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A universal relation for the stress dependence of activation energy
for slip in body-centered cubic crystals
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By analyzing experimental data in the literature, the activation enldréyr slip in body-centered

cubic metals is found to approximately obey the simple relatlen0.1.b3(1—t)?, wheret is the

applied stress normalized by the zero-temperature Peierls sirésshe(111) shear modulus, and

b the 1/2111) Burgers vector. Such universal relation is explained by analyzing the activation
processes of kink-pair generation and expansion along threefold screw dislocations using the
generalized Peierls—Nabarro modl&al H. W. Ngan, J. Mech. Phys. Solidts, 903 (1997]. The

model also predicts qualitatively the general form of the orientation dependence of Peierls stress at
zero temperature. €999 American Institute of Physids$0021-897809)03715-9

I. INTRODUCTION body of literature on the core behavior of the dislocation, and
so the line-tension approach loses contact with many of the
Most of the current understanding of the behavior ofcore-related characteristics of the bcc slip behavior such as
screw dislocation cores in the body-centered cybax) lat-  the orientation dependence of Peierls stress. In another group
tice is by and large derived from atomistic simulation studiesof continuum theory due to Duesbuhthe dissociation of
performed in the last three decades ofsee, e.g., review by the dislocation core into fractional dislocations is modeled
Duesbury). These atomistic investigations lead to the cur-by treating the fractional dislocations as Volterra disloca-
rent perception thafi) 1/2111) screw dislocation cores are tions. While the dissociation behavior under stress can be
in general threefold dissociated with intrinsically high Peierlsmodeled and so the theory can claim to bear direct relation
stress of the order of I¢ u, u being the shear modulugi)  with core-related effects, the whole approach inherits all the
their slip behavior violates Schmid’s lawii ) their motion at  limitations from the Volterra core, namely, that the cutoff
zero temperature may follow a path alofi®1} or a zig-zag radii are ill defined, and the stacking fault energies are un-
path averaging along a twinning or antitwinnifigl2 plane,  known because in the bcc crystal structure, stacking faults
and(iv) their motion can be affected by nonglide stress com-are predicted to be unstalfle.
ponents. At finite temperatures, motion of screw dislocations  In light of these difficulties, the present work aims at
does not happen in a plane-strain manner but is effected bgeveloping a semicontinuum model which combines certain
the generation and nucleation of kink pairs. At low deforma-elements of the atomistic and continuum picture of the dis-
tion temperatures, it is the nucleation of these kink pairs thakocation kink-pair problem. The model is essentially an ex-
forms the rate determining step for slip. The investigation oftension of the Peierls—Nabar(@—N model, in which the
kink-pair generation using three-dimensiof2D) molecular ~ dislocation core is envisaged as comprising of linear elastic
dynamics(MD) is currently underway in a number of labo- regions connected to one another along surfaces over which
ratories world widé, but until the emergence of their results, @ nonlinear misfit force law acts. The misfit force law is
and probably even after that, most of the concepts regardinggadily established as thesurface, which can be calculated
kink-pair activation are still based upon the continuum mod-Using atomistic means for specific materials. With the intro-
els. The continuum approaches clearly have their own drawduction of the misfit surfaces, the elastic field of the disloca-
backs. In one group of theory due to Cadlial® and Dorn tion no longer carries any singularities and so the introduc-
and Rajnak, the dislocation is treated as a piece of elastiction of the dubious inner cutoff is not necessary. In spite of
string associated with a certain line tension moving under th&his, the model is by no means a replacement of the emerging
influence of an assumed Peierls potential. The Peierls potedP MD calculations on specific materials, but instead, will
tial, being the energy potential of the dislocation with respecferve to provide general forms of behavior amongst different
to its position, is purely phenomenological because the conMaterials. In other words, it will serve as a more reliable and
straint that must be applied to keep the dislocation at a geriDtuitively more correct benchmark for future MD calcula-
eral nonequilibrium position cannot be clearly defined. Also,lions than the line-tension model.
the introduction of an inner cutoff radius in the line-tension

calculation disconnects the whole approach from the vas{ experIMENTAL ACTIVATION ENERGY EOR SLIP

a o Before we go on to discuss kink-pair activation, let us
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bpermanent address: Central Iron and Steel Research Institut€XpPlore a universal relation for the activation energy for slip.
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0% of VH(t=0)/ub? from the early measurements, which indi-
0s0 B2 w00 —ey cate clearly that/H(t=0)/ub? falls in a narrow range 0.30
° ':e(A) +0.03, in full agreement with Eq1).
o Fe®) The main justification for calling Eq(1) a universal
relation here is thaH(t=0) or ub® varies by as much
as 20-folds, fromub3®=1eV for K to 20 eV for W, but
JH(t=0)/ub?® varies by at most-10% about the value 0.3
(see Table)l Sinceub?® is the atomic unit for elastic energy,
the fact thatH scales byub® for a wide range of materials
suggests that the activation process for slip in bcc is domi-
nated by the elastic response of the dislocations; the influ-
ence of nonlinear bond character is only of secondary impor-
! tance. While the general sharp dropkdfvs t has been the
FIG. 1. Experimental activation energy vs normalized stréssr, /7, . subject of numerous investigations in the literature, to the
Data for K from Ref. 8, Fe from Ref. 9. For Fe, data for two stress orien-best knowledge of the present authors, Eg.has not been
tations are shown. Orientation A is close to the center of the unit triangle. Bexplicitly stated as a universal relation or its significance
is close to[101]. noticed beforehand. For this reason, the prime objective of
the present article is to seek an understanding for this uni-
versal behavior from an elasticity point of view.
dated back to the 60’s with the pioneering work on Arrhen-  The activation problem of screw dislocation mobility in
ius analysis by Conrad and co-workér§hese early mea- terms of kink-pair nucleation and expansion in the bcc struc-
surements were summarized in the seminal work on kinkture has been investigated in the literature by the two groups
pair nucleation by Dorn and Rajnélg feature amongst them of continuum theory described in Sec. I. In the the line-
is that they typically show large scatter and they cover onlytension theory by Dorn and Rajnélg prediction is that
the low and intermediate stress regimes while the high stress
regime is not dealt with. More reliable measurements espe- H(7,=0)=2U;~b{I'(AT'/2,
cially those on the high stress regime were made rather re-
cently. The results from two such reports on potaséiamd ~ whereU, is the energy of an isolated kink, the line ten-
high purity iror? are presented in Fig. 1. Here, the squaresion, andAT the height of the Peierls potentiZllf Eq. (1) is
root of H normalized byub®, whereu is the (111) shear to be obeyedyT ,AT'/(xb?) must be a constant independent
modulus and the 1/2111) Burgers vector, is plotted against of material and orientation, but there is no provision in the
t, the applied stress, normalized by the zero-temperature theory which explains why this might be so. The rather ill-
Peierls stress,. It can be seen that the experimental datadefined parameters suchlasandAl are obtained by fitting
for both K and Fe fall on roughly the same relationship to experimental data forl(7,=0) andr,. These fitted pa-
3 rameters are then used to generate flow stress versus tem-
H/ub®~(0.30£0.03 X(1-1) perature curves which are found to be in good agreement
or with experiment, or in the case of the investigation by Suzuki
H~0.1.b3(1—1)2 ) etal," to Qerive the co.nclusion_that the_PeierIs potential hgs
' ' a flat maximum or an intermediate minimum. Thus, despite
wheret=7,/7,. For the case of Fe, the vs 7, relationship  that the line-tension theory may give useful predictions, it is
is dependent on the tensile orientation but Hhess t rela-  certainly not fundamental enough, and it cannot explain the
tionship is roughly orientation independent as illustrated inuniversal relation in Eq(1). In the “dissociation” theory by
Fig. 1. In view of the large scatter in the early experimentalDuesbury, two main regimes, with the possibility of an in-
data for other bcc metals, these data are not plotted in Fig. termediate regime in between, are identified. In the low
but as an indication of the validity of Eq1l), one can com- stress regime, the long range elastic interaction of the two
pare theH values at zero stress from these measurementspposite kinks dominate, and at the stress free condition,
with the prediction from Eq(1). Equation(1) predicts that
JH(t=0)/1b%~0.3. Table | shows the experimental values H(7,=0)=4E .+ 2b%\JuAE,

0.25

0.20

0.15

0.10

0.05

0.00

TABLE I|. Experimental values of zero-stress activation energies.

Cr Ta Vv Mo W Nb K Fe
,ub3 (eV) 11.2 10.6 5.2 15.3 20.5 55 1.1 8.7
H(a=0)  (25-0.30 028-031  0.34 0.30 028 030 029 032
3 .25-0. .28-0. . . . . . .
M
References Experimental data quoted in Dorn and RajRak 4) 7 8 9

Note: u=(111) shear modulus §C44+ %(Clrclz).

Downloaded 27 Oct 2008 to 129.8.164.170. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



1238 J. Appl. Phys., Vol. 86, No. 3, 1 August 1999 A. Ngan and H. Zhang

whereE_. is the constriction energy, antlE the line-energy
difference between the glissile and sessile states of the dis-
location. Because the Volterra model was used for the frac-
tional dislocations, bottE, and AE depend on the inner
cutoff of the core and the energies of the assumed stacking
faults. Therefore, there is again no explicit provision that
H(7,=0)/(b®) must be a constant. In the high stress re-
gime, the nucleation of kink pair becomes rate controlling,
and the theory predicts that

VuAE?®

Ta

mrss plane

H=2E,+1.3x

Both E. andAE are stress dependent, but the resultant func-
tional form of H(t) does not agree with the parabolic form T
in Eq. (2).

FIG. 2. The threefold core in the antiplane strain condition.

Ill. THE GENERALIZED PEIERLS—-NABARRO MODEL

Let us turn our attention to a new approach with a view

to explain the universal stress dependence of activation in thggn plane. When stressed, however, the core always moves
foregoing section. The starting point here is that the SCréWa|ong the twinning or antitwinningl12 plane depending on
dislocation is threefold dissociated and so the dislocateg,g yyss plane, and so the dissociation plane may be consid-
crystal is considered to be composed of three 120° elastig.oq ¢o be{llé}. This type of slip behavior is found in

wedges as shown in Fig. 2. The wedges are strained into HMaterials like brass'® In the modeling exercise here, the

antiplane strain manner so that when they are welded to\7\/edge boundaries can therefore be taken to mean either

gether at the far field, the long-range field of the screw dis- . -
location is established there. The wedge boundaries represe%ultll?; or {112, depending on whether the materialJg or
the dissociation planes where th¢8 fractional dislocations 2 IKe.

lie. For bcc metals exhibiting this type of degenerate three- The_interaction bemeen adjacent wedge faceg in Fig. 2
fold core, two types of slip behavior are foutt3The first 1S described by a nonlinear force lay®], whered is the

is the “J,” behavior in which spreading is wide, i.e., up to a Misfit displacement. The total energy per unit lengif of

few atomic rows, on three intersectif@10 planest? The the dislocation is composed of three pafig:the strain en-
slip plane at zero temperature is alwd$40 irrespective of ~ ergies of the wedgesii) the misfit energy of the three cuts,
the orientation of the maximum resolved shear stfessy  and (i) the work done by the applied stresg. Each of
plane. Such slip behavior is found in metals like'®&he these energy terms is a functional of the boundary displace-
second behavior is thd; behavior in which spreading is ment functionsu;. defined for each wedge relative to the
narrower so that it is more difficult to specify the dissocia- position of the wedge tipE,,; can be expressed &$:

1/2 1/2
n

3u 3 w o
Etotzzzl L jo —[uirf(g)uiJr(”])+ui/+(§)ui7(77)]_m[ui,+(§)ui+(77)+ui’7(§)ui7(7])] dnd¢

§3IZ+ 773/2

# | AP ==y ()=t (1A | A O =(1- 2= Mgy (1) g (1)

+j0 y[CI>=A3|1b—ug,(r)—u1+(r)]dr+racos{120°—x)f0 [Aqpb—uy (r)—u,, (r)]dr+ 7, cosy

% | 1= = Agb =ty (1)~ (1)1 74 005120%4 ) [ TAgb—Us ()~ (1) 10, (24

where the double integral terms represent the strain energie., the 23 cut in Fig. 2. At equilibrium without an applied
the y terms the misfit energy, and thg terms the work done stress, the core should adopt the symmetrical threefold con-
against the applied stressg. In this equationA;; is the figuration for whichA,,=A3,=1/3, and when the core be-
fractional Burgers vector content of thg cut, andy the  comes planar along the eventual slip plane under thermal
angle between the mrss plane and the eventual slip planegitation or a large enough,, A;,=A3,=0.
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It has been shown previousfy® that the energy per 400
unit length of the planar state is higher than the threefold
dissociated state by an amoukE~0.03ub?. Recombina-
tion of the core from the threefold to the planar state there-
fore represents an activation problem governed by the energy
functional in Eq.(2). The minimum energy path for core
recombination may be calculated by minimizing this energy
functional under a constraint which prevents the configura-
tion from rolling backward along the reaction coordinate.
Viewing the applied stress, as such a constraint, a point on
the minimum energy path therefore represents the static con-
figuration of the core under a giver,, which is also ob-
tained by minimizing the energy functional in E@). The
minimum energy path at a fixed mrss plane orientajjos
therefore the path of static configurational change upon inFIG. 3. Activation volumeV* for core recombination as a function of
creasingr, at thaty. Since they value does not matter at normalized applied stress for different stress orientation
7,=0, the minimum energy paths for different values

should start at the same conflgu_ratlon_al point, i.e., the stres%-re plotted against the reaction coordinatefined above. It
free, threefold symmetrical configuration.

: . - can be seen that theE . ( «) relation can be represented by
The reaction coordinater along the minimum energy . . : o
. . . . . -2 @ phenomenological parabolic relationship:
path is obviously an increasing function of the normalized

\'4
cosy

TalTp

stressr, /7, Wherer,, is the stress required to fully recom- AE?
bine the core. When the symmetrical threefold core is recom- ccosy’ for O<a=c
bined into a partially planar configuration, the energy change  AEgfa)~ AE (a—1)2
referred to in Eq(2) may be written as — for c<a<1
cosy 1-c | '
AE = AEge— 72V, (2b) (4)

where AE..; comprises of the strain and misfit ener con—WhereAE Is the activation barrier g¢=0° andc s a con-
self P 9y stant between 0 and 1 used to characterize the shape of the

tributions, and ther, term in which V* is the activation . . . :
volume represents the work done. Within Eshelby’s superpo(—anergy potentialsee Fig. 3. With Eqs.(3b) and(4), A in

o T . " T"Eg. (2b) can be minimized with respect wto yield a rela-
sition spirit; " this work done term is equal to the summation . 7
s tion between the static degree of recombinatignunder a
over the cutsi|j of the products of the stress component

acted on each cut and the area change of théAyt during given applied stress. Th_e zero—tgmpgrature Peierls stgass
o the value ofr, whenags=c, and is given by
the recombination:

2AE
T,V* = 7,04 120°— ) 8Aq 5( @, x) + 7, COSY = A oy ()
X OAg3(a, x) + 74, COL 120+ x) 6Az1(a, x),

IV. KINK-PAIR NUCLEATION

and so the activation volume i . . .
At finite temperatures, the dislocation will not move as a

V* =09 120°— ) A 5(a, X) rigid line. In the high stress or low temperature regime, the

+Cosx 0Ay3( @, x) +cog120°+ x) 6Az1(a, x). (39

One way to define the reaction coordinates to make it
proportional toV*. Figure 3 shows the variation & /cosy 1
againstr,/ , along the equilibrium path calculated by mini-

mizing Eq.(2) with a Frenkel force law using a Rayleigh— 08

Ritz scheme. The results suggest that we can write )
X o6
V* =A* a(7,/15)c0SY, (3b) i
< =
. . L x=0
wherea(t) is a function satisfying«(0)=0 anda(1)=1, and 04 / e y=mis
A* is a normalization constant equal to a fe& Along the a —o—x=m/9
minimum energy path, the stress-free, threefold state is rep- 02 /“'Jx —0- y=1/6
resented byw=0, and the fully recombined activated point n/’“
by a:l' og 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1

Let us turn to the energy potential along the minimum
energy path. Figure 4 shows the stress-induced self-energy
changeAEg.; obtained by minimizing Eq(2). The results  FIG. 4. AE.(«) along minimum energy path for different orientatign
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FIG. 5. Schematic minimum energy path of the recombination process for
different values oft.

activation process involves a saddle configuration in the
form of a kink-pair illustrated schematically in Fig. 6. In this
configuration, the dislocation core changes continuously
from the fully dissociated state into the fully recombined
state through a kink, and then back to the fully dissociated
state through another kink with opposite sign as shown in
Fig. 6. The geometry represents a 3D elasticity problem and
the mathematics can be greatly simplified by invoking a slab
approximation, in which we assume that for each slab per-
pendicular to the dislocation line, the local degree of recom-
bination can be characterized by the reaction coordinate .
defined above, whose value varies frerng=0 for the fully 0 " n
dissociated state t@y~1 for the fully recombined state. The
kink shape is then marked by the functiafy), where is
the spatial coordinate along the dislocation line.

Let us denote in polar coordinates the screw direction
displacemenu(r, #) of the configuration at point on the
minimum energy path gt by

FIG. 6. Configuration of a kink pair during nucleation.

soP in Eq. (6b) is approximately constant with respectdo
Also, from Eq.(3b), AuX is roughly proportional to cag, so
u(r,8)=AuX(r,0,a)+u’(r, ), that one can write

whereu?(r, 6) is the displacement of the threefold reference P~Pgco x, (60)

state ala=0. For a varying configuration(7) under the slab  \here P, is the value ofP at y=0°. Physically, P, is
approximation, the normal straie,,, in the dislocation di-  sjmply the root-mean-squared change in the displacement on

rection 7 is going from the threefold to the planar configuration multi-
u IAUN(T,0.a) plied by an effective 2ize of the core, and §B, is of the
6,,,7=a—=a’ n— order of a fraction ob”.
K @ From Egs.(3b), (4), and(6), the total energ\H, of the
The interaction energy between slabs for a givén) is: whole kink pair in the high stress regime is
E E _ N _
Ens [ dn[ [ &porao= [ [a(nrpan, o2 | (A @)~ AB o )]

(Ga) — TaA* COS)(( a— as) +EPa’ 2/2}d 7, (7)
whereE is an effective Young’s modulus local to the dislo- \yhere o, marks the static antiplane strain configuration un-
cation core region, and der , and is given by

_ CT,A* cos x

2
P=ff rdrdé. 6b =
(6b) a SAE

With the definition ofa expressed in Eq:3b), the boundary The critical kink shape can be obtained by extremizihg
displacements of the wedges in Fig. 2 are approximately linin Eq. (7) analytically with respect ta (7). Figure 7 shows
ear with respect tav. Since the displacement of the wedge the critical kink shape for different applied stress levels
interior is linear with respect to the boundary displacemenspecified byt=7,/7,. The critical kink height is found to
functions,AuX is approximately linear with respecttg and  decrease as the applied stregscreases, and this is in quali-

JAUX(r, 6, )
d

Downloaded 27 Oct 2008 to 129.8.164.170. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 86, No. 3, 1 August 1999 A. Ngan and H. Zhang 1241

[04 /— sessile screw segment

edge seg
. L L
_»‘ \ a: atomic spacing
- d® d |

0.2

75 5 2.5 25 5 1.5 °°"sm°“7*mzzz
2AE —

_as 7
n EP,cos’ am
FIG. 7. Saddle point kink shape at different stress levels in the high stress by
regime.
. \\
tative agreement with atomistic calculatidfisin the high o
stress regimeg(z7=0)=<1. This leads to the following crite- 0 n n

rion for the high stress regime: ) _ _
FIG. 8. Kink-pair expansion.

1
t=——=~0.6, if c=0.. (8)
1+yl-c tion energyE. can be shown to be given by:
The minimized value ofH, from Eq. (7) is found to be (AE)EP, cosy
— 2 EC= g(C,t), (11)
Hps=(1—1t)%2J2(AE)EP, cosy 2

X

1 ) P where
Ve 1_C<”_ta” ' \/Fc)] O gret)= Vo1 —t)2+ t(1—c) V- 204 B+ (1-1)2I—c

1-c
+tan 1/ ——
c

tyl—c

V. KINK-PAIR EXPANSION X 1t

sin‘l(

In the low stress regime, the saddle configuration in-
volves the expansion of the well-formed pair of kinks along, _ 1
the screw direction as depicted in Fig. 8. Each kink is con-~ 1 4 Ji-¢
nected to the screw segments on either side by two constric- ) o
tions as shown. In the early treatment by DuesButge 1€ dependence @ on c andt is shown in Fig. 10.
constriction energy is calculated using the Volterra field and ~ 1he energyH, of the whole kink pair in the low stress
involves ill-defined parameters such as inner cutoff, criticall®9ime comprises B for the four constrictions, the self-
separation for recombination and stacking fault energiesen€rgdy Z. of the atomic step edge segments in the two
Here we treat the constriction problem using the P—N model
taking stress into account. Using the slab approximation
above, thewx variation of a constriction is shown in Fig. 8. 1
The essential difference between a constriction shown in Fig.
8 and a kink-pair nucleus shown in Fig. 6 is that for the kink
pair, a(7=0)<1 anda’'(0)=0 by symmetry, but for the
constriction,a(0)=1 as the configuration constricts into the s
planar edge segment of the kink. The constriction en&gy 0.4
has a functional form similar to Ed7):

0.2 04
o= | Aua @)~ AEuu )] ‘
2 4 6 8
— 1,A* cosy(a— ag)+EPa’?/2}dy, (10) 2AE
EP, cos®

but now minimization is subject tax(0)=1 and «a(x)
=as. The Sa_ddle configuration of the COHStr'Ct'O_n IS ShOV‘_/nFIG. 9. Saddle point constriction shape at different stress levels in the low
in Fig. 9 for different stress levels. The saddle point constricstress regime.
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FIG. 10. Dependence d&_ on c andt.
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FIG. 11. Core recombination under antiplane strain conditiy).is the

kinks, the long-range interaction energy between the kinksarea of thd|j cut in Fig. 2. Whenr,=0, the three cuts have equal areas and

and the work done by stre3ghe self-energy of an elemen-
tary edge segment is roughfAE, wherea is the periodic
spacing along the slip plane. For large kink separations, th

so they intercept is 1/3. Asr, increases, the core recombines towards the
planar configuration so tha@t,, andAz; diminish while A, ; enlarges.

e

interaction energy can be well modeled by using Volterra

fields for the edge segments. At kink separatihiv,g is
given by:

fub?a

d
where f=1-2v/87(1—v)=0.0227 for Poisson’s rati
=0.3. To obtain the saddle configuratidf,s is maximized

with respect tal, the result is the following activation energy
for the low stress regime:

2

His=4E + 2E— — r,badcosy, (12

2fAE

uA* cosy

vt

where we have pua=b andE(t) is given by Eq.(11).

His=4E.(t)+2E,—2ub?® (13

VI. DISCUSSION
A. Orientation dependence of Peierls stress

In Eq. (5), A* marks the area change of the cuts in Fig.
2 during recombination and is of the order of a fé.
Taking AE to be~10"2 ub? as estimated previously,r, is
about 102, which agrees well with typical atomistic
simulation results in the literatufeFrom Eq.(5), 7p IS Ori-
entation dependent, showing a minimum x@t0°. The
sec x variation stems from the approximations involved in
Egs. (3b) and (4), but numerical minimization of the full
energy functional in Eq(2) using a Rayleigh—Ritz method
confirms the minimum ag=0° (see Fig. 11

For materials withJ,-like potentials like Fe and Mo,
dissociation is wide on three intersectifif0L} planes and
the eventual slip plane is one of thed®1} planes irrespec-
tive of the stress orientatiop. Using the conventional defi-
nition for the stress orientation in whighis measured from
a {101} plane, the corresponding,-x relationship of this
type of materials shows a minimum gt 0° and maximum
at y=*+30°, in qualitative agreement with the present pre-
diction [see Fig. 12a)]. For materials with limited dissocia-
tion on{101 planes such as thi -like materials, there is a

associated,- y relationship would exhibit a maximum at the
x value at which the slip plane changes from the twinning to
antitwinning{112, and local minimum points gf= +30°.
Because of the twinning/antitwinning asymmetry of the
atomic arrangement on tH&12 plane, 7, for twinning slip

is in general lower than that for antitwinning slipee Fig.
12(c)]. This type of slip behavior is found in bcc materials
like Li—-Mg, AgMg, and B-CuZn. In the present treatment,
the detailed atomic arrangement along the screw direction is
not modeled, and so the twinning/antitwinning asymmetry of
7, Is not predicted. However, by treating the three dissocia-
tion planes in Fig. 2 to bg¢112 so that stress orientation
angle should now be measured from{1d.2 eventual slip
plane, 7, should still be given by Eq5) after replacingy by
(x=30°), i.e.,

J2 behavior J1 behavior

no twinning/anti- with twinning/anti-
twinning asymmetry twinning asymmetry
e.g. Fe & Mo e.g. Li-Mg, AgMg,
B-brass

% % %

PPN

= g1

= g1

= g4
2

301

-30° 30° -30° R g

x

30°

R T
R g1

(@) ) ©)

FIG. 12. Schematia,-x relations forJ, andJ, behavior.y is the orienta-

tion of the mrss plane, measured fromd1®1} reference plane towards the

ge_ner_al tendency for the core to glide on a tW_inning or anti-girection of the antitwinning112 plane. is the orientation of the actual
twinning {112 plane depending on stress orientation. Theslip plane.
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2AE parabolic relation in Eq14). However, substituting the pre-
WXH‘W’) —30°<x=0°, viously concluded values_ of the _parameters into _EtS)

Tp= DAE shows that thd—hs(tl) relationship is almost parabolic. For
0°< y=<30°. example, the choiceAE=0.02ub? EP,=0.03ub* ¢

A* cos(x—30°) =0.5, A*=2b? {=0.023, and E,=0.01ub?® vyields a
Such ar,-x relationship is shown schematically in Fig. His(1) relatl_onshllp from Eq(13) almost continuous to the
12(b). Compared with the real behavior in Fig. (&R the Hng(t) relationship from Eq(9). The wholeH(t) relation-

overall form except the twinning/antitwinning asymmetry is ShiP obtained as the union of the low and high stress
predicted branches is shown as the thin solid line in Fig. 1. The agree-
A third type of core configuration, namely the sixfold MeNt with experimental results is excellent. _
configuration, is found in the group VB metals V, Nb, and Here, the c_Ia|m to have satisfactorily explained fche uni-
Tal® The present treatment assumes the ground state colersal relation in Eq(1) is made based upon the belief that

. . - 2
figuration to be the threefold core, and so the analysis herd'® variations of the normalized parametev&/(n.b%) and
will not apply to the group VB metal® An interesting ob- EP,/(ub®) are small amongst materials. The conclusion

2 . .
servation, however, is that the experimentgt x relation- that AE~0.02-0.034b” was made previously by directly

ship for the group VB member Ta is neither the Fe type noselving the generalized Peierls—Nabarro integral equations
the B-Cuzn type shown in Fig. 12. Instead the slip p|aneus;ing a generic Frenkel force laWSmall deviations of the

changes from the twinninfL.12 to {101 wheny approaches 7 surface from the sinusoidal form are expected to result in
30°. only fractional changes iAE, which will not upset signifi-

cantly the constancy o€ in Eq. (14). EP,~0.03ub* is
based on the physical interpretation of the parameter, and
B. Kink-pair activation again, reasonable changes in the factor 0.03 will not result in
significant changes in the value Gf As an indication, since
the vertical intercept in Fig. 1 is proportional {§AE)EP,,
doubling the lumped parameteAE)EP,/(u?b®) will re-
sult in only 19% increase in the intercept.

H=Cub3(1-1)? (14 It is interesting to note that, in the high-stress regime, the
as indicated in Eq(9), whereC is perceived here as a factor line-tension treatment of Dorn and Rajfiakould also yield
roughly independent of material. Within the allowable range? Parabolic relation betwee andt similar to Eq.(14) if a
of y from 0° to +30°, the variation of as inferred from Eq. Piecewise parabolic relation is used for the Peierls potential.
(9) is less than 7%, and so the orientation dependenzisf ~This is because the kink energy functional E@) has a
almost indiscernible. The mathematical form of Etd) is ~ Mathematical form similar to that in the line-tension treat-
identical to the experimental findings in Fig. 1 and Efj; ~ Ment, with AEsey analogous to the Peierls potentielP/b?
the agreement is a strong verification for the present modefnalogous to the line-tensidn,, andA* analogous to the
Detailed analysis of Eq(9) shows that the facto€ in Eq. quantityb? in the line-tension treatment. The physical limi-
(14) is rather insensitive to the choice ofrom c=0 to 0.8, tations of the line-tension approach have already been dis-
but it strongly depends on the value of the lumped parametefussed in the Introduction. The present treatment replaces the
(AE)EP,. This has the important implication that knowl- Phenomenological Peierls potential concept by réxeombi-
edge of the exacshapeof the minimum energy path is un- Nation potentialconcept as manifested in Eqg) and (4).
important; the only parameter of the minimum energy path! e recombination potential of E¢4) and Fig. 5 is defined
which can significantly influencll is the energy barrieAE  With respect to the reaction coordinatealong the minimum
in Fig. 5. This is strong justification for the using a phenom-energy path, which, unlike the Peierls potential, is well pre-
enological recombination potential in the calculation. FromScribed according to E¢3b) once the minimum energy path
the previous analysis by Ngdhthe energy difference be- IS located. The quantitizP measures the rigidity of the core
tween a stable threefold core and a planar core idowards bow out, and, like its counterpdit in the line-
~0.031b?. We expectAE to be smaller than this because te€nsion approach, is only known by its order of magnitude.
motion may start before the full planar state is reached. ATowever, theEP concept is intuitively more accurate than

reasonable value fakE is 0.02ub2. Returning to the varia- the line-tension concept. Finally, in the line-tension treat-
tion betweerH andt, C from Fig. 1 is~0.1. In Eq.(14), C  ment, the work done is the force on unit length of the dislo-

will assume this value for alt<0.8 whenAE~0.02ub? cation,b multiplied by the area “swept” by the dislocation
and EP,~0.03ub* Recall thatyP, is a core size multi- Iine._ln the present model, _the_work done is calc_ulatec_i ac-
plied by the root-mean-squared difference in displacemerftording to Eq.(3) by considering the core configuration
between the threefold and planar configuration, we expecﬁha”g_e during the recomblnatlon process. The present treat-
JP,, to be a fraction ob2. HenceP, is ~0.1b* and soEis ~ Ment is clearly much more physical.
a fraction of u. In other words, the requirement here is for
the effective modulus alpng the dislchtion core to be softe(/”_ CONCLUSIONS
than the bulk by a few times, and this is not unreasonable.

In the low stress regime for which<=1/(1+ \1-—c), The movement of 14211 screw dislocations in bcc
H(t) in Eq. (13) appears to be more complicated than themetals exhibiting the threefold core structure can be modeled

The present P—N model predicts that in the high stres
regime defined according to E¢S), the activation energy
varies with stress according to
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