) plane,
B>by +bs, (2)

where b, > b, and b, is situated toward the [110] direction as in the screw
orientation of Fig. 8(b). Although the magnitude of uy is rather small
compared to that of B, the residue of u, offers important information on
the relative measure of the asymmetric distribution of B as well as the
specific habit plane of asymmetric dissociation.

Since b = %<111> is the faull vector for an APB in the B2

structure,!! a dissociation of the type represented by Eq. (1) is
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[10]

(a)

/b/ A\>\\//

Fig. 8. The APB-type dissociations of B = [111] in the
B2 structure on (a) the (110) plane and (&) the (112) plane.

expected to occur on a (hkl) plane which is cozonal to the [111] axis,
such as (110) and (112) planes. Single dislocation loops dissociated in
the (110) and (112) planes are depicted in Figs. 8(a) and 8(d),
respectively. These schematic diagrams were sketched based on the
interaction forces between the superpartials with b = %{111] that were
calculated with anisotropic elasticity theory (see Fig. 9). It should be
noted in Fig. 9 that the effect of elastic anisotropy on f, is much more
pronounced in the B2 structure than the corresponding effect in the L1,
structure (Fig. 3). This means that the disparity of dislocation

mobility, viz., the %<111> screw dislocation is relatively immobile and
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Fig. 9. Orientation dependences of the interaction
force constants in B-CuZn at room temperature for the APB
dissociation with b = %[111] on (&) the (110) plane and

(b) the (112) plane.
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is further enhanced by the elastic anisotropy effect. Because of a
twofold symmetry of the slip-plane normal, [110], no tangential inter-
action force exists on the (110) plane at any orientation of the
dislocation character as in Fig. 9(a). In the (112) plane, however,
interaction torque arises at nonscrew orientations as shown in

Fig. 9(b). Using the elastic constants of CuZn(I) given in Table 2, we
find the maximum ratio of Fg/F, at the edge orientation (¢ = 90°) to be
0.26,

In a similar manner as in Fig. 4, bending of the (112) APB interface
can be related to a continuous distribution of fractional edge partial
pairs, as in Figs. 10{(g) and 10(d4). Since the fault vector in this case is
£=Db+b’, vhere b = 5[111], " = 27[111], and 0 < X < 1, the net dis-
tribution of the Burgers vector of an edge superdislocation on an (112)
plane is asymmetric in accordance with Eq. (2), where b; (b; < b,) is
situated toward the [111) direction. This asymmetric dissociation for edge
orientation is consistent with the prediction for the screw orientation
discussed above. An overall picture of the asymmetric dissociation of a
superdislocation pair situated in an (112) plane is shown in Fig. 8(b).

When the resolved shear stress is positive, Txy > 0 in Fig. 10(¢), the
originally bent APB tends to straighten out, hence the APB will be stabi-
lized, the equilibrium spacing, r,, will be essentially unchanged, and the
mobility of the dissociated configuration will be enhanced. Upon
reversing the sign of applied stress, Txy < 0 in Fig. 10(d), which causes
the pair shown in Fig. 8(b) to expand, the disparity of b, > b, will
increase, and the trailing superpartial, b;, will be impeded. If X" =1
and b’= %[111] such that b, = %[111] and b, = %[111], a passage of the
dissociated configuration as depicted in Fig. 11(d) is equivalent to "order
twinning" by the leading b, and a partial detwinning by the trailing b,.
This will be discussed further in Sect. 3. Finally, the interaction torque
promotes the climb dissociation of the superpartial pair as shown in
Fig. 10(e). This causes nonconservative motion of the APB interface which
is more feasible under a high resolved normal stress, o, > 0, and at

elevated temperatures.
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Fig. 10. Possible dissociation configurations of a
(112)[111] edge superdislocation in the B2 structure;
(@) force couplets, (b) fractional edge pairs, (c) stabilized
APB, (d) order twinning, and (e) climb dissociation.
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Fig. 11. Crystallographic elements of (a) bcc twinning,
$ = 70.53°; and (b) order twinning, ¢ = 54.74°, in the
B2 structure (AB).



20

2.2.2 High Temperatures

The dissociation of B = <111> superdislocations in B-CuZn deformed at
190°C was examined by Saka and Zhu?! with the use of the weak-beam TEM
technique. They found that the two superpartials, Eq. (1) and Fig. 8(a),
were climb-dissociated both in edge and near screw orientations.

With increasing deformation temperature, a transition of active slip
vector has been known to occur, from <111> to <110> and <001>, in the B2
,32—35

structure.!! One possible mechanism for this transition is the

following reaction on an (110) plane:

B+ B, + B, , (3)

B = [111], B, = [001], and B, [110]. At the orientation [110] or

[100] indicated in Fig. 8(&), the total Burgers vector B of mixed
character (¢ = 35.3° or 125.3°) may decompose into B, and B,, which are of
either pure edge or screw character. Since there is no net change in the
anisotropic elastic energy, the reaction, Eq. (3), is statically indeter-
minate. According to the line tension analyses of a superdislocation
loop,?5%%:37 it is negative in B-~CuZn at either orientation. Therefore,
the dislocation reaction, Eq. (3), can occur spontaneously because of the

instability of elastic line tension of a total dislocation loop.

2.3 DO; AND L2; STRUCTURES

The discussion given in Sect. 2.2 is generally pertinent to the
DO, and L2, (Heusler) structures with B = 2[111}. Figures 6 and 7 are
directly applicable here with w = 2. In addition to the twofold
dissociation of B, Eq. (1) and Fig. 8(a) or Eq. (2) and Fig. 8(d),

a fourfold dissociation is also possible in the DO; and L2, structures,

Brb+b+b+b, )
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where b = %[111] + b" and the magnitude and direction of b" may vary from
material to material.'! The fourfold dissociation in a DO;-ordered

Fe~26 at. % Al alloy investigated by weak-beam TEM analysis?® is
consistent with Eq. (4) and b" = 0 since there is no interaction torque
between the dislocations lying on an (110) plane. When the dissociation
occurs on an (112) plane, the fractional Burgers vector is b = %[111].

Both B = <110> and B = <001> are possible slip vectors in L2, alloys

39

at elevated temperatures. The proposed mechanism for the B2 struc~

ture, Eq. (3), may be also applicable here for the L2, structure. 'In the

Al-rich Ni,AlTi alloy, a twofold dissociation, Eq. (1), of B = <001> and
b = %<001> on {110} planes was observed by TEM analysis,"? which is

consistent with the fact that b” = 0 on twofold symmetry {110} planes.

2.4 NONCUBIC STRUCTURES

4l1—-uu

In both Ll and DO,, tetragonal structures, the slip activity

is mainly propagation of partial dislocations bounding pure stacking fault
without any wrong nearest neighbor bonds and results in a profuse
microtwinning. At elevated temperatures, slips of the types B = [110],

[100], and [010] becomes operative in the DO,, structure.*®

In the hexagonal DO;s structure, slip systems of B = %<11§0> on the

basal (0001) and nonbasal {1100} and {1101} planes are active at low

13,20

temperatures. Dislocation pairs of like sign, b = %<11§0>, have

been observed by TEM in all of the above slip systems.?? At elevated

2 - -
5<1123> on {1011} and {1122}
planes are operative. The interaction torque between a pair of disloca-

temperatures, nonbasal slip systems of B =

“6  As will be discussed later

tions in this case was computed earlier.
(Sect. 4), the interaction torque between a pair of screw dislocations
of b = %[1150] is zero on the basal and prism planes and nonzeroc on
a pyramidal plane. Therefore, in the case of a primary slip system of
{1101}<1120> in Mg,Cd at room temperature,?’ the interaction torque

plays a role similar to the {111}<101> in Ni,Al.
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3. T%IN MODES

3.1 CURIC STRUCTURES

The crystallography of twinning im cubic superlattices has been

20,47~4%%  Table 4 shows the crystallographic elements

discussed earlier.
(Ki,Kz,ﬁl,ﬁz) and pavameters (q,g) for cubic ordered structures. The s is
the normal to the plane of shear, g is the twinning shear, and q is an
integer such that scme atomic shuffling is necessary when q > 2 (ref. 47).
In Figs. 11 and 12, the open circles are A atoms, the filled circles are B
atoms, the larger circles represent atoms in the plane of projection, and
the smaller circles represent those in the adjacent planes. Imn the L1,
and B2 structures, the primary twin system (K,,ﬁl) reguires atomic
shuffling on every other twin plane as indicated by the stokes on circular
symbols in Fig. 11(eg) for the case of B2 structure. This wmeans that the
mobility of twinning dislocations would be extremely low."” In the
complementary twin system, g is twice as large as in the primary twin

system, but no atowic shuffling is necessary, as shown in Fig. 11(b).

Table &. Crystallographic slements and parameters of
twin modes in cubic ordered structures

Structure Twin "N - -+ )
type system? Ky K N, M2 S 1 2
1 p 111 111 <121>  <121>  <101> &  1/{2
e c 111 010 <121> <101> <101> 2 {2
B2 P 112} 112} <111>  <111>  <110> 4  1/§/2

C 112} 110} <111>  <001>  <110> 2 V2
0. L2 P 112 112} 2<111>  2<111> 2<110> 8 1//2
3o C 112 110 2<111>  2<001> 2<110> & V2

4p = primary, C = complementary.
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w)

Fig. 12. Crystallographic elements of (a) primary
twinning and (b) complementary twinning in the DO, ,
structure (A3B). The drawing is based on c/a = 1.
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Therefore, in fully ordered L1, and B2 alloys, the complementary twinning,
also called "order-twinning” or "super-twinning” (ref. 50), is much

more feasible than the primary twinning which is also called fcc- or
bce-twinning.

In the L2, structure, pseudotwinning arises from the interaction of
LRO and twinning. The increase in ordering energy associated with the
phase transition may give rise to a restoring force responsible for the
reversion of the pseudotwin in Fe;Be upon unloading. This phenomenon will
be analyzed elsewhere.®! _

It is important to recognize the fact that, in all cases, the con-
jugate deformation mode to order-twinning is the secondary slip systenm,
which becomes the primary slip system at high temperatures, viz.,
{010}<101> for the L1, structure and {110}<001> for the B2 and the related
structures. This implies that macrotwinning will be feasible when the
accommodation slip by the secondary slip system is enhanced. Conversely,
when the conjugate slip system becomes active at high temperatures, the

primary strengthening mechanism will be related to microtwinning.
3.2 TETRAGONAL AND HEXAGONAL STRUCTURES

Concerning the geometrical requirements for general polycrystalline
deformation, twinning plays a relatively wmore important role in materials
of noncubic crystal étructures than of cubic structures. However, the
energetic and kinetic aspects of twinning in noncubic ordered structures
are not well understood. We will defer detailed discussions®! and
treat here only briefly tetragonal Ll, and DO,, structures and hexagon
DO,q structure that are crystallographically related to the L1, structure.

It should also be noted that in the tetragonal structure, Fig. 13,
the conjugate deformation mode to the complementary twin system is the
active slip system. However, in this case, even the primary twin system
does not require atomic shuffling, q = 2 or 1 (see Fig. 12). The drawing
in Fig. 12 is for the D0,, structure, but it is also applicable for the
L1, structure when the larger open circles are changed to large filled
circles. The twinning shear of the primary twin system is comnsiderably

smaller than that of the complementary twin system. Therefore, from the
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Fig. 13. Twinning shear of DO,y intermetallic compounds (A;B).

viewpoint of the relative mobility of twinning dislocations; the primary
twinning (fcc twinning) can be prevalent in Lly and DO,, alloys. This
viewpoint is fully corroborated by the experimental findings in CuAu-I
(ref. 52), TiAl (ref. 41), Ni,sV (ref. 53), and Al,Ti (ref. 45).

The role of twinning in fracture of hcp metals discussed earlier®*
applies directly to the case of hexagonal DO,, alloys. When the necessary
atom shuffling is considered by means of homogeneous shear of diatomic
motifs, all the atoms must shuffle to a certain varying extent regardless
of whether the crystal structure is chemically ordered or not. A
coordinated motion of diatomic motifs of dissimilar atoms could actually
be energetically more favorable than that of similar atoms.®! Therefore,
the ease of twinning due to chemical ordering effects will vary from
material to material. A number of DO,;, compounds are shown on the

g — X plot of Fig. 13, where X = c/a, the axial ratio. The largest to
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the smallest axial ratio corresponds to A = 1.70 of Pt,U and X = 1.41 of
Al,Ce, respectively. There are many compounds which have A = 1.60 to
1.63. In addition to those five shown in Fig. 13, there are Cd,Mg, Co;Mo,
¥e,Mn, NizSn, TisSn, Fe;Ge, and Mn,S5n. For a given compound, apart from
the chemical effects, the lower the magnitude of g and/or q, the easier

the twinning will become.

4. STRENGTHENING HECHANISMS

There are many physical sources of strengthening of ordered inter-

metallic compounds.®®

In most of the alloys listed in Table 1, the

peak temperature, Tp9 of anomalous strengthening is closely related to the
order-disorder transition temperature, T., such as in Cu,Au, FeCo, Fe;Al,
(Ni,Fe,Co),V, and Mggcd.* When deformation occurs primarily by twinning,
e.g., in Fe;Be, the flow stress teunds to have a positive temperature

57 As was discussed

dependence and a negative straim rate dependence.
in Sect. 3.1, the source for the strengthening by pseudotwinning may be
largely due to the restoring force of chemical origin. In this report,
the focus of our discussion will be on the physical mechanisms for the
anomalous temperature dependence of yield and flow stresses in NigAIT and
B-CuZn in which Ty is wuch lower than T, (Table 3).

A schematic description of the yield stress, Ty, as a function of
deformation test temperature, T, at a certain strain rate, e > 107%s™4,
is given in Fig. 1. Table 3 lists the appropriate temperatures defined in
Fig. 1 together with the melting point, T,. The yield stress, Ty, is
referred to either the critical resolved shear stress (CRSS) of the pri-
mary slip system or the macrovield stress defined at the specific strainm,

uswvally € = 0.002.

*Kornilov compounds (ref. 56).

TA Bertollide compound (ref. 56).



4.1 INTRINSIC EFFECTS

4.1.1 Anisotropy of APB Energy

1

The E[TDI](OlD} APB energy in the Ll, structure, 7 o2 May be

01
obtained from the difference between the ordering energies of an A,B com-

pound with the Ll, and DO,, structures. Likewise, the %[101](111) APB
energy, 7111, in the L1, structure is related to the phése stability with
respect to the DO,, structure. The sign and magnitude of the APB energy
is therefore a good measure of the phase stability.

/7 > ¥3, was

111! Tare
defined as the necessary condition®® for the cross-slip pinning mode
P g

In L1, alloys, the anisotropy of APB energies, ¥
159,69
to explain the anowmalous yield strength. Recently, there has been a
number of APB energy evaluations for NijAl. The data are summarized in
Table 5.

The mechanical stability of an %{101](111) type shear APB interface
in the L1, structure can be analyzed in terms of the surface tension, per

unit length along the z-axis {(Fig. 14), defined by

T(8) = T(0) + 37 , (5)

GZ

where 0 is measured from the (010) plane. 1If we use the anisotropic 7

function as before,?

3 .
T(8) = ¥, + V-2~ 7, =71, ,)sinod , (6)

Lo

then the surface tensicn is a constant, T = 7 The deflection equation

510"
for a two-dimensional slab® gives

Bz

y = oe sin fx , for x > 0 , (7)
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Table 5. APB Energy in Ni,Al, Thkl(me-z)
7111 7010 7111/7010 Method Ref.
Weak-beam TEM 23
111 90 1.2 Atomistic simulation 61
142 83 1.7 . 62
96 28 3.4 Embedded atom method 63
280 197 1.4 Interchange potentials 64,65
up to fourth near
neighbors
ORNL-DWG 87-11926
v 1 1] z/ [104]
©
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Y010
[121]
Yy —E

ry

Fig. 14. A stable equilibrium configuration of the (111) APB
interface in the L1, structure.



o = ! e A , (8)
ki '/-6'
_ 2
B';Ia (9)

where ry is the periodicity of nonplanar APB interface. Figure 14 sche-
matically depicts the stable equilibrium shape of an APB interface, which
is based on the two continuous functions given by Eqs. (6) and (7). The 7Y
anisotropy described by Eq. (6) is an approximation of first order.®!
Nevertheless, this calculation and the one made earlier® confirm the
fact that the bending of an (111) APB interface in the L1, structure is
necessary from the viewpoint of either the 7 anisotropy or the interaction
torque due to the elastic anisotropy.

Using the weak~-beam TEM technique, Saka et al. (ref. 66) have
recently determined the APB energy in B-CuZn to be Ti1e =50 mJm™2 and
7 = 37 mJm™? in the temperature range 77 K to 298 K. The anisotropy of

112
v /T

110

(18 = 1.4 could be the driving force for the cross slip of %<111>

screw superpartials from {110} plames to {112} planes which Umakoshi

et al. (ref. 67) have related to the yield strength anomaly in B-CuZn.

4.1.2 Interaction Torque

The interaction torque between two superpartial screw dislocations,

b = %[TOI], in Nij;Al has been identified as the principal driving force

19

for the cross~slip pinning mechanism. The energetic criterion for

the cross-slip pinning model was derived based on the combined anisotropy

of elastic shear and APB energy’:'?® as

3A 7111
= >¥3 (10)
A+2 010 '

This is the necessary condition that should replace the earlier cne,

T 0./,

11 > ¥3 , proposed by Paidar et al. (ref. 58).

[
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The elastic interaction energy between two parallel dislocations is
chtained by evaluating the work done, V, in forming one dislocation at a
location (r,8) in the presence of the other at the origin. When this is
done in an elastically anisotropic medium under the plane strain con-
dition, one finds in general V = V{(r,0) (ref. 68). The radial and
tangential components of the interaction force are obtained formally from
Frv= —~aV/3r and Fg = —(1/r)3V/30, respectively.

The physical source of the tangential component, Fg, can be best
understood by studying the displacement field of a screw dislocation.
Figure 15 shows the sensc and magnitude of the colinear vectorial
difference between the anisotropic displacement field,?? p;(8), and the
isotropic field, p;(e) = b0/2n = (b/2n) tan~!(y/x), for the cases of the
Ll,, B2, and DO,, structures. The positive and negative values of this
difference, uzvu;, are related, respectively, to the forward (+z) and
backward (-z) perturbation of u, on the linear screw pitch of
p;. No tangential force will result, Fg = 0, when an identical screw
dislocation is situated on the certain planes of high symmetry, such that
ny = p;. These planes are (010) and (101) of L1, {110} and {112} of B2,
and (0001) and (1100) of the DD,, structure. In any plane which is
oriented between the two planes mentioned above (Fig. 15), the tangential
force arises because of the overlapping additional displacement of the

same sign.
4£.1.3 Dislocation CTore Transformation

Although a dislocation core contributes only 5 to 10% of the total

ensergy of a straight dislocation, the dislocation core configuration

69

influences physical and mechanical properties strongly. In the case

of NijAl, the configuration of a dissociated superdislocation depends on

the energies of APB, SISF, superlattice extrinsic stacking fault (SESF}),

0

and complex stacking fault (CSF) on {111} planes.’ The SISF energy in

Ni;Al was determined experimentally®?® and by atomistic simulations®?

= - -2 = -2 3 i -
to be TSISF 5 15 mJm and YSISF 13 mJm™°, respectively. No evi
dence for CSF splitting by Shockley partials in Nij;Al exists accorxding to
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Fig. 15. Anisotropic displacement u; — ¥y of a screw dislocation; (a) b =

() b = %{111] in B2, and (¢) b = %[1150} in the DO,y structure.

PO

[101] in Li,,
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the direct observation by TEM®»?2?

and atom probe field ion microscopy
(APFIM).7's72 Therefore, the twofold dissociation of superdislocations
discussed in Sect. 2.1 is consistent with the experimental observations.
In the computer simulation analysis of dissociation and core structure of
screw superdislocations in A;B (NijzAl-like) alloys,?®:27 the two ratios
of the CSF energy to the APB energy on {111} planes used for the A-B
potentials were 1.3 and 1.9.

In the case of becc-based ordered alloys, no stable stacking faults

other than APBs exist, and therefore the dissociation analysis made in

Sect. 2.2 is also a realistic description.
4.1.4 Yield Stress

4.1.4.1 Nij;Al

The schematic diagram of Fig. 1 for Ty VS T applies generally for
single crystals and polycrystals of NijAl. The maximum stress at Tp was
Tp = 360 MPa for both the CRSS of {111}<T01> slip in a single crystal at
the neutral orientation’® (tension = compression) and the compressive
yield stress (0.2% offset) in a polycrystalline alloy’? of grain size
d = 85 um. Weihs et al. (ref. 74) found that grain refinement further
strengthens the alloy at low temperatures and weakens it at high tem-
peratures. Miura et al. (ref. 75) found no strain rate sensitivity for
d = 275 um, but a sensitive strain rate dependence for d = 4 ym. In the
fine—grain alloy under the slower strain rate (é = 1.4 x 107% s71), an
apparent stress relaxation at high temperatures was attributed to grain
boundary sliding.’?®

Effects of strainm rate on Ty Vs T in NijAl single crystals were found
as follows: (a) virtually no change in 1y, the CRSS of {111}<To1> slip,
at low temperatures (the region II of Fig. 1) was noted,”®”’® and
(b) a large increase in Ty, the CRSS of {010}<T01> slip, at high tem—
peratures (the region III of Fig. 15) with increasing € was observed.’S”7%
In the temperature region II of Fig. 1, therefore, Ty is related to the

force opposing the dislocation motion, which is the intrinsic property of
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superlattice dislocations, but not to the dislocation microstructure which
depends on the applied strain rate. Accordingly, T, may be related to
the mechanical threshold, the "plane glide resistance” of the material,”?
and Bty/aT at T > Tp may be associated with the increase in the plane
glide resistance with increasing temperature.

The main concept of the force couplet model, which is introduced to
account for the positive temperature dependence of ary/aT (refs. 3,9,80),

can be outlined as follows:

1. The "line glide resistance” (ref. 79) of a superdislocation arises from
a product of the edge stress, Txy in Fig. 3, and the cross-sectional
area displaced by the bending of an APB interface, Ay of Eq. (15)
in ref. 3.

2. The effective APB energy is obtained by subtracting from the

nonequilibrium APB energy during the slip process, 7111, the
difference in total force on the two superpartials,

e .

Tin = Vouy ~ [ygb = senlt, ) -Fole + [T, b = Fely (11)

P

1111 + FQ[Sgn(Txy) - 11 ,

it

where FQ = TxyAd/Zb.

3. The increasing number of cross-slipped pinning segments with
increasing temperature can result in drag of both the leading and the
trailing superpartials. In the expression of the driving force for
cross~-slip pinning, Eq. (2) of ref. 19, 7,,, should be replaced by
7%, of Eq. (11).

4, The plane glide resistance due to the cross-slip pinning, 1

obtained from Eqs. (4~6) of ref. 19.

pL? can be
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£.1.4.2 {~CuZn

The model introduced by Brown,®%!

and modified by others,®27%5 that
the tewperature dependence of Ty in the B2 alloys is directly related to
the change in the local LRO across the APB interface, 'is simply the

"element glide resistance” (ref. 79)

e

T = %o + AThk£/2b s (12)

whzre T, is the lattice resistance to the individual superpartials, and
AThkR is the difference between the APB energy of the (hkf) plane created
by the leading superpartial and that eliminated by the trailing super-
partial. The total glide resistance, the CRSS or the yield stress, in the
region II is obtained by a superposition of the two types of linear

barriers,

iy o= <t >+ <1p£> s (13)

where the bracket denotes the average over the primary slip system.

The force couplet model outlined above is a general model for any case of
twofold dissociation of a superdislocation including the two cases of

Fig. 8 for the B2 structure. Since no nonglide stress exists on {110}

-

planes, and hence 7 =7 T

110 110° 110 112°

{112}<111> slip system, on the other hand, the interaction torque promotes

ol arises only if 7 > 7 In the

self-climb of the two superpartials away from each other as in Fig. 10(e).
The thermally activated formation of double jogs on the edge superpartials
and its contribution to the yield strength anomaly can be formulated
within the framework of the force couplet model.®®

The yield stress in the temperature region II (Fig. 1) predicted by
the force couplet model is schematically summarized in Fig. 16. Here, the

yield stress is normalized to the shear modulus, u, which is taken to be
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force couplet model to the yieldystrength, T,
{(a) Nij;Al and (&) B-CuZn.
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the room temperature value of C,, (Table 2). Whereas the cross-slip
pinning mechanism, <Tp2>, dominates Ty in NijAl, the fault dragging

mechanism, <Tp2>, dominates Ty in B-CuZn. A slight decrease in a<TPQ>/aT

at high temperatures is due to the temperature dependence of the elastic
constants.!¥»!?
In the region I of B-CuZn, temperature and strain rate dependences of

86,87 The discontinuity

Ty are essentially the same as in bcc metals.
of 9t /3T around 170 K is associated with the transition from the twin
{112} slip to the {110} slip, where the former gives rise to a slightly
positive temperature dependence.

At higher temperatures, in region III, the active slip systems are
{010}<T01> for Ni,Al and {110}<001> for B-CuZn. No driving force for the
cross-slip mechanism exists, in these cases, because neither the reduction
in APB energy, nor the interaction torque is involved. Therefore, the
negative temperature dependence must be related to the fault dragging
mechanisnms, <Te£>’ associated with these respective slip systems. In the
region III, i.e., T > 0.6 T, for NijAl, the formation and migration of
vacancies are sufficiently high to cause the climb dissociation of super-

28,31

dislocation pairs. The resulting viscous glide mechanism is then

responsible for the positive strain rate sensitivity.®!

4.2 FEFFECTS OF NONSTOICHIOMETRY AND ALLOYING

Compositional deviations from stoichiometry often lead to

strengthening at low temperatures®?,%8-92

viz., defect hardening. It

is assumed that the elastic constants do not change significantly with the
varying degree of nonstoichiometry. This assumption is justified for the
NijzAl system because of the moderate differences in the elastic constants
between NijzAl and NiAl (Table 2). Therefore, according to the force
couplet model, the source of defect hardening in the region II must be

from the change in 71‘1 by relaxation of the degree of LRO, or by segre-

gation of one type of the constituent atoms. As 7111 and 7?11 are
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lowgred, Eq. (11), Tog increases and Tp2 decreases according to Eq. (12)
and Eqs. (4-6) of ref. 19, respectively, such that a variety of
nonstoichiometry effects on Ty vs T will result as were observed in NizAl,
NizGa, Ni,Si, and Ni;Ge (refs. 91,92).

Since defect hardening was found to be much more for aluminum-rich
deviations than for nickel-rich deviations,®®” %2 Mishima et al. (ref. 93)
made a systematic investigation of ternary additions of the transition
elements that are expected to substitute aluminum sites in NizAl (ref. 94).
All the transition elements added to NijAl showed strengthening, viz.,
solution hardening. The rate of solution hardening, ary/ac in units of
MPa/at. %, was determined at 77 K to be the lowest, 20 for titanium and
140, the highest, for hafnium.’® Such a marked difference resulting
from a pair of chemically similar solute species cannot be fully resolved
by the current theory of solution hardening.

Let us recall Fig. 4(d) and Fig. 11(b) to discuss the formation of
microtwins and the solute effects on the configuration of dislocation
dissociation. In a situation under the edge stress of Txy < 0 as in
Fig. 4(d), nucleation of SISF loop near the trailing superpartial is
possible, which consists of four layers of the Ni,Sn type (DO,.) struc—
ture. This loop can activate the reflection mechanism to form a three-

layer microtwin.?®®

Coplanar microtwins of this kind can combine, with
the aid of cross slip, as in Fig. 4(e), to develop macrotwins. The twin
formation observed in Y —Ni, Al precipitate particles in nickel-base
superalloys?®,?7 is consistent with the mechanism described above. In

an analogous manner, the formation of a SESF loop is also possible, which
consists of seven layers of the Ni,Ti (D0O,,) type structure.?’

In view of the force couplet model, then, the strengthening effects
by both nonstoichiometry and ternary alloying additions arise from the
segregation of the minority and/or substitutional atoms to the APB and
their tendency to nucleate a faulted sessile loop near the trailing super-

partial. This combined effect may be the reason for the apparent
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syriergistic strengthening of the ternary additions and aluminum-rich
nonstoichiometry reported by Rawlings and Staton-Bevan.®® The growth
of those sessile loops and concomitant local disordering will lead to a
distribution of loops in the midst of unpaired dislocations. This is what
has been observed (Fig. 17) during the recent in sitn deformation TEM
experiment.®

Finally, in addition to substitutional solute strengthening, a high
strengthening by boron addition was found in Ni,Al prepared by rapid

98

solidification. Boron can be dissolved into Ni;Al up to about

1.5 at. %, and tends to occupy the octahedral interstitial site.®® The

recent APFIM investigation’?

showed that boron segregates to disloca-
tions and APB interfaces. Therefore, drag of a Cottrell atmosphere and/or
Suzuki locking are possible mechanisms for the potent strengthening by

boran additions at ambient temperatures.
5. DISCUSSION

5.1 ANOMALOUS YIELD STRENGTH

In NiyAl, Thornton et al. (ref. 100) measured the temperature
dependence of microyield stress over a strain range, € = 10°°% — 10-2, and
found that only Ty at e 2 10"* was strongly temperature dependent. This
observation was interpreted by Kear and Oblak’? on the basis of the
disparity of mobility between the edge and screw segments. Since the
disparity is further widened by the presence of interaction torque, the
force couplét model reinforces the basis for the above interpretatiom.

This interpretation is valid for those systems in which the cross-slip

pinning mechanism, Tpl’ dominates the contribution to Ty
On the other hand, in P-CuZn which is considered to have Ty due
wainly to the APB and/or mierotwin dragging mechanism, Tog® the force

couplet model predicts the same temperature dependence of Ty for
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Fig. 17. A disordered region of the slip band
observed in NijAl under load showing (&) unpaired
glide dislocations and (b) sessile loops under two
different diffracting conditions.
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micro—~ and macro-~yielding, i.e., regardless of the magnitude of microstrain.
This has been confirmed recently by Ito and Nakayama'®! who used the
etch pit technique to characterize the microyield strength of B~CuZn.

102,103

Both the orientation dependence and the tension/compression

asymmetry'®?»1%% of

Ty vs T relationships in the L1, type alloys were
treated in the model proposed by Paidar et al. (ref. 58). 1In addition,
according to the force couplet model, both the element and the plane glide
resistances, Tog and TpQ’ are sensitively dependent on the sign and the
magnitude of nonglide stress, Txy’ via the effective fault energy,

Eq. (11). This new effect will be elaborated further in a detailed

analysis.®®

5.2 STRAIN RATE EFFECT

The yield strength, Ty, in the region II of NijAl is expected to be
virtually insensitive to the applied strain rate because the number den-
sity of pinning centers, or cross—slipping segments, along screw disloca-
tions‘is independent of the dislocation velocity. On the other hand, the
element glide resistance, Tog? due to the shear fault (APB, SISF, or
microtwin) dragging mechanism is expected to show a negative strain rate
dependence as in the case of deformation by twinning. No study has been
made on the strain rate sensitivity of Ty in the region II of a wmaterial

in which T, 1s more important than Tpl’ e.g., B~CuZn.
5.3 ORDER TWINNING

The full implication of the conjugate relationship between the active
2lip mode at high temperatures (the region IXI) and the order twinning has
yet to emerge. In the region III of NiAl, where the {010}<101> slip
system is active, the normal negative temperature dependence and positive
strain rate sensitivity of TY are observed. This indicates that the
energetic and kinetic wechanisms for the order twinning may be clearly

different from those for the primary twinning. It is conceivable that
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high temperature mechanical properties can be improved through a better
understanding of this slip-twinning conjugate relationship, particularly

in the bcc-based and noncubic intermetallic systems.

5.4 ALLOY HARDENING

As was mentioned in Sect. 4.2, in order to fully ascertain the physi-
cal mechanism of solution hardening, some pertinent defect properties are
required, e.g., in NijAl, the occupation sites of hafnium and titanium
atoms and the spatial distribution of boron atoms. Whereas an ion
channeling and Rutherford backscattering study’? indicated that the
majority of hafnium atoms are on the nickel sublattice, the recent

MlOS

investigations by APFI and the electron channeling technique'®®

showed that hafnium has a strong preference for the aluminum sites.
5.5 DISLOCATION MOBILITY

We have emphasized the experimental results of dislocation con-
figurations under stress obtained from in situ deformation TEM investiga-
tions. 1In addition, the use of complementary techniques to study
dislocation mobility, e.g., etch pit and X-ray topography techniques, would
be meaningful. A dislocation dissociation analysis can begin with the
geometry expected from the hard’sphere model, taking account of the
relative size differences amongst the constituent atoms. Only atomistic
simulation studies of the dislocation core structures will reveal the full
details of the physical sources of dislocation mobility. However, in such
a study, extreme care must be exercised in setting the boundary conditions
to be in compliance with the displaceﬁent field (Fig. 15) given by

anisotropic elasticity theory.



42
6. SUMMARY

The newly developed force couplet model for the anomalous
strengthening at intermediate temperatures (the region II) is summarized

as follows:

1. The yield strength arises from twe sources of the glide resistance,

the fault dragging mechanism (the element glide resistance), 1 and

0
the cross-slip pinning mechanism (the plane glide resistance),vfpl.

2. The effective fault energy, 79, consists of two terms related to the
chemical and mechanical instability of a shear fault.

3. As 7° is lowered by solute segregation and/or high nonglide stress,

T increases and Tt decreases.
el ol

&

4, The major aspects of anomalous temperature dependemce, strain rate
effect, in situ deformation TEM observations, and nonstoichiometry

effect are all accounted for by the present model.

In addition, the conjugate relationship between the order twinning
and the secondary slip systems is identified in all the ordered structures
considered. This relationship will play an important role in the defor-

mation by viscous glide at high temperatures (the region III).
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