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Fundamental aspects of the deformation and fracture behavior of ordered intermetallic
compounds are examined within the framework of linear anisotropic elasticity theory of
dislocations and cracks. The orientation dependence and the tension/compression asymmetry of
yield stress are explained in terms of the anisotropic coupling effect of non-glide stresses to the
glide strain. The anomalous yield behavior is related to the disparity (edge/screw) of dislocation
mobility and die critical stress required for the dislocation multiplication mechanism of Frank-Read
type. The slip-twin conjugate relationship, extensive faulting, and pseudo-lwinning (martensitic
transformation) at a crack tip can be enhanced also by the anisotropic coupling effect, which may
lead to transformation toughening of shear type.
1. Introduction
For several decades now there have been many research activities aimed at understanding the
peculiar mechanical behavior exhibited by ordered intermetallic compounds, e.g., pseudoelasticity, anomalous yielding and work-hardening, shape memory effects, and extreme brittleness
of grain boundaries. Isotropic elasticity is generally used to describe the stability of dislocations
and cracks although very few intermetallic compounds actually come near this approximation. It is
the purpose of this overview paper to assess the physical sources for the peculiar mechanical
behavior within the framework of anisotropic elasticity theory.
It is now generally accepted that the mobility of superdislocations in the LI2- and B2-type
structures is usually controlled by the dislocation core structure [1], The commonly observed
Schmid's law violation and the tension/compression asymmetry of critical resolved shear stress
(CRSS) can be interpreted on the basis of the non-planar core structures predicted by atomistic
simulation studies in the Ll2-type [2-4] and the B2-type structures [5,6]. Obviously, such an
atomistic detail of dislocation core structures is beyond the scope of the elasticity theory of
dislocations. Nevertheless, the shortcomings of the continuum mechanics approach can be
overcome, to a certain extent, when principles such as Newton's third law, crystal symmetry, and
superposition of infinitesimal virtual dislocations are brought into the problem.
Using anisotropic elasticity, Duesbery [7] introduced the concept of "force doublets" in order
to account for the non-planar core structures of dislocations in the fee and bcc structures.
Extending this concept to the dissociation reactions of superdislocations in the Ll2-and B2-type
structures, Yoo et al. [8] developed the force couplet model (FCM) to predict the yield strength
anomaly reported in M3AI and CuZn. The orientation dependences of CRSS reported in B2 alloys
(FeAl, AgMg, and CuZn) at low temperatures were qualitatively predicted using the modified
Peierls-Nabarro model on the basis of the anisotropic coupling effect of non-glide stresses [9,10].
It is attempted, in this overview, to bring together fundamental concepts required for
understanding the deformation and fracture behavior unique to the ordered superlattice structures
without a detailed exposition of the theory and experimental results. First, available elastic
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constants are collected in Sec. 2. Effects of the elastic anisotropy on the dissociation reaction!1 of
<! 10> and <111> superdislocations are discussed in Sees. 3 and 4, respectively. Section 5 on
yie.'d strength includes the role of dislocation sources and multiplication mechanisms. The role of
extensive faulting or microtwinning in crack tip plasticity is treated in Sec. 6. Finally, Sec. 7
includes a brief discussion of the intrinsic brittleness of grain boundaries.
2. Elastic Constants
In a crystal of cubic symmetry, there exist three independent elastic constants — c l l t c^i
and C44 stiffness constants or S] j , s n , and S44 compliance constants [11]. The range of elastic
anisotropy can be exhibited in a 1NA vs. v plot [12], where v = - S ^ / S J I = c ^ / t e u + c 12 ) is
Poisson's ratio and A = 2(su-Sj2)/s44 = 2c44/(cn-Cj2) is Zener's ratio. Twenty-two ordered
intermetallic compounds, belonging to the four structure" types (Ll 2 . B2, DO3 and L2j), are shown
in such a plot (Fig. 1). Those underlined are from the calculated data at 0 K [10,13,14], and the
rest are from the available experimental data at room temperature [15-17],
The postulate that the elastic strain energy must be positive, for otherwise the crystal would
be unstable, gives the following restrictions on the three constants [11]: C44 > 0, c ^ > Icjol, and
Cj j + 2 C|2 > 0. These stability requirements impose limitations on the allowed range of values of
A and v (i.e., 0 < A < «= and -1 < v < 1/2). All, but AI3SC, show A > 1. For metals y lies usually
between 0.25 and 0.45. Again, AUSc is an exception with v = 0.19. The implication of such a
low value of v in dislocation multiplication processes will be discussed in Sec. 5.
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Fig. 1. Elastic propenies of 20 intermetallic compounds of the cubic structures in a 1/VA VS. V
plot. Those underlined are from the calculated data at 0 K.

Composition and temperature dependences of the elastic constants are available for NiAl
[18,19], FeAl [20], and CuZn [21]. As these alloys become rich in the transition (or noble) metal
element, both A and v increase toward the lower right-hand corner of Fig. 1. In the nickel-rich
NiAl alloys, the decrease in c' = ( c u - c ^ / 2 with increasing nickel content and/or decreasing
temperature is indicative of lattice instability [ 18], This leads io an ease of shearing on the (110)
planes stacking along the <110> directions, and the various stacking sequences of the (110)
planes result in different martensitic structures |22]. For the relationships between elastic constants
and lattice instabilities the readers are referred to an excellent review by Nakanishi [23].

3. <110> Dislocations
Consider the plane problem for a crystal which possesses at least one two-fold symmetry
axis (e.g, a < 110> axis in cubic crystals) and let the X3-axis of the Canesian coordinate system be
parallel to it. Then the generalized Hooke's law for stress-strain (a - e) relationships may be given
as
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where Sy is the modified elastic compliance [24]. The modified compliance matrix is partitioned
into the plane strain (upper-left) and the anti-plane strain (lower-right) parts. Now, if a dislocation
line (or a crack line) lies parallel to the X3 axis, the former is for an edge dislocation (or Mode I or
II crack) and the latter is for a sere"' dislocation (or Mode III crack).
Table 1 lists the four examples of an edge dislocation. The anisotropic coupling effect of
normal stress (Oj for the LI2 structure or 02 for the B2 structure) on the glide strain, eg, is
Si6/S 6 6 = 0.15 for Ni 3 Al or S26/S66 = 0.19 for CuZn. According to the calculated elastic
constants of TiAl [25] and TiAl3 [14], the magnitudes of Sj6 and S26 are comparable and their
signs are opposite (Table 1). This means that the principal axes of thepure shear strain are rotated
(about the X3-axis) with respect to those of the shear stresses by a large angle (>10*). The effect of
the resolved normal stress on the twin plane was found to increase the glide strain for
microtwinning at a Mode-I crack tip of (110) type in TiAl [26].
Table 1. The modified compliance constants for an edge dislocation of
{111 }<112> and {112}<111> types

Allov

Slip or Twin
System

N13AI

{111}<112>

CuZn
TiAl
T1AI3

{112}<111>
(111)[112]
(111)1112]

10-11 m 2 /N
S

66

1.65
3.62
2.00
1.71

Sl6

S26

0.24
-0.18
-0.24

0.06
0.67
0.19

0.75

-0.81

When a superdislocation of pure edge or screw chaiacter splits into two superpartials with
identical Burgers vectors, the angular component of the interaction i'orce, Fa, generally exists
because of the anisotropic coupling effect (i.e., S, 6 * 0, S2e * 0 for edge and S 45 * 0 for screw).
Schematic diagrams are shown in Fig. 2. The relative strength of the interaction torque, Fg/Fr, can
be obtained numerically, or analytically in the case of screw dislocations, in terms of the elastic
constants 127]. Some numerical values of Ffl/Fr are, for example, 0.12 for {1122)<TT26> edge in
Ti3Al [28], 0.26 for {112J<111> edge in CuZn [8], and 0.62 for (111 )<T01> screw in Ni3Al
[8]. If the X] or x2 axis is also parallel to a two fold symmetry axis of the crystal, then F e
vanishes.
For a static equilibrium of the dissociated superdislocations, the so-called couple stress [29]
due to Fg is counter balanced by the force couplets which may be modelled by the fractional edge
dislocation pair of opposite sign as shown in Fig. 2. The glide stress component, ag (or 04), of
an applied stress exerts a driving force on each edge (or each screw) dislocation according to the
Peach-Koehler formula [30]. In addition, the signs and magnitudes of the non-glide stress
components as shown in Figs. 2 (a and b) cause expansion (or contraction) of the force couplets,
thus contributing to the orientation dependence and the tension/compression asymmetry of the
CRSS.

(b)

(a)

Fig. 2. Definition of the force couplets and the fractional edge dislocation pairs for the
dissociated superdislocations of (a) edge and (b) screw type along the [T01] axis.
4. <111> Dislocations
Consider the anti-plane strain problem of a [111] screw dislocation in the B2 structure. The
pertinent stress-strain relationships with respect to {1T0) and {112} planes are
E4 = S 44 cr 4 + S45C?5 ,

(2)

where S ^ = S 5 S = s 4 4 + 45/3, S 4 6 = -2S 1 5 = 2 S 2 5 = 28V2/3, and 5 = S] j - s , , - s 4 4 /2. The
anisotropy factor diminishes to zero upon approaching the elastic isotropy, i.e., 8 -» 0, A —» 1.
The 5 values of 0.32 and 4.54 for FeAl [10] and CuZn-I [8] give S 4 6 / S 4 4 = 0.29 and 0.59 and
S 1 5 /S 5 s = -0.15 and -0.29, respectively. No interaction torque exists between a pair of 1/2[111]
superpartials when they are lying on (110} or {112} planes [31]. Therefore, the core
transformation of individual superpartials may be the most important factor controlling the
dislocation mobility, as in the case of bcc metals, followed by the fault (APB) dragging effect [8].

The distribution of displacement component perpendicular to the [ 111 ] dislocation, which
arises due to the elastic anisotropy [321, is shown in Fig. 3(a). This displacement field may be
regarded as a corrugation of the cylindrical surface (the dashed circle) by a distribution of
infinitesimal edge dislocations [8] as shown in Fig. 3(b). The glide stress component 04 (or (J5)
of an applied stress exerts a driving force on the screw dislocation along the (101) plane [or the
(T2T) plane]. The non-glide stress'componems, the so-called edge stresses [7], distort the threefold symmetry into one which is relatively more planar with respect to a potential slip plane. A
numerical factor of the anisotropic coupling effect of non-glide stress components is given as a =
- (Sj4/S44)(aj/O4) summing over all the non-glide stress components i = l,2,--,6 except i = 4 for
the glide stress, 04. Using the elastic constants of FeAl calculated at 0 K [10], we obtain the
orientation dependence of a under a compressive applied stress as shown in Fig. 4(a).
The operative slip systems in Fe-Al (48 at. %) single crystals at 77 K were reported by
Yamagata and Yoshida (33]. Figure 4(b) shows the three reported values of CRSS, Tc. An
estimate of CRSS for 1/2[111] screw dislocations can be made using the Peierls-Nabarro model,
ip = 2KS exp (-2K Cjb), where £ is a measure of the dislocation core (planar) width [34], and Ks is
tne energy factor. The "ease-of-gliding" parameter, C/b, is modified by (1 + oc)£/b due to the
anisotropic coupling effect (i.e., the larger the increase in glide strain due to the non-glide stresses,
the higher the value of ease-of-gliding parameter, and hence, the lower the modified Peierls stress,
xc). Calculated results for xc are shown in Fig. 4(b). Comparing with the experimental data, the
calculated orientation dependence of t c shows good qualitative agreement (i.e., slip occurs on the
(211) twinning plane). Reversing the sense of the applied stress inverts the symmetry of Tc-x
curve, and hence, predicts the correct tension/compression asymmetry of CRSS.
5. Yield Strength
The anomalous (positive) temperature dependence of yield strength with increasing
temperatures is well documented for in'termetallic compounds, especially of the Llo structure [35].
In the (111)[ 10T] slip of N1.3AI, this anomaly is usually found when the yield stress is measured at
a macrostrain, £ > 1(H, but not at a microstrain range e = 10-6 - 10 s [36,37]. An explanation of
this observation was offered by Kear and Oblak [38] on the basis of the disparity of dislocation
mobility between the edge and screw segments. Effects of the elastic anisotropy on the disparity
can be assessed in terms of the ratio of tjb [34], i.e., K e S 66 /K s S 44 , and of F ^ r , i.e., F©/Fr = V5
(A - 1)/(A + 2) for the screw and F e = 0 for the edge orientation 139]. Table 2 lists these ratios for
five LI2 alloys. The two extreme cases are noteworthy, i.e., Ni3Al and AI3SC.

Fig. 3. [Ill] screw dislocation core structure (a) displacement normal to the dislocation line and
(b) glide and non-glide stress components.

Fig. 4. Orientation dependences
of (a) anisotropic coupling
effect 1 + a
and
(b) modified Peierls stress
TC for FeAl at 0 K. Three
open symbols are the
experimental data of Fe48% Al at 77 K [33].

Table 2. Elastic anisotropy effects j?n disparity (edge/screw) of superdislocation
mobility of (111)[1O1] slip in the LI2 structure

Alloy

Ni3Al
Cu 3 Au
Ni 3 Fe
Pt3Al
Al 3 Sc

A

3.33
2.62
2.53
1.30
0.90

1
1 -V

KSS44

1.66
1.72
1.60
1.50
1.22

1.66
1.76
1.57
1.49
1.24

KCS66

Fe
Fr"

0.62
0.50
0.48
0.13
0.05

In NijAl, since the disparity indicated by K C SG6/K S S44 = 1.66 is further increased by the
presence of interaction torque, the FCM reinforces the basis for the explanation that the microyielding observed is presumably because of the glide interaction between the edge segments of a
grown-in dislocation density. When the total strain increases (e 21 10^), however, as in the case of
the yield stress determination by 0.2% offset method, it is necessary to invoke suitable sources and
multiplication mechanisms for an appropriate mobile dislocation density. Elastic anisotropy effects
on a dislocation-multiplication of Frank-Read type may be discussed with the aid of Fig. 5. The

CROSS-SLIP PINNING

<-W LOCK
MACRO-KINK

[i1i]_

In
•(010)
•MACRO-KINK

(b)
Fig. 5.

Frank-Read loop formation from (a) a primary source with the anchor points of
separation ' 0 and (b) the secondary source of a macro-kink.

equilibrium shape of a (11 l)[T01] glide loop is an ellipse with the ratio of major/minor axis of
Kg/Ks, or 1/(1 - v). A potential Frank-Read (F-R) source with the unspecified anchoring points of
* 0 interspacing is shown in Fig. 5(a). Under an applied stress, this F-R loop will extend
preferentially along the [TOl] direction because of the cross-slip pinning (CSP) events [the top-half
of Fig. 5(a)] [40] or the Kear-Wilsdorf (K-W) locks [the bottom-half of Fig. 5(b)] [41].
Consequently, a macio-yield strength measured at e > 10"4 must be controlled by the stress
required to expand the primary F-R loop beyond a critical minor radius. A secondary F-R loop
formation from a macro-kink [Fig. 5(b)] is possible, but the critical stress in this case would be
higher than for Fig. 5(a).
In AI3SC, on the other hand, no yield anomaly is expected to occur insofar as the elastic
anisotropy effect is concerned, viz., the major driving force for the CSP mechanism [42] is nearly
zero, FQ/FJ. = 0.05. Moreover, the relatively low yield strength of AI3SC [43] may be explained in
terms of the nearly circular F-R loop expected from the unusually low value of v =0.19.
6. Cleavage Fracture
Under the plane problem described in Sec. 3, the anisotropic solutions for the stress field at a
crack tip were obtained by Sih et al. [44]. The calculated stress fields at a Mode-I crack tip of
(110) type in TiAl are shown in Fig. 6. The effect of elastic anisotropy on the normal OQ and shear
XJQ stress fields are shown in Figs. 6 (a and b), respectively. Figure 7 shows the elastic strain field
Ej0 with (closed symbols) and without (open symbols) the anisotropic coupling effect of OQ. Also
included in Fig. 7 are the specific values of erQ for the (111)[112] primary twins (T), the
(111)[TT2] complementary twins (T'), and the conjugate (OO1)1/2[11C] slip (S). This slip-twin
conjugate relationship [45,46] as well as the primary ordered twinning contribute to the strain
compatibility for localized plasticity at a crack tip of Mode-I type [26].
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Stress field at a Mode-I crack tip of (110) type in TiAl. (a) Normal stress o e
and (b) shear stress t ^ .
S(O.3i)

Fig. 7.

Elastic shear strain field at a Mode-I crack tip of (110) type in TiAl, including the
anisotropic coupling effect of CQ.
7. Discussion

In any crystalline lattice, the force opposing dislocation motion is an intrinsic physical
property of the dislocation lattice, which must have symmetry at least equal to that of the point
group of the dislocated crystal (Neumann's principal [11]}. In an ordered superlattice, it is
therefore important to discuss the symmetry relationship between the interaction torque and the
antiphase boundary (APB) energy. The stability of (111) APB in the LI2 structure and (112) APB
in the B2 structure was investigated earlier by Yamaguchi et al. [47,48], using y-surface
calculations. The conclusions were that the (111) APB can be stable with a fault vector, l/2[T01]
± X/6[1Z1], and the (112")APB with 1/2[111] ± x'/6[l 11], where x and x', arc in the range of 1/5
to 1/6. These are entirely consistent with the premise of the FCM, viz. the fractional edge
dislocation pairs on the APB interface shown in Figs. 2 (a and b).

The actual magnitudes of shear fault energies (e.g. APB, SISF) of a specific ordered
intermetallic alloy dictate the applicability of the FCM. In the two extreme cases of a low APB
energy (e.g., CuiAu at temperatures near its Tc = 661 K) or a high APB energy (e.g., 670 mJm2
forAl\Sc 114]}, the superpanial or the total superdislocation should be treated independently and
as such the effect of elastic anisotropy, or the lack of it, must be analyzed, it is the intermediate
regime of APB energy (e.g., -100 mJ/m2 for Ni^Al and -50 mJ/m2 for CuZn). for which the
FCM for yield and flow mechanisms has been developed [8,39,42].
The role of the anisotropic coupling effect in crack tip plasticity can be analyzed in a wider
range of ordered alloys. The reported cleavage habit planes of {110} for NiAl and (100) for FeAl
are interpreted in terms of their cleavage energies and elastic anisotropy. In L h alloys with a low
SISF energy (e.g., M3AI and C03TO, extended stacking faults make a significant contribution to
the energy dissipation process at a crack tip. In all cases, the effect of the resolved normal stress
on the habit plane of superpanials is to enhance extensive faulting or microtwinning at a crack tip,
leading to transformation toughening of shear type. These results along with the intrinsic brittle-toductile transition phenomena reported in TiAI and NiAl and the extrinsic effect of boron additions
on room temperature ductility of l ^ A l will be presented elsewhere.
Finally, as for the role of elastic anisotropy in intergTanular brittle fracture, the competitive
process between intergranular cracking and slip initiation from the grain boundary under a stress
concentration deserves much further investigation [49]. Recently, finite element modeling based
on anisotropic elasticity was successfully used to predict the experimentally observed initiation of
(111) slip from aluminum bicrystals and multicrystals [50]. Since all of the intermetallic alloys
show much greater elastic anisotropy than aluminum (Fig. 1), the effect of elastic incompatibility
on the stress concentration at a grain-boundary junction is expected to be relatively more
pronounced in ordered intermetallic alloys.
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