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HICROPIECHANISHS OF DEFORMATION AND FRACTURE IN 
OIUlERED INTERMETALLIC ALu)YS - I. STRENGTHENING MEmIStS* I 

M. I i .  Yoo, J. A .  Horton, and C .  T. Liu 

ABSTXACT 

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 NiJAl and b-CuZn, the major aspects of anomalous yield 
strength, strain rate sensitivity, in situ deformation 
transmission electron microscopy observations, rnicrotwinning, 
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. 

Ordered intermetallic compounds have long been recognized for their 

The strong tendency for superior strength at elevated temperatures. 

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, r'r 

U . S .  Department of Energy, under contract DE-AC05-84OR21400 with 
Martin Marietta Energy Systems, Inc. 

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

crystal strnctures c0mmoPI to these 

deformation, H o w ~ v ~ ~ ,  the low spmjetrg 

materials give rise to poor ductility. 

Ths,  strength and weaktacss coexist in ordered intermetallic compomds. 

Much attention has been given to NiaAl with the L f 2  structure. because 

o f  its unique deformation 2nd fractiim 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 rnechan Lstic understanding o f  both the anomalous yield strength and the 

inherently brittle grain boundary weakness i n  L l P  orderad alloys can be 

assessed with the proceedings of two recent symposia I Y 

have heen significant advances recent1 y , most theoretical analyses were 

made on the energetic basis alone and nearly all transmission electron 

microscopy ( T E M )  experiments t o  co*lfircm operative mechanisms were 

performed statically after the mechanical testings. More recently, a 

stability analysis of suplerdislocatioins and shear faults in the L f ,  

st;rueturc3 and i n  situ deformation TEM experiments on Ni,M ( re fs ,  4 , s )  

have been made. T"teso investigations have disclosed s e v e r a l  conclusions 

which cannot be accounted f o r  by t h e  prevalling theories available for 

the anomalous yield strength in L12 alloys. 

Thoi.agk there 

Anath~r outstanding example o f  anomalous yield behavior is fi-CuZn 

with the R2 structure. In this case a lso ,  there has been a number 0% in 

situ deformatjan high-voltage electron microscopy (WEfp)  experiments to 

characterize dislocation behavior and mobility at varioius temperattires. 

%%ereas m u c h  information on the multiplication process and the mobility o f  

dislocations has been obtained, thc major driving foree far the ~ P Q ~ B B O U S  

yield behavior has not  been identified. Also, i t ;  i s  not understood why 

only f3-CrsBna and FeCo shsw the st rength anomaly among B2 alloys. 

NiJAl and fi-C~mZn are tho outstanding cases as far as the anomalous yield 

strength is concerned,' a ~~mprehensive analysis on a wide range o f  

ordered intermetallics i s  deemed necessary in aderr: to understand the 

microrochanisrns of yie ld  and flow bsXaavd0r of t h i s  class of mmteriaPs. 

6 - 8  

b%ile 

c 
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The purpose of this report is ta analyze the deformation mo 

superlattice structures, of both cubic apd non~ubic symmetries, on the 
basis of energetics and kinetics of dislocation dissociations, and to 

discuss possible micromechanisms for the temperature and strain sake 

dependencies of yield and flow stress in ordered intermetallic alloys, 

A systematic analysis w i l l .  be made on the basis of the crystal symmetry, 

aniscatrapic elasticity, dislocation dynamics, and c r y ~ ~ a l ~ o ~ r ~ ~ h y  of 

twinning. In Sect. 2, the relative stability and inobilit 

dislocations are assessed in terms of the change i n  their dissociation 

configurations Interrelationships betwien the active slip system and 

"order-twinning" are established in Sect, 3 

temperature dependence and the strain sate sensitivity of yield sand flow 

stresses are discussed in Sect. 4 .  Section 5 addresses the key issues in 

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

e physical sources for the 

Active slip systems reported in the literature'* 9 are summarized 

in Table 1, where the slip vectors are Bnrrgers vectors of super- 

dislocations, 2. 
(hkel)<uv*w>, in an ordered crystal structure are referred to the crystal 

structure o f  the corresponding disordered state (fcc for Z I P 2 ,  Elo, and 

The Miller-Bravis indices for slip systems, 

DO,,; bce: for 2, DO3, and and hcp for DO1,). Some of those alloys 

which show the anomalous temperature dependence af yield stress rare given 

in the last column.'2-''+ The elastic constants, ell, c l e s  and e B a ,  for 
cubic ordered alloys at room temperat~re'~ are listed in Table 2 

together with the anisotropy factors, A and R ,  relevant to the screw 

orientations <PlO> and <Ill> for the L I Z  and Is2 (DO3) structures,3 

respectively. 
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Table 1. Observed slip systems in ordered intermetallic allays 

Crystal structure Slip system Anomalous strength 

Cubic L12 

Cubic 

Cubic DO 3 

Cubic L2 1 

Tetragonal L1, 

Tetragonal DO2 

Hexagonal DO, 

p 1 1 ,  (0101 <ioi> Cu3Au,Co3Ti,Pt3Ti,Fe3Ga 
(F~,CO,N~)~V, Ni3X 
(X = Bl,Ga,Si,Ge) 

Ni3V 
<110> 
<loo> 

Mg, Cd , Mn3 Sn 

Pseudotwinning is the deformation mode. >'C 

Table 2. Elastic constants af ordered cuhic intermetallic 
allays at room temperature 

10" N/m'. 
Type Alloy A R Ref. 15 

C I I  C12 c44 

Ni3A1 2.23 1.48 1.25 3-34 1.12 
L12 Ni3Fe 2.46 1.48 1.24 2.53 1.07 

Cu A u  1.87 1.35 0.68 2.60 1.08 

Fe,Si 2.32 1.56 1.35  3.59 1.13 
Fe3A1 1.72 1.32 1.32 6.52 1.30 

FeA1:" 2.09 1.23 1.27 2.94 1.09 
NiAl 2.12 1.43 1.12 3.28 1.12 
Ag& 0.84 0.56 0.48 3.47 1.13 

B2 CuZn(I1) 1 . 3 4  1.04 0.73 4.94 1.23 
CuZn(1) 1.29 1.10 0.82 8.49 1.43 
AuZn 0.50 0.38 0.37 5.92 1.27 
AuCd 0.90 0.83 0.44 11.86 1 .64  

a,m 
b 
C 

k 
d 

d 
e 

fY1 
g 
h 
i 
j 

Extrapolated from the lower A1 concentrations. >#C 
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2.1 Llt STRUCTURE 

2.1  - 1 L o w  and Intermediate Temperatures" 

Consider a single dislocation loop of Burgers vector, 5 = [Toll, 
lying in a (111) plane dissociated according to the antiphase boundary 

(APB)-type dissociation 

rv B ' k " l 3 ,  (11 

1 
2 where b, = -[Toll  (Fig. 2) .  

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 Ni3A1 is 

shown in Fig. 3 .  For the screw orientation (Q, = 0 ), the strength 
ratio of the tangential component to the radial component is 

f, = fg/fr 
the elastic constants listed in Table 2, f l  0 . 6  for Ni,A1, Cu3Au, and 

Ni3Fe. 

maximum value of f l  

edge orientation ( e  = 90'). 
character is depicted schematically in Fig. 2. 

The interaction force between the two 

0 

= (A - l)fi/(A + 21, where A = 2C44/(Cll-C12). According to 

Figure 3 shows that this ratio increases with increasing I$ to the 

0.7 at 4 = 31°, and then decreases to zero at the 
The variation of fr and f g  with dislocation 

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."-" 

The extended width of a superdislocation is proportional to f,, which 

is larger for the edge component than for the screw component (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 3k 

temperatures below and above the peak temperature of anomalous yield 
strength, Tp, of Ni3Al. See the three regions shown i n  Fig. I.. 



6 

ORNi..-DWG 87-i-1925 

/ 

/ 'I 

\ 

\ 
\ 
\ 

Ila: \ 
\ 

Vb TP T 

F i g .  1. Temperature depe:tdence of y i e l d  strength i n  
ordcl-ed i n t e r m e t a l l i c  alloys. 
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F i g .  2.  The APB-type dissociation i n  t ' i ~  L I P  s t r u c t u r r .  
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Fig. 3. Orientation dependences of 
in N i 3 A l  at room temperature for the (Ill 

the interaction force constan 
) APB-type dissociation. 
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The effect of elastic anisotropy on the dislocation mobility is to 

further increase the disparity between the two dislocation characters 

(see the two fr c.iirves in Fig. 3 ) .  

For near-screw orientations, there may exist intrinsic resistance to 

dislocation motion due to a distribution of force couplets across (:he 

APR ribbon, Fig. 4 ( a ) ,  which is necessary to counterbalance the 

interaction torque between the two superpartiaPs.3,9,’9 As was 

mentioned in review articles,’0,20 postdeformation ‘1”EM absesvations 

in LIB 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 Ni3A1 by conducting an in situ deformation 

TEM experiment.’ 

Thc? last point (No. 4 )  mentioned above is unique to the case o f  

dislocation dissociations in a superlattice with long-range ordering ( L R O ) .  

This can be discussed further with the aid o€ Fig. 4 .  The magnitudes of 

the interaction force components (Fig. 4) are F, = f,/2nr and Fg = I8/%nr, 

where f ,  and f g  are given in Fig. 3 .  

ribbon due to the force couplets, as depicted in Fig. l ; ( a ) ,  can be 

associated with a continuous distribution of fractional edge dislocation 

pairs (a twofold symmstry with respect to the z-axis) such that the fault 

vector, = 2 b * 9  where = - - [ l o l l ,  b’ v = ~ [ l T l ] ,  and 0 < X < 1. 

Figure 4 ( 6 )  shows t h i s  dissociation configuration which is in a state of 

static equilibrium. When an externally applied stress, ua, 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- 

figurationg shown in Fig. 4 ( e ) .  

Bending ~f the shear-type APB 

1 -  x 
2 

When a uniaxial applied stress, oar is applied in a certain 

crystallographic directiun o€ a crystal, the resolved shear stress, T ~ ~ ,  

for the edge component, b’ ,  favors the stability o f  APB ribbon interface 

when T~~ > 0 and the nucleation of a superlattice intrinsic stacking 
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r, ............... ~~ 

c- --t 

Fig. 4 .  Possible dissociation configurations of a screw super- 
dislocation in the L12 structure; (a) force couplets, ( b )  fractional 
edge pairs, (c) stabilized APB,  ( d )  stress-induced SISF, and 
(e) cross slip. 
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fault (STSF) when T~~ < 0. 

into xzp > 0 and T~~ > 0, 

would tend to straighten o u t ,  and the mobility of the superdislocation 

will be enhanced, WLen the sign of ua is reversed, T~~ < 0 and T~~ < 0 ,  

the trailing superpartial will be impeded as shown in Fig. 4 ( d ) .  If t h e  

constriction o f  Shockley partials is effected and the resolueri shear 

stresses on both the primary and the cross-slip planes are sufficiently 

high, T~~ > 0 and T ' ~ ~  > 0 ,  then n cross  slip pinning eonfig&ation as 

shown i n  F ig .  4 ( e )  is possible.9p'9 

partial will be impeded. 

Under a tensile S ~ T ~ S S ,  which resolves 
1'2 as in Fig. 4(c), t h e  bending of APS interface 

In this case, t he  leading super- 

That all three dynamic coriEigfiratians, Figs. L ( c ) ,  & ( A ) ,  and 4(e), 

are possible during debormation is corroborated by recent experimental 

findings.'~' Figures 5(a) and 5 ( 6 )  represent evidence f o x  the cases of 

Figs. 4 ( c )  and 4 ( d ) ,  respectively. A combination of the two cases,  

Figs. 4(c) and 4 ( e > ,  could account for the direct, observation ~ a d e  by 

Baker et al. 4 All of these e x p s r i m n t s  were carried out at rexm 

r a t a ~ e e ,  and the separation spacing between Lhe superpartials under 

an applied stress was found to be, in all eases, greater Lhan the static 

equilibrium width,  e.g,, r1 = 6.7 plm for the screw These 

observations indicate that the configuration of t h e  C K O S S - S ~ ~ ~  pinning 

process, Fig. 4 ( e ) ,  is not solely responsible for the anomalous 

strengthening phenomenon. 

As the deformation temperature, T, is raised, the (010)<TOP> cross- 

slip syst;em becomes gradually more active and becomes the primary slip 

system at T > Tp. 

than that on {lll]  plane^^,*',^^ arid no interaction torr~i. ie exists on 

(010) pianes3y19 wouJd suggest a relatively high superdislocation 

The fact that the APB energy on (018) planes is Power 

In the case of bcc stri icture,  Wrmesbei-y called T~ "glide B ~ K ~ S S "  
>t 

and T ~ ~ ,  "nonglide S ~ C ~ S S "  or "edge stress'? (refs. 21,32) 



Fig .  5 .  Superpartial dislocations a t  the head. of skip bands in N i , A 1  
1 -I = 2[101] under load; (a) APB coupled superpartials, 

( b )  the leading superpar t ia l  t r a i l i n g  long SISFs ,  = - [ 1 1 2 ] .  

r l  = 7 nm and 
1 -- 
3 
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mobility. However, computer simulation analyses of the core structure of 

screw s ~ p e r p a r t i a l s ~ ~ ~ ~ ~  showed two distinct atomic configurations, a 

glissile one on (111) planes and a sessile one on (010) planes. 

latter case, therefore, the mobi-lity of the sessile core configuration 

seems to control the dynamic process of {010)<~01> slip. 

experimental study of {010]<T01> slip has been done. 

TEM analysis, at room temperature, O F  superdislocations moved on (010) 

planes at 8005C in Ni,Al, Veyssi6re" envisaged nonplanar di.ssociation 

of a mixed dislocation by the glide-climb separation of the superpartial 

pair. 

In the 

No direct 

Based on weak-beam 

2.2 82 s 

2.2-1 

As shown in Table 1, several slip planes were identified with Burgers 

vector, B = m<lll>, where m = 1 far 82 and R-I = 2 for DO3 or L2, structures 

respectively." 

two possible ways of sessile splitting of the E screw dislocation that 
maintain a threefold symmetry are shown in Figs .  6 ( 8 )  and 6 ( b ) .  The 

displacement component perpendicular to the <111> screw dislocation line, 

uns which arises due to the elastic anisotropy,30 is shown in Fig. 7 ( a ) .  

The distribution of displacement vectors shown in Fig. 7 ( a )  may be attrib- 

uted to two sets of force triplets? oriented along <lfO> 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 ( 6 ) .  

N 

In an analogous manner as for thc bcc structure," 

T < Tp. The reference peak tempera ture ,  in this case, is for S-CuZn I 

(see Fig. 1 and Table 3). 

?Because af a threefold symmetry with respect to the dislocation 
line, the term "triplet" is more appropriate than P'doublet,ll used by 
Duesbery." 
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n 

Fig. 6. Sessile splitting of an m[lll] screw superdislocation in 
in the bcc-based superlattices on (a) {ll?] planes and ( b )  (li0) planes. 

ORNL-DlnIG 87-!1928 

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

Temper a tur  ea (K>  
Î__.._ ..... ..._._... Plat e r i. a 1 

TP Tc Tm 

Ni A1 -77 -1000 >1668 1668 

fi -Ci.xZn -300 -500 741 1143 

a'l'c = the critical temperatnre for 
ordering, T, the melting point. See 
Fig. 1 f o r  T$ and Tp. 

In the case of CuZn(1) [ref. 15b] ,  the maximaam value of t-Eat? normal 

displacement is iin 0.03 B and the integration constant is C2 2 - 0.02 B .  

The integration constant is generally required in order to determine the 

origin of the dislocation coordinate system with respect to the crystal 

axis for the dislocation.30 

zero in F i g .  7 ( a ) ,  the displacement along the [liO] direction is increased 

to u, = uy 

[Tol l  direction is reduced to un 2 ux = 9. 0 . 0 3  73, u- Y 
physical significance o f  C, is that the screw dislocation of a threefold 

symmetry is elastically unstable and tends to contain a net edge compsnent 

lying on thc (112) plane, then a core transformation into an asymmetric 

splitting is possible on the (117) plane, 

When the integration constant is set to 

0.05 A ,  whereas the displacement along the [Ol?] or the 

0. If the 

where k2 > k I  and k2 j s  situated toward the [ i i o ]  direction as in the screw 

orientation of Fig .  8 ( b ) .  Although the magnitude of un is rather small 

compared to tha t  o f  E, the residue of iipp o f f e r s  important information on 

the relative measure of t h e  asymmetric distribution 01 as well a s  the 

specific habit plane of asymmetric dissociation. 
1 
2 

Since = -<111> i s  the faull; vector f o r  an APB in the B2 

structure," a dissociation of the type represented by E q .  (1)  is 
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Fig. 8.  The APB-type dissociations of = 11111 in the 
B2 structure on (a) the (170) plane and (b )  the (112) plane. 

expected to occur on a (hkl) plane which is cozonal to the  [lll] axis, 

such as (1TQ) and (112) planes, 

the (1fO) and (112) planes are depicted in Figs .  8(a )  and 8 ( b ) ,  

respectively. 

Single dislocation loops dissociated in 

These schematic diagrams were sketched based on the 

interaction forces between the superpartials with = -[lll] 1 that were 

It. should be 
2 

calculated with anisotropic elasticity theory (see Fig. 9 ) .  

noted in Fig. 9 that the effect of elastic anisotropy on fr is much more 

pronounced in the B 2  structure than the corresponding effect in the L12 

structure (Fig. 3 ) .  This means that the disparity of dislocation 

mobility, viz., the. -<111> 1 screw dislocation is relatively immobile and 2 
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f, = 0, TANGEN 1-IAL COMPONENT 

.......... w ....... I ..... 1 . . . i  

4 (deg) 

0 
0 20 40 60 l3.3 io0 (20 440 iG0 480 

f,, RADIAL COMPONENT 

f,, TANGENTIAL 
COMPONENT- 

0 ( 0  20 3 0 4 0  5 0 6 0  70 e 0 9 0  

Q, (deg) 

Fig .  9 .  O r i e n t a t i o n  dependences o f  t h e  i n t e r a c t i o n  

farce c o n s t a n t s  i n  B-CuZn a t  room temperature f o r  t h e  APB 

d i - s soc ia t ion  with 2 = -[111] 2 

(6 )  t h e  (112) plane. 

1 ( a )  t h e  ( I T O )  p lane and 
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is further enhanced by the elastic anisotropy effect. 

twofold symmetry of the slip-plane normal, [ITO], no tangential inter- 

action force exists on the (ITO) plane at any orientation of the 

dislocation character as in Fig., 9 ( a ) .  

interaction torque arises at nonscjcew orientations as shown in 

Fig. 9(b ) .  Using the elastic constants of CuZn(1) given in Table 2, we 

find the maximum ratio of F0/Fr at the edge orientation ($ =I 9 0 " )  to be 

0.26. 

Because of a 

In the (112) plane, however, 

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. lO(a) and 10(b). Since the fault vector in this case is 

f = 2 5 k - ,  where =: -[111], b,' = - 11111, and 0 < 
N 2 6 
tribution of the Burgers vector o f  an edge superdislocation on an (11'2) 

plane is asymmetric in accordance with Eq. (2) ,  where b1 ( k l  < k2)  is 
situated toward the [ill] direction. This asymmetric dissociation for edge 

orientation is consistent with the prediction for the screw orientation 

discussed above. 

superdislocation pair situated in an (112) plane i s  shown in Fig. 8(b ) .  

1 x.. < 1, the net dis- 

An overall picture of the asymmetric dissociation of a 

When the resolved shear stress is positive, T~~ > 0 in F i g .  1O(c), the 

originally bent APB tends to straighten out ,  hence the APB will be stabi- 

lized, the equilibrium spacing, r2, will be essentially unchanged, and the 

mobility of the dissociated configuration will be enhanced. 

reversing the sign o f  applied stress, T~~ 

the pair shown in Fig. 8 ( b )  to expand, the disparity of b, bi will 

Increase, and the trailing superpartial, k l ,  will be impeded. If X *  = 1 

and _b'= g[111] such that k2 = -[Ill] and 2, = 3[111], a passage of the 

dissociated configuration as depicted in Fig. ll(d) is equivalent to "order 

twinning" by the leading 

This will be discussed further in Sect. 3 .  Finally, the  interaction torque 

promotes the climb dissociation of the superpartial pair as shown in 

Fig. lO(e). This causes nonconservative motion of the APB interface which 

is more feasible under a high resolved normal stress, G~ > 0, and at 
elevated temperatures. 

Upon 

0 in Fig. 10(d), which causes 

1 2 1 
3 

and a partial detwinning by the tra.i.ling b l .  
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Fig, 10. Possible dissociation configurations of a 
(11?)[111] edge superdislocation in the I32 structure; 
(a) 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, 
$ = 7 0 . 5 3 O ;  and (b) order twinning, JI = 54.74', i n  t h e  
B2 s t r u c t u r e  ( A B ) .  
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The dissociation of E = <111> superdislocations in D-CuZn deformed at 

19OoC was examined by Saka and Zhu3' with the use of the weak-beam TEM 

technique. They found that the two superpartials, E q .  (I)  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 

structure. ' I 3 2-3 

following reaction on an (iio) plane: 
One poss ible mechanism for this trans ition is the 

..a 13 = [111], g 1  = [OOI], and = [llO]. A t  the orientation [110] or 

[loo] indicated in Fig. 8 ( a ) ,  the total Burgers vector 5 o f  mixed 

character ($  

either piire edge or screw character. 'since there is no net change in the 

anisotropic elastic energy, the reaction, E q .  ( 3 ) ,  is statically indeter- 

minate. According to the line tension analyses o f  a superdislocation 

1oop,3,36,37 it is negative in B-CuZn at either orientation. 

the dislocation reaction, Eq. ( 3 ) ,  cart occur spontaneously because of the 

instability of elastic line tension of a total dislocation loop. 

3 5 1 . 3 ~  or 125.3O) m a y  decompose into E l  and E2,  which are OP 

Therefore, 

The discussion given in Sect. 2.2 i s  generally pertinent to the 

DO, and L2, (Neusler) structures with E = 2[111]. Figures 6 and 7 are 

directly applicable here with m = 2. 

dissociation of E, E q .  (1) and Fig. 8 ( a )  or Eq. (2) and Fig. 8 ( b ) ,  

a fourfold dissociation is also possible in the DO3 and L21  structures, 

In addition to the twofold 
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1 
2 where b, = -[111] k b,' and the magnitude and direction of b- may vary from 

material to material." 

Fe-26 at. % A1 alloy investigated by weak-beam TEM analysis3* is 
consistent with Eq. ( 4 )  and k *  = 0 since there is no interaction torque 

between the dislocations lying on an (1TO) plane. 

occurs on an (112) plane, the fractional Burgers vector is ,b' = $[Ill]. 

The fourfold dissociation in a DO,-ordered 

When the dissociation 

Both = <110> and E = <001> are possible slip vectors in L21 alloys 

at elevated  temperature^.^' 
ture, E q .  ( 3 ) ,  may be also applicable here for the L21 structure. 

Al-rich Ni,AlTi alloy, a twofold dissociation, Eq. (l), of B = <001> and 
1 b = -cool> on (110) planes was observed by TEM analysis,"' which is - 2  

consistent with the fact that k *  = 0 on twofold symmetry (110) planes. 

The proposed mechanism for the R2 struc- 

*In the 

N 

2.4 NONCUBIC STRUCTURES 

In both Llo and DO2* tetragonal 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 = [110], 
[lOO], and [OlO] becomes operative in the D O 2 ,  structure.45 

2 
3 In the hexagonal DOl9 structure, slip systems of = -<1120, on the 

basal (0001) and nonbasal (liO0) and {liol) planes are active at low 
1 
3 

Dislocation pairs of like sign, k = -<1120>, have 

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

temperatures, nonbasal slip systems of IJ = 2<1123> on (lOil) and (1122) 

planes are operative. The interaction torque between a pair of disloca- 

tions in this case was computed earlier.46 As will be discussed later 

(Sect. 4 ) ,  the interaction torque between a pair of screw dislocations 

of = 3[ll20] is zero on the basal and prism planes and nonzero on 

a pyramidal plane. 

(liO1]<1120> in Mg,Cd at room temperature," the interaction torque 

plays a role similar to the (111]<10T> in Ni3A1. 

3 

1 

Therefore, i n  the case of a primary slip system of 



The c rys  t a1 lngraphy of Lw I nixing in cubic  superlat t ices  has been 

Table 4 shows the crystallographic elerrents  discussea e2r~ier.~','~-~~ 

( K 1 , K 2 , q 1 , r i 2 )  and peameters ( q , g )  for cubic  ordered s t r u c t u r e s .  'The 5 is 

the normal tu t he  plane of shear, g i s  the twinning shear, and g is an 

integer such t h a t  some ntomjc shuffling is necessary when q > 2 (ref. 4 7 ) -  

In Figs. 11 and 12, the open c i r c l e s  are A atoms, t he  f i l l e d  c i r c l e s  are B 

atoms, the larger  circles represent atoms in !.lie plane of projection, and 

t h e  smal le r  c i r c l e s  r ep resen t  those  i n  the ad jacen t  p l anes .  In i,he XA12 

and 02 striactures , the primary t w ~ n  systxm (K, 3;l 1 requi res atomic 

s h u f f l i n g  on every other twin plane as i n d i e a t d  by the stokes on c i r c u l a r  

symbols in Fig .  ll(a> for the case of B 2  s t ~ u c t u r e .  T h i s  means t h a t  the 

mobility of twjnning dislocations would be exLremnly I n  the 

complementary twjn system, g is twice as l a r g e  as i n  the p ~ i ~ i ~ i i ' y  twin 

system, but no a t o m L e  shuffling i s  necessary, as shown in Fig. ll(b) . 

-t + 

Table 4 .  Crystailsgraphie e lements  and parameters of 
tw.in modes in cubic ordered structures 

a P  = primary,  C = complementary. 
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Therefore, in fully ordered L12 and  B2 alloys, the complementary twinning, 

also called "order-twinning" or nsuper-twinningP' (ref. 50) , is much 
more feasible than the primary twinning which i.s also called f cc -  OK 

bcc-twinning. 

In the LZ1 structure, pseudotwinning arises from the interaction of 

LRO and twinning. 'fie increase in ordering energy associated with the 

phase transition may give rise to a restoring force responsible for the 

reversion of the pseudotwin in Fe3Re upon unloading. 

be analyzed elsewhcre." 

This phenomenon will 

It is important to recognize the fact that, in all cases, the con- 

jugate deformation mode to order-twinning is the secondary slip system, 

which becomes the primary slip system at high temperatures, v i z . ,  

(010)<101> for the L12 structure and (110)<001> for the 132 and the related 

structures, T h i s  implies that macrotwinning will be feasible when the 

accommodation slip by the secondary slip system is enhanced. 

when the conjugate slip system becomes active at high temperatures, the 

primary strengthening mechanism will be related to microtwinning. 

Conversely, 

s 

Concerning the geometrical requirements for general polycrystalline 

deformation, twinning plays a relatively more important role in materials 

of noncubic crystal structures than of cubic structures. However, the 

energetic and kinetic aspects of twinning in noncubic ordered structures 

are not well undcrstood. We will defer detailed discussions51 and 

treat here only briefly tetragonal L l o  and DO,, structures and hexagon 

DOl9 structure that axe crystallographically related to the LIZ structure. 

It should also be noted thaL in the teLragonaP striicture, 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 OK 1 (see Fig. 12). The drawing 

in F i g .  12 is for the DO,, striicture, but i t  is also applicable for the 

Ll,, structure when the larger open circles are changed to large filled 

circles. The twinning shear of the primary twin system is considerably 

smaller than that of {.he complementary twin system. Therefore, from the 
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Fig. 13. Twinning shear of DO,, intermetallic compounds (A3B). 

viewpoint of the relative mobility of twinning dislocations, the primary 

twinning (fcc twinning) can be prevalent in L l o  and DOz2 alloys. This 

viewpoint is fully corroborated by the experimental findings in CuAu-I 

(ref. 5 2 ) ,  TiAl (ref. 41), Ni3V (ref. 53), and A13Ti (ref .  4 5 ) .  

The role of twinning in fracture of hcp metals discussed earliers4 

applies directly to the case of hexagonal DOl3 alloys. 

atom shuffling is considered by means of homogeneous shear of diatomic 

When the necessary 

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 Pt3U and X = 1.kl of 

A13@e, respectively. There are many compounds which have 1 = 1.60 to 
1.63. In addition to those five shown in Fig. 13, there are Cd,Mg, @o3Mo, 

Fe3Mn, Ni,Sn, Ti3Sn, Fe3Ge, and Mn,Sn. For a given compound, apart from 

the chemical effects, the lower the magnitude of g and/or q ,  the easier 

the twi nning r a i  11 become. 

There are many physical SOUPC~S of strengthening o f  ordered inter- 

metallic In most o f  the alloys listed in Table 1, the  

peak temperature, Tp9 of anomalous strengthening is ~ 1 ~ s e I . y  related to the 

order-disordar transition temperature, T,, such as in Cu3Au, FeCo, Fe,Al, 

(Ni,Fe,Co) 3V, and Ng3Cd.” When deformation occurs primarily by twinning, 

e . g . ,  in Fe3Be, t h e  flow stress tends L o  have a positive temperature 

dependence and a negative strain rate dependence.57 

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, 

Lhe focus of our discussion will be on the physical mechanisms SOK the 

anomalous temperature dependence of yield and flow stresses in Ni3A17 and 

b-CuZn in which Tp is iiiuch l o u e r  than T, (Table 3 ) .  

As w a s  discussed 

A schematic descripl-ion of the yield stress, T~~ as a function o f  

deformation test temperature, T, at a certain s t r a i n  rate, E > 10-45-’, 

is given i n  Pig. 1. 

Fig. 1 together with the melting point, T,. 

referred to either the critical resolved shear stress (CRSS) of the pri- 

mary slip system or the mcroyield stress defined at the specific strain, 

usually E = 0.002. 

Table 3 lists the appropriate temperatures defined in 

The yield stress, T ~ ,  is 

Kornilov compounds (ref a 56) . ;‘r 

? A  Bertsllide compound (ref. 5 6 )  



27 

Energy 

 he? L ~ T O I I  (OID) APB energy i n  the I L I ~  structure, yo  1 o  ~ may be 2 
obtained from the difference between the ordering energies of an A n  

energy, Y I l 1 ,  i.n the LIZ sLructure  is r:elated to the phase stabill.i .ty w i t l a  

respect to lthe D O P S I  s t r u c t u r e .  ‘The s i g n  and magnitude o f  the  APB energy 

is therefort? a good measure of the  phase stability. 

1x1 LI., alloys the anj.sotropy of APB energies, y 1  l / ~ o  {?* w a s  
de.fi.ried as the  necc.,ssary condi t ion5’  fo.t- !;he crass-slip pinnin.g motic21.59 3 

t o  exp la in  the anomakous yie ld  st;rengt.lm. 

number of APB energy evaluati-ons for N i j A I . .  The data are summarized ia 

Table 5 .  

Recently, there has been a 

1 Tine mechanical stability of an - [ tQl . ] ( l l l> type shear APB interface 
2 

in t h e  Ll2 structure can he analyzed in terms of the surface tension, pet- 

unit length along the z - a x i s  (Fig. 141, defined by 

where 0 i s  measured from the (010) plane. If we use tho, anisotropic 7 

func t ion  as hefore, ’ 

then the surface tension Is R constant, T = Tolo. 
for a two-dimensional slab3 gives 

The deflection equat ion 
r 

fix 
y = ae s i n  fix , for  x > 0 
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Table 5. APB Energy in Ni,Al, 7hkl(mJm-2) 

1 1 1 0 Method Ref. 
5 1 1  7 0 1 0  

Weak-beam E M  23 
Atomistic simulation 61 111 90 1.2 

142 
96 

83 
28 

1.7 
3 . 4  

Embedded atom method 62 
6 3  

280 197 1.4 Interchange potentials 6 4 , 6 5  
up to fourth near 
lie .ig hbsr s 

ORN L- DWG 87- I i 926 

Fig. 14. A stable equilibrium configurati-on of the (111) APB 
interface in the LP2 structure. 
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e = -  2Tf 

rl ’ ( 9 )  

where r1 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 7 

anisotropy described by Eq. ( 6 )  is an approximation of first order.61 

Nevertheless, this calculation and the one made earlier3 confirm the 

fact that the bending of an (111) APB interface in the L12 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 Y l l o  = 50 rnJm”-2 and 

T l 1 2  = 37 mJm-2 in the temperature range 77 K to 298 K. The anisotropy of 

2 
711Q/7112 = 1.4 could be the driving force for the cross slip of -<111> 1 

screw superpartials from {lTO) planes to Ell?) 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, 
1 b = - [ T o l l ,  in Ni3A1 has been identified as the principal driving force 

- 2  
for the cross-slip pinning mechanism. 

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

of elastic shear and APB as 

The energetic criterion for 

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

> 43 , proposed by Paidar et al. (ref. 5 8 ) .  
7111’3031Q 
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'The elastic interaction energy between two parallel dislocations is 

obtained by evaluating t-he work done, V, in forming one dislocation at a 

location (r,8) i n  the presence of the other at the origin. When this is 

done in an elastically anisotropic iiiedium under t he  plane strain con- 

dition, one finds in general V = V(r,O) (ref. 68) .  The radial and 

tangential components of the interaction force are obtained formally Z r o m  

Fr = -aV/ar and Fe = - - [ t / r ) a V / a O ,  respectively. 

The physical source of the tangential component, Fo9 can be best 

understood by studying the displacement. field of a screw dislocation. 

Figure 15 shows the sense and magnitlide of the colinear vectorial 

difference between the anisotropic displacement field, 2 9  p,(O), and the 

isotropic field, p,(O) =: bQ/2lu = (b /2n)  tan-'(y/x), for the cases of the 

L12, B2, and DO,, structures. The positive and negative values oE this 

difference, pz-pz, are related, respectively, to Lhe forward [+z) and 
backward ( -5)  perturbation of uz on the linear screw pitch of 
i 

pz.  

dislocation is situated on the certain planes of high symmetry, such that 

These planes are (010) and (101) of L I B ,  (110)  and {ll?] of B2, VLZ: - llz. 

and (8081) and (TlOO) of the DOl9 structure. In any plane which is 

oriented between the two planes mentioned aboue (Fig. 15), the tangential 

force ar i ses  because of t he  overlapping additional displacement of the 

same sign. 

i 

i 

No tangential force will result, Fg = 0 ,  when an identical screw 

i 
I 

4 . 3 . 3  @fslocatisn Care Transformation 

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

energy of a straight dislocation, the dislocation core configuration 

inEluences physical and mechanical properties strongly. In the case 

o f  NiJAl, the configuration o f  a dissociated superdislocation depends on 

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

and complex stacking fault (CSF) on I1111 planes.70 

Ni,A1 was determined experimentallyz3 and by atomistic simulati.ons6' 

to be ^fSISF = 5 - 15 m.Tm-* 

dence for CSF splitting by Shockley partials in Ni3AZ exists according to 

T'he SISF energy in 

= 13 mJm"', respectively. No evi- and 'SISF 
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the direct observation by 

(APFIM) , 9 Therefore, 

discussed in Sect. 2.1 is 

TEM’ 

the  twofold dissociation of superdislocations 

consistent with the experimental observations. 

and atom probe field ion microscopy 

In the computer simulation analysis of dissociation and core structure of 

screw superdislocations in A 3 B  (Ni3Al-like) alloys , 
of the CSF energy to the APB energy on (111) planes used for the A-B 

potentials were 1 . 3  and 1,9. 

9 * the two ratios 

I n  the case of bcc-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 NiJAl 

The schematic diagram of Fig. 1 for T~ vs T applies generally For 

single crystals and polycrystals of Ni3Al. The maximum stress at T was 

T~ = 360 MPa for both the CRSS of (lll)<T01> slip in a single crystal at 

the neutral orientation” (tension = compression) and the compressive 

yield stress ( 0 . 2 %  offset) in a polycrystalline alloy72 of grain size  

d = 85 ym. Woilis 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 pm, but a sensitive strain rate dependence f o r  d = 4 pm. In the 

fine-grain alloy under the slower strain rate ( k  = 1.4 x low5 s- ’ ) ,  an 

apparent stress relaxation at high temperatures was attributed to grain 

boundary sliding.75 

P 

Effects of strain rate on T~ vs T in Ni3Al single crystals were found 

as follows: 

at low temperatures (the region I1 of Fig. 1) was noted,75-78 and 

(b) a large increase in ‘C 

peratures (the region 111 of Fig. 15) with increasing k was observed. 7 5 - - 1 a  

In the temperature region I1 of Fig. 1, therefore, T~ is related to the 

force opposing the dislocation motion, which is the intrinsic property of 

(a) virtually no change in T ~ ,  the CRSS of (iii)<ioi> slip, 

the CRSS of {OP0)<~01> slip, at high tem- Y, 
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supezlattice dislocations, but not to the dislocation microstructure which 

depends on the applied strain rate. Accordingly, Tb, may be related to 

the mechanical threshold, the "plane glide resistance" o f  the material, 

and a'cy/aT at T > Tb 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 aTy/aT (refs. 3,9,80), 

can be outlined as follows: 

1. The "line glide resistance" (ref. 79) of a superdislocation arises from 

a product o f  the edge stress, T~~ in Fig. 3 ,  and the cross-sectional 

area displaced by the bending of  an APE interface, Ad of E q .  (15) 

in ref. 3 .  

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

nonequilibrium APE energy during the slip process, T t l l ,  the 

difference in total force on the two superpartials, 

e 

where FQ = T Ad/2b. 
XY 

3 .  The increasing number of cross-slipped pinning segments with 

increasing temperature can result in drag of both the leading and the 

trailing superpartials. I n  the expression of the driving force for 

cross-slip pinning, E q .  (2) of ref. 19, T I l 1  should be replaced by 

Ye of E q .  (11). 
1 1 1  

4. The plane glide resistance due to the cross-slip pinning, T p R ,  can be 

obtained from E q s .  ( 4 - 6 )  of ref. 19. 
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4.1.4.2 p-cuzn 

The model introduced by Brown, and modifl ed by others , 2 - 8  that 

the teti9perature dependence of T In the B2 alloys is directly related to 

the change in the local LRL) across the APB interface, is simply the 

“element glide resistance” (ref. 7 9 )  

Y 

e 
T = T~ + AThkR/2b eR 

where ‘ I ~  is the lattice resistance to the individual superpartials, and 

AThka is the difference between the APB energy of the (hk8) plane created 

by the leading superparti-al and that eliminated by the trailing super- 

partial. The total glide resistance, the CRSS or the yield stress, in the 

region I1 is obtained by a. superposition of the two types of linear 

barriers , 

e 

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 o f  

Fig. 8 for the 82 structure. 

planes, and hence r l l o  = T l l 0 ,  ‘I pa arises only if r l l o  > ‘ f l 1 2 .  

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

self-climb of the two superpartials away from each other as in Fig. lO(e). 

The thermally activaled 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 inode1.8Q 

Since no nonglidc stress exists on {l%O) 

I n  the 

The yield stress in the tempcrature region II (Fig. I) predicted by 

the force couplet model is schematically summarized in Fig. 16. Here, the 

yield sLrt:ss is normalized to the shear modulus, p 9  which is taken to be 
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the room temperature value of C,, (Table 2 ) .  Whereas the cross-slip 

pinning mechanism, < T ~ ~ >  dominates T in Ni3A1, the fault dragging 

mechanism, < T  >, dominates T in B-CiiZn.  A slight decrease in a<Tpll>/aT 

at high temperatures is due to the temperature dependence of the elastic 

constants.13,19 

Y -  

eR Y 

In  the region I of b-CuZn, temperature and strain rate dependences of 

T 

of 3-t /aT around 170 K is associated with the transition from the twin 

{112] s l i p  to the {110] slip, where the former gives rise to a slightly 

positive temperature dependence. 

are essentially the same as  in bcc metals.86,87 The discontinuity 
Y 

Y 

At higher temperatures, in region 1 1 9 ,  the active slip systems are 

(OlO]<'iO1> for Ni3A1 and {110)<001> for B-CuZn. 

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 m u s t .  he related to the fault dragging 

mechanism , <T >, associated with thes'e respective slip systcms. In the 

region 111, i.e., T > 0.6 Tm for Ni3A1, the formation and migration of 

vacancies are sufficiently high to cause the climb dissociation of super- 

dislocation pairs.28j31 

responsible far the positive strain ratc sensitivity." 

No driving force for the 

eR 

The resulting viscous glide mechanism i s  then 

Compositional deviations from stoichiometry often lead to 

strengthening at low t e m p e r a t ~ r e s ~ ~ , ~ ~ - ~ '  viz., defect hardening. It 

i s  assumed that the elastic constants do not change significantly with the 

varying degree of nonstoichiometry. This  assumption is justified for t h e  

Ni3A1 system because of the moderate differences in the elastic constants 

between Ni3A1 and NiAl (Table 2). Therefore, according to the farce 

couplet model, the source of defect hardening in the region I1 must be 

from the change in by relaxation of the degree of L R O ,  OY by segre- 

gation of one type of the constitucnt atoms. As Ylll and fll  arc 
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lowered, E q .  (ll), increases and T decreases according to Eq, (12) 

and Eqs .  (4-6) of ref. 19, respectively, such that a variety of 

nonstoichiometry effects on T vs T will result as were observed in Ni3Al, 

Ni3Ga, Ni3Si, and Ni3Ge (refs. 9 1 , 9 2 ) .  

PE 

Y 

Since defect hardening was found to be much more for aluminum-rich 

deviations than for nickel-rich deviations,88-92 Mishima et al. (ref, 93)  

made a systematic investigation of ternary additions of the transition 

elements that are expected to substitute aluminum sites in Ni3Al (ref. 9 4 ) .  

All the transition elements added to Ni3A1 showed strengthening, viz., 

solution hardening. The rate of solution hardening, aTy/ac i n  units of 

MPa/at. %, was determined at 7 7  K to be the lowest, 20 for titanium and 

140, the highest, for hafnium.93 Such a marked difference resulting 

from a pair of chemically similar solute species cannot be f u l l y  resolved 

by the current theory of solution hardening. 

Let us recall Fig. 4(d) and Fig. l l ( 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 rXy < 0 as in 

Fig. 4 ( 6 ) ,  nucleation of SISF loop near the trailing superpartial is 

possible, which consists of four layers of the Ni3Sn type ( D O , , )  struc- 

ture. This loop can activate the reflection mechanism to form a three- 

layer microtwin.” 

the aid of cross slip, as in Fig. 4 ( e ) ,  to develop macrotwins. The twin 

formation observed in Y*-Ni3Al precipitate particles in nickel-base 

 superalloy^^^^'^ 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 NiJTi (DO,,) type str~cture.’~ 

Coplanar microtwins of this kind can combine, with 

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 APR and 

their tendency to nucleate a Eaulted sessile loop near the trailing super- 

partial. This combined effect may be the reason for the apparent 
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syr‘lergistic sLrcngthening of the ternary additions and aluminum-rich 

nonstoichiometry reported by Rawlings and Staton-Bevan.” 

o€ those sessile loops and concomitant local disordering will lead to a 

distribution o f  loops in the midst of unpaired dislocations. T h i s  is what 

has been observed (Fig. 17) during the recent in situ deformation T E M  

experiment.’ 

The growth 

Finally, in addition to substitutional solute strengthening, a high 

strengthening by boron addition was found in Ni,Al prepared by rapid 

solidification.98 

1.5 at. %, and tends to occupy the actahedral interstitial site.99 

recent APFIM in~estigation’~ showed that boron segregates to disloca- 

tions and APB interfaces. Therefore, drag of a Cottrrell atmosphere and/or 

Suzuki locking are possible mechanisms for the p o h n t  strengthening by 

boron additions at ambient temperatures. 

Boron can be dissolved into Ni3A1 up to about 

The 

5. DISGUSSIO 

I n  Ni,Al, Thornton e t  al. (ref. 100) measured the  temperature 

dependence of rnicroyield stress over a strain range, E = 

found that only T~ at E 2 l o m 4  was strongly temperature dependent. 

observation was interpreted by Kea?- and OblakTa on the basis of the 

disparity of m o b i l i t y  between the edge and screw segments. 

disparity i s  further widened by the presence of interaction torque, the 

force couplet model reinforces the basis for  the above interpretation. 

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

pinning mechanism, ‘I 

- 30-‘, and 
T h i s  

Since the 

dominates the contribution to T~~ 
PR ’ 

On the other hand, in b-CuZn which is considered to have T due 
Y 

mainly to the APB and/or mierstwin dragging mechanism, T 

couplet model predicts the same temperatiire dependence of T~ for 

the force eR ’ 
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YP6057 

?.. 

Fig. 17. A disordered region of the slip band 
observed in Ni3A1 under load showing (a) 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 f3-CuZn. 

Both the orientation dependen~e"~,'~~ and the tension/compression 

a~ymrnetry'~~~'~' of T 

treated in the model proposed by Paidar et al. (ref. 5 8 ) .  In addition, 

according to the force couplet model, both the element and the plane glide 

resistances, T and 'I are sensitively dependent on the sign and the 

magnitude of nonglide stress, r via the effective fault energy, 

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

analysis.*' 

vs T relationships in the ~1~ type alloys were 
Y 

e& Pa ' 
XY' 

5.2 STRAIN RATE EXTE 

The yield strength, 'I in the region I1 of Ni3A1 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 o f  the dislocation velocity. On the other hand, the 

element glide resistance, T due to the shear fault (APB, SISF, or 

microtwin) dragging mechanism i s  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 T in the region I1 of a material 

i n  which T is more important than 'I e.g., B-CuZn. 

Y' 

ea ' 

Y 

e& IpR ' 

The full implication of the conjugate relationship between the active 

S l i p  mode at high temperatures (the region 1x1) and t he  order twinning has 

yet to emerge. 

system is active, the normal negative temperature dependence and positive 

strain rate sensitivity of T are observed. This indicates that the 

energetic and kinetic mechanisms for the order twinning may be clearly 

different from those for t he  primary twinning. Tt i s  conceivable that 

In the region 111 of Ni,Al, where the (010]<T01> slip 

Y 
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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 oxder to fully ascertain the physi- 

cal mechanism of solution hardening, some pertinent defect properties are 

required, e.g., in Ni,Al, the occupation sites of hafnium and titanium 

atoms and the spatial distribution of boron atoms. Whereas an ion 

channeling and Rutherford backscattering studyg9 indicated that the 

majority of hafnium atoms are on the nickel sublattice, the recent 

investigations by APFIM"' and the electron channeling technique1O6 

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. In 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 i n  setting the boundary conditions 

to be in compliance with the displacement field (Fig. 15) given by 

anisotropic elasticity theory. 
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The newly developed force couplet model for the anomalous 

strengthening at* intermediate temperat,inres (the region 11) is summarized 

as 

1. 

2 .  

3 .  

4 .  

f ollsws : 

"%e yield strength arises from two saiirces of the glide resistance, 

the fault dragging mechanism (the eleinent glide resistance), T and 

tile cross-slip pinning mechanisin (the plane glide resistance), T 

 he effective fault energy, re, consists of two terms related to  tie 

chemical and mechanical instability of a shear  f a u l t .  

As 7 is lowered by solute segregation and/or high nonglide s t r n s s ,  

T incxeases and T decreases. 

The ma jsr aspects o f  anomalous temperature dependence, strain rate 

effect, in situ deformation TEM obscrvations , and nonstoiek Loiiietry 

effect are all accounted for by the present modcl. 

ea ' 
PQ - 

e 

e2 

I n  addition, the conjugate relationship between the order twinning 

and the secondary slip systems is  identified i n  all the ordered structures 

considered. T h i s  relationship will play an important role in Lhc defor- 

mation by viscous glide at high temperatures (the region 111). 

The authors would like to thank J .  'Bantley, P .  Veyssiire, IF. E .  Heredia, 

and D .  P .  Pope for helpful discussions; Connie Dowker far typing the 

draft; and Glettda Carter for manuscript preparation. 
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