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ABSTRACT -

A modified Peierls model is presented'for the rationalization of the

asymmetric plaetic behavior of eingie crystals of becc metals. The model

assumes that the asymmetry of slip arises from a tendency>toward

asymmetric splitting of the a/2(111) screw dislocatioh._ The approach
differs from' former theoriee, however, insbfar as it assumee fhet the
splitting is so minor that only the core enefgy.is modified'ano tﬁat no
real partial dislocations exist. As a consequence, the coocepts of a line
energxﬁof'a partial dislocation, interacting between partial dielocations,
constriction.energies ano Stackiﬁg fault energies are not invoked. Instead

the present analysis is based on a specialization_of the Peierls mechanisnm

‘which assumes an asymmetric dislocation core which is modified by the

effective stress and permits cross'elip.

The theoretical predietions on the stressetemperature—strain rate:
end'orienfation relationship agree qualitatively ﬁith.the limited. |
experimental data that are currently evailéble. ‘Additional'experimental
work over wider renges oflconditions-is suggeeted-to provide morevcoqpiete

evaluation of the possible validity of this theory.



I. _INTRODUCTION

Recent expériméntal investigations:on.tﬁé 1ow;temperatufé thermailyfl
activated deférmation of body-centered cubic metals have confirmed the
existence of severél uniquévorientatioﬁ effects. Theée will be'déscfibed..i
with the aid of the_standard stérographic projection showniin_Fig. lfv_v
If slip were defermined exclusively by crystal symmétry; the“defofmation
characteristics would be symmetrical aboﬁt'xi = 0 and indebendent of
whether the speéimen Were subjected to avteﬁsion or a compréssion
stréss, regafdless'of what combinations of slip planes might be oberative.
Experiments, hOWeQer,.reveal‘that neithér of.these symmetry-based -

- predictions afe valid. A.séhematic repreéenﬁation of the commonly
.Observed asymmetry of both the yield stress and the plane of slip is
shown in Fig. 2. A reversal of the direction of stressing reéuits in

an inversion of the asymmetric behavior.
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1. Asymmetry of Yielding:

A detailed inVestigation on the asymmetric yielding in an Fe - 2.7%

Si alloy was reported by Taoka, Takeuchi and Furubayashi(l).’vSimilar

(2) (3)

trends have been observed by Keh and Nakada on Fe , Stein on Mo )

Bowen, Christian and TaYlor(u) on Nb, Sherwood, Guiu, Kim and Pratt(S) on
Ta, Nb and Mo. The degree of asymmetry not oniy depends on the atomic
number and alloying but, in all cases that have been examined, it also -

increases with a decrease in the test temperature.

2. Asymmetry of the Slip Plane:

. Asymmetric wl - Xi curves of the type shown in Fig. 2 have been

(6,7,8,1) '(h).

found for several Fe-~ Si alloys and Nb There is general :

agreement that near X} = 30° slip occurs by the [111] (211) mode so that

'wl = 30°. As X{ decreases it appears that [111] (311) to [111] (T01)

cross slip'takes place leading to slip band traces on intermediate”planes.

And as X{ approaches 0°, sharp slip bands of the [111] (I01) mode result

(6,7,8)

givihg wi = 0. Some investigators have suggested'that after Xi

becomes somewhat negative cross slip between the [111] (101) and [111]

(112) slip.modes takes place and finally at values of Xi approaching'

-=30° slip occurs exclusively by the [111] (II2) mode. In contrast other

. ' . , - o
investigators(l’h> have reported that as Xl decreases somewhat below 07, .

“the [111] (I01) mode is replaced by the [I11] (1I2) mode. There is éome

(&) that. [T11] (101) cross slip might also take place in this ..

range.
The current somewhat unsatisfactory state of knowledge concerning

operative slip systems in bcc metals has been reviewed recently by Bowen
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L) (8)

et. al( "and by Kroupa et., al . It is increasingly evident, hovever,
that the asymmetry of the yield stress and the asymmetry of the operative

slip systems have a-common origin,

3. Asymmetry of Stressing:
(1)

(6)

Tacka, et. a , Sestak and Zarubova , Sestak, Zarubova and

Sladek(7),and Vitek, et. al.(g)

have demonstrated, that in Fé - Si_alloys,
the asymmetries for the yield stress and the slip sysﬁéﬁs are inverted '
when the sign of the stress is changed from tension to chpression.'rThey
suggest the equivalence of (211) [111] with (if2) {111] difficﬁlt slip
and also the equivalence of (211) [Iii] with (1I2) [111] easy slip. This
indicates that slip is difficult when the atoms move in the antitwinning
direction, e.g., [111] slip on the (211) plane under tension, and easy o
Whenvfhe atoms move in the twinning.direction, e.g., [111] slip oh the,

(112) plane under tension (10?11).

Vh. Role of Screw Dislocations:

(12) -

(Fe), Keh and Nakada')
(L)

(13) (pe - si),‘Keh(lh)
(16) i

(Nb) and Bowen

- Low and Guard (Fe - 8i), Low and Turkalo

(Pe), Taylor and Christian
et. al. (Nb) found that most.a/2 [111] dislocations lie in'sérewv
orientation- following low temperature deformation. This préference,'
however, is somewhat reduced when the specimens are deformed at.higher
‘temperatures. These observations suggest tﬁat SCrevw dislocations.encoupter
higher barriers to their mdtion than edge dislocations.and furthermoré;
they can be thermally activated over such barriers. |
'Dislocations in screw orientationﬁekhibit the unique possibility éf

lowering their énergy by splitting so as to dissociate into partial

‘dislocations iying in several slip planes coincident with their zone axis.
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Kroupa(l7) described the symmetrical splitting of the a/2 [111] screw

dislocation into four partial dislocations lying on three {110} planes.

(18)

Hirsch suggested the possible symmetrical splitting of screw dislocations

into three partial dislocations on the {112} planes., Later Sleeswyk(lQ)

illustrated that a lower energy splitting could take place on two {112} planes.
' (4,8,11)

In addition, various sequential and composite combinatiens: of splitting
have been conSidered, several of which were described‘récéntly by Duesbery

and Hirsch(zo).

Escaig, Fontaine, and FriedelE?l) Kroupa and Vitek(B) and more recently
Duesbery and Hirsch(go) have attempted to rationalize the lowﬁtemperafuré

deformation of becec metals in terms of thermally-activated cross slip of split
screw dislocations. These models have proven to be somewhat intérestingj
insofar as they can, at least qualitatively, account fof the asymmetric
plastic behavior of becc metals, In general, howeVer, they seem to éﬁggest
more rapid increases in the yield strength.with decreasing temperature than
is obtained experimentally. Minor objections to thése'modeis arise as a
result:of Questioﬁable special details of kinds of splittings that ha&e

been somewhat arbitrarily assumed. A major objection to all Qf these

proposed cross-slip models, however, arises as a result of their internal

inconsistencies. In order to achieve even nominal agreement with the

experimental facts, it must be assumed that the partial dislocations

are separated from each other by at most about one Burgers vector. 'Uﬁder_
these conditions the partial dislocations cores overlap and the usual |
concepts of line energies, interaction energies and constrictions energies
for partial dislocations plus the concept of a stacking~fault enérgy'are
novlonger valid. Thus the very foundation on which these models have been
erected are exposed as invalid. |

Despite the recent emphasis on cross slip models, the Peilerls

mechanism nevertheless remains as the most attractive alternate contender
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for rationalizing deformation in bcc metals: 1. As shown by Conrad,(22)

(23) (2k4) (25)

Dorn and Rajnak, Christian and Masteré, and Guyot and Dorn,

the low temperature plastic behévior of many polycrystalline bcc metals
is in excellent agreement with the requiréments for a Peierls mechanism.

(26)

2. Furthefmore, as shown by Lau, Ranji, Mukherjee; Thomas, and Dorn,
for Mo and Ta énd Keh and Nakada,(lS)-fpr Fe, single crystals of bee
metals so oriented as to pro@ote, (1I01) [1ll]vslip also give results in
excellent agreement Vith the Peierls mechanism. ObViouéiy; the previbusly
fofmulated'Peierls mechanism seems to account well for most of the facts
"excepting those associated with asymmetric effects;

There already exists rather definitive evidénce'thét as the staékingé
fault energy increases the cross—siip mechanism can bewrepiéced'by'a‘
Peierls méchanism. The criticai observation concerns the changes in the
low—température mechanisms for prismatic slip in Mg as a function of Li

cohtent. Ahmadieh, Mitchell, and Dorn,(27) Mitchell and Dorn,(28)

(29)

and

Dorn have shown that, below about 8 atomic % Li, prismatic slip is

controlled by. the Friedel(30)

mechanism for cross slip frdm the ﬁasalv'
plane,:oh'Which screw dislocations dissociate into.Shockley partiais;
ontévthe prism plane following cOstfiction and récombinaﬁioﬁ of the
partial disiécations. Esfimates based on the intefsection.ehergy.
(from.baéal slip), thé constriction energy and the recombination‘energy ‘
(frpm cross slip) place the stacking-fault‘width in pure Mg at h»to 8.
Burgers vectors. The observed trends of the effective stress, 1%, -at
zvarious temperatures T,and of the activation volume versus_f*.relationship
for pfismatic slip with increasing Li content suggests that Li increasés
the stacking-fault energy of Mg, thus decreasing the separation of the

partial dislocations on the basal plane and facilitating cross slip of

screw dislocations to the prism planes. Above about 8 atomic % Li,
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however, tne Friedel cross slip mechanism no longer applies and thev
data agree extremely well Withrthe Peierls theoryq The Peierls stress
decreases modestly as the Li content is increasea Trom lO to aboutvl2 atomic -
%. These observations reveal that a "true" cross-slip mechanism can

change into a pseudo-Peiérls mechanism when the stacking-fault energy
becomes sufficiently high.

It is a thesis of this report that the stacking fault energies of
many bcc metals are so high and their screw dislocations are so modestly
dissociated that.it is highly inappropriate to attempt to formulate
their low~temperature plastic behavior in terms of the usual continuum
models for cross slip. The tendency toward dissociation, however, results
in a readjustment of the positions of atoms in the dislocation core with
avconsequent lowering of tne energy of a screw dislocation. Several recent
theoretical investigations(3l—33) on‘the arrangement of atoms in the core
of screw dislocations provides support for this concept.'iThe inpiication
is that as the screw dislocation mores fron.one to an adjacent row of
atoms on its slip piane, the core atons must be moved into a more
planar arrangement with a consegquent increasevin the core energy.
Consequently a Peierls-type of approach appears to be capable of
describing the behavior.

(20)

Very recently Duesbery and Hirsch

(3k)

have suggested an extension
of Seeger's original double-kink model to account for the thermally4

activated cross slip of a dissociated screw dislocation. Their major

interest concerned principally the effective stress versus temperature

relationship without reference to the asymmetries. Their model, more—

over is restricted to low values of the effective stress, i.e., the higher

temperatures of the significant range, where the asymmetric behavior is
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least pfonounced. Thé prédicfions of fhis vefy spécial model, howévéf,v
illustrate the potentialities of appréaching the low-temperature
thermally~activated déformation of bce métals on the basis of a Peieris—
like mechanism,

It is the objective of this repoft to introduce a psépdo—Peierls
méchanism based on modification of thé liné—énergy normal-Peierls .

(23,25,35)

models " tﬁat.takés into consideration, at least qualitatively,:;'
the asymmetry of the cofe 6f screw dislocations. It will be.shown.that

the déductions based on this model are in reasonable agreement ﬁith most
of the observed asymmetrieé in slip band formation and in the variations

of the effective stress versus temperature relations as a function of

crystal orientation.
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IT. THE PSEUDO~PEIERLS MECHANISM

The following discussion of the pseudo-Pelerls mechanism will be

(23)

based on an extension of the Dorn-RaJjnak approach to the Peierls

process., The kink energy, Uk’ can be approximated by

1 /2
27T ab ,
U. = 2la | P (l)

k- wm \ T

where FﬁGb2/2 is thé dislocation line energy, G is the shear modulus

of elasticity, a the spacing between the Peierls wvalleys, b the Burgers vec-
torfandTP the Peierls stress. Furthermore, fhe.energy, Un’ that.need | |
be supplied by a thermal fluctuation in order to nucleate aipairvof

kinks will be taken as

N\ 1/2
SRR 1 DU o (i T SR (2)
n 'k “1It T \. wl . P
LP¥ : / v
where T¥ is the effective resolved shear stress on the slip plane. The
analytical expression adopted in Eq. 2 for Un agrees well with that given
by the Dorn-Rajnak model for a sinusoidal Peierls hill. Although chér’

(25) might

shapes of Peierls hills, e.g. tﬂe quasi-parabolic type,
prove more appropriate in this analysis, it has been shown that the
theoretical predictions are insensitivé to modest variations in the‘typés
of hills that are assumed. .Tﬁe following assumptiohslwill be madé:

(1) Thé thermally-activated deformation of bee metals is controlléd by

thermally-assisted formation of kink pairs on screw dislocations.
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(2) For tensile or compression axes wiﬁhin the standard sfereographic
triangle (vide Fig. 1) cnly the 1/2 [111] and the'l/é.[lll] scren
dislocations become activatable. This arises because the.resolved shear
stress is,ﬁoc low to induce activation of other screw dislocations.

Thus the analysis is not strlcﬁly valid for specimen axes at the

corners of the unit triangle or along its edges since other screvw
;dislocations induce pdlySlin for these speciel orientaﬁions (3) Slip

can take place only on planes of the form {lOl} and {112} that belong

to the [lll] and_[lll] Zone axes. The theory can easily be modified to 1nclude
sllp.on planes of other forms, e.g. {123}, if an when definltive'evidence
for the operation of suchvslip'planes is obteined;' (h)‘Cfoss.slipjof“”l
the 1/2 [lll] screw dislocation will be assumed to tekevplace between the
(Ild), (211), (To1), (112) and (0I1) planes. The specinen‘orientation'
Will be glﬁen-by A , and X shown in Fig. 1. (5) Cross Sllp of ‘the 1/2
[T11] screw dlslocatlon will be assumed to.take place between the (llO)'
(211), (lOl), (ll2) and (0I1) planes. The‘specimen orientation relative

to these slins will be designed by A . in a way con51stent Wlth the

25 Xa
designations cf A and Xl' Obviously A and Xé are not independently

variable since they are fixed where A and X are established by .

relatlons A 5 E X {K ’Xl} and x2 _X2 {A

Ay Xl};- Since these ekpressionsv ;

are clumsy, all-equatlons w1ll be written in terms of the four variables
A and A

2,X2, the correlations between these orientation variables -

1> X1
can best be deduced dlrectly from a sterographlc projection.
When an effectlve ten51le stress 0* is applled in the direction A Xl and

. XP, XL, the effectlve resolved shear stresses on the assumed slip

planes are given by . —
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T* = 0% (os )‘l sin A cos (60 ~ x!) | (3a)
- : - 1
110 : '

2 % = 0% cos Al sin A. cos (30 - X') (3b)

- : S 1
211

™* = o* cos Al sin Al cos Xi' (3c)
101

% = o¥ cos Kl sin A. cos (30 % x') | (34)
. ‘ -1 1 ;
112 : . i C

T* = o¥ cos kl sin Al cos (60 + xi) (3e)
011 C

T# = 0¥ cos A, sin AE cos (60 + xé) (ha)
011 -

S T* = 0¥ cos Az sin A2 cos (30 + Xé) (k)

112 R ‘ :

T% ’; o¥%  cos Ag sin Ag cos Xé- 0 (Le)
101

T% .= o _cosIA2 sin A2 cos (30 - Xé) (4a)
211

T* = 0% cos AE sin Xg cos (60 - Xé) (Le)
110 :

_The corresponding Peiefls stressesbfbr cfoss slip on the opefativea
plénesinged to be adjusted in such a way és to account for the»aéymmetfy
of the dislocation cores. Fpr eése of discussion these will first‘bé
written out and éubsequently given their physical-significance. The

Peierls stress will be represented by
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N - P . + A of gs X sin) sin 3y} (5a)
plio 101 101

T = P + A 0% cos Xl sin Xl sin .3xi (5b)
p211 211 211

T = P + A g% ‘cos Xl sin Xl sin 3Xi - (5¢)
pl0l 101 101 :

T = P + A 0% cos Xl sin Al sin 3y (5a)
plli2 112 112 :

T = P + A 0¥ cos kl sin Al sin 3x;  (5e)

~ pOl1 o1 101 , ,

T = P . + A o¥ cos A, sin Ae'sin 33X, - (6a)
P01l 101 101 _ -

T = P + A 0% cos _ke sin 12‘sin '3Xé (6b)
pll2 . II2 112 -

T | = P + A 0¥ cos A, éin A, sin SXé ‘(6¢)'
pl0l. 101 I o 2 L _2 -

T = P + A o% »cbs' A2 sin 12 sin 3Xé (6a)
p211"- 211 211 : -

T = p + A o cos A, sin Ay sin 3x3 (6e)
pi0o - Ion 101 - , ;

where the A's represent asymmetry factors that account for modifications
of the Peierls stress due to atomic displacements in the.dislocation core

as a result of the applied streés. _
As suggested by ‘Hirth and Lothe(lo)_thé component of the Peierls

stress P_
211

direction, might be expected to exceed P__ which applies when the atom
112

, obtained whenithe atoms are moved in the antitwinning
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motion is in the twinning direction. On the otler hand, the éomponent

of the Peierls stress Pi is expected to be the Samevfor all planes of

0l
the form (I101) as assumed in Egs. 5 and 6.

The asymmetrical components of the Peieris stress have a much more
subtle origin. They‘are based on the concept that the asymmetribéil.
arrangement of the atoms in the core Qf the dislocationvié perturbed by
thélapplied stress. To a first appfoximéfion‘the perfurbétidn is
expected to be linear with a resolved shear sfress. For positive values
of”Xi, vide Fig. 1, the perturbation will move the atoms toward the.more
difficulty activated arrangemeht whereas the opposite takes place
for négatiVe values of Xi' Although.current knowledge regafding'dislocation
cores is'inadequate to deal accurately in an analytical way with this
hypothésis, it is.expected that if these effects are not too large they
shoﬁld depend on sin 3Y'. This dependencé is suggested by the th;ée—fold
symmetry axis ﬁhat shouid apply to screw dislocations in the <111 -
directions. Since Egs. 5 and 6 are not algebraic they need be rest;ted
in terms bfisymmefry and twinhing directions upon reversal of the stress
from teﬁsion to compression. When this is done they. will also accounf
for the obéerved ihversioné in the asymmetfy effects.

Because our information:-on dislocation-cores and how they are

affected by applied stresses is so naive, a rigorous development of the

~asymmetric behavior cannot yet be given. Consequently, the justificatiqh

for the suggested relationships given in Eqs. 5 and 6 can only be

_established a posteriori in terms of how accurately predictions based

on these assumptions agree with the experimental facts. ' Therefore, their

justification will be demonstrated later.
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(25)

According to the approximations by Guyot and Dorn , the frequencies

of activation of cross slip on a single (h k £) plane of the [111] and

[111] zones respectively are

2 g |
N _ Y PP Tonmenl e “Unkgl " (7a)
nkfl ~ 2 r KT -

‘ *hkg o

P | |
o 2o M Tomel e TUnkel (o)
meel T2 T '
i ahkkE kT

Wheré vo'is the Debye frequency> L is the average iength of a dilecgtion
that might bg swept out by a pair df.kinks followihg théir'nucleafioh,

I' is the dislocation line eneréy,>ahk£ is the distance betwéén parallel
rowé of atoms on the.(hkﬁ) plane and kT has its'ﬁsual meaning 6f fhe.
Boitzmann constant times the absolute tempefatureﬂ The subscripts on
Té and U refer fo the cross slip. The frequency of activation for
cross slip of the %-[ill] screw dislocatiog is independent of that of
the %—[ill] screw dislocation; On thé other hand the frequency of
activation of eithef of these dislocations on one of the possible
chss slip planévis mutually exclusive of cross-slip_oﬁ-any other of 
possible crst»slip piane per any Oné event. . Consequently.when_scréw
diSlocafions croésvslip the relative probabilities of sﬁéh cross slip
is»directly proportional to the fréquehcies given in Eq. 7. On this
basis, tﬁe éctual freqﬁencies:forvtross.élip ére'given by 

2 .

hkfl : "_(8a) 

y¥ .
" hk21 - -
. - + — + - + - + -
Y101 ¥ Vaia T Viomn T ViTer T Voin
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2 , ' |
Y kel ~ (8b)

- - + - -+ - ; - -
Vo111 ViTeT * o Vioal * Vo111t Viiol

*
VhkaI

Thus, paralleling the arguments presented by Dorn and Rajnak(es), the

shear strain rates on any plane of the two designated zones are given by

[ ] - - . ’ * . .
SN PP Byg Vhig1 (92)

= - * — :
kel PP Bypp Vhkel | (99)
where pl and pi refer to the densities of the screw dislocations in

these zones. In summary the total tensile strain rate, é, obtained by

the tensor summation of all shear strain rates is given by

€ = cos Al sin A, {e cos(60—xi) * €504 cos(SO—xi)

iTo1

. 0— 1 .__ . -v! : - L v
* €011 €05 X] * Eippp cos(30 Xl) * g1 cos(6o+xl)}_

. ° _'_ -" . M - g ] )
+ cos A2 sin Az {80111 cos(6O+X2) * €707 cos(30+x2)r

- — 1] .__ v ! + 2 - v !}
* €017 coS X5+ €5111 cos (30 xg) €101 cos (60 Xg) (10)

The angles ¥, and ¥, that slip bands for the [111] and [I11]

zones make with the (I01) and the (101) planes. respectively are readily

~ow e established by vector additon to be A I

1v¥ a V3 vk a + V2 oa V3v¥ e o 1vk g
, _ 2 1101 110 5 3111 311 1011 101 2 1121 112 ~ 2 0111 011 (11a)
cot ¥ = V3 V¥ a sV a0 1VE e 73_v*_ a _
2 1101 Ti01 ~ 2 2111 211 T 2 1121 1II2 2 0111 011
1LV g _. LY3VE . _a VvE e /3u a L e
20111 011 ~ 2 1I2T 132 ~ - 101 3101 2 2111 211 2 1101 110 (11b)

cot wg .]__ v¥ a . _ ‘]__ Vv a o ‘/3 v¥ a

2 0111 oT1~ 2 1T2T 132t 2 o111 211 ¥ 2 1101 110

[}
&
<

*
®
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IIL. DISCUSSION

Most of the data now availablé on the low—température deformation _ hd
of bce metals were gathered‘principally to provide a general perspective
v ;
Qf the trends. Cohsequently no one study has yet govered the range b
of conditions and the type of tests needed to provide a complete check
on thepreceding formulation of the pseudo-Peierls mechanism. It is
nevertheless appropriate,vto illustrate some expected trends for simple

ekamples and to correlate some of the current but limited data with the

theoretical predictionsf

A, Asymmetric Slip in.Mo.-

Body centefed cubic metalé invariably slip by the (101) [111] mode
forrthe orientation Xl = 45° and xi = Q° Here the o¥ - T dgta agreé
ﬁell over ﬁﬁe_low temperature range'with predictions based on the Péierls‘
mechanism. Asymmetric effects begin to enter as X'deviates from 0°.
For some metals, e.g. Nb, these effects are Véry mild whereas for othef
metals, e.g. Mo, the asymmetric behavior is interestingly pronounced.

For Mo the region over which the.(iOl) [111] mode of slip prevails,

extends from slightly negativé values of X' up to values of x' that

approaches =30° . Only minor amounts of the (511) [111] and other

modes accompany the deformation. Near x' = 30°, however, some (110)
[111] slip is also expected. Over this range Egs. 7,8,9 and 10 can

be simplified to give



‘at the absolute zero with Xi' As will be emphasized later, A
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. 2hP o
£ = — cos A, sin A,V
WZG 1 1l o0
~2U770; ~2U3011
T2 - ‘ cos{60~y!) e kT Tgﬂ— cosy! e kT
57101 Xy »T011 X1 (12)
“UT101 “Uio11
KT KT

Toiior € Toio1l ¢

<

The yield stress at the absolute zero is given by the condition that

‘the smaller activation energy term in eq. 2, namely U= must also

1011

be zero.. Therefore

- = * : il .
PlOl Ooo cos Al sin Al . (13)

where Ogo is the yield stress at 0%K for Xi = 0. As a consequence of

eg. 5c then,

* VA = * + _ * ad ' ’
Ooxi cos Xl 0oo AlOl_ Ooxi sin 3Xl (14)
where O:_, is the yield stress at 0°K for the specimen orieﬁtation Xi'

X1 v
Thus, for present specialization, Eq. 14 permits an evaluation of

the asymmetry factor AiOl in terms of the variation of the yield stress

iOl for
Mo appears to be about O.L.

As shown by Eq. 12, the yield stress 0§X, decreases with increasing

temperature and becomes zero at a critical temperature Té' This Value_

‘of TC, of course, increases with (W2G é)/(pl Lib cos)\l sinklvé) and also
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Xi' For tests where these variables are held substantially constant,
it will prove convenient to compare the theory with experimental data S

- * N >
by plotting OTX' cos Al sin A /PlOl as a function of T/Tc.

1 W

Let €= 1.6X 1o"h/sec.

2p.L.bv
__l..__;.__-. = 6.6 X lo_lo cmg/dyne dee.
TG
ggo = 90.6 X 10-8 dynes/cm2
AIO:L: O.)-|v

’The'solid cufves‘in'Fig, 3.refer to the theoretical predictions based
on Eq. 12; the dashed curve. was deduced from the Xl 0 data assuﬁing
that Schmld s Law applles, and the p01nts refer to ex1st1ng experlmental
data.

The inférences.méde here are ﬁostfrevealing.. If, under usual
circumstances% addifiqnal slip systems became'operéfive as Xil approached

o ; £ o ;
30°, the ratio of OTXi cos Xl sin )\l/PlOl would necessarily have been

less than that suggested by Schmid's Law. The mere fact that this -
ratio_is.substantiallybgreater than the expected value, reveals that
the yield stress for slip on the (I01) plane increases as Xf increases, .
. almost if not‘exactly, according‘to the dictates imposed By Eqs. 5 and 6.

The theoretical predictions agree well with the data given by Lau

(26) ' ' (2)

et al. on Ta, Fe at low temperature by Keh and Nakada and Fe - 2.7% Si
at low temperature by Taoka et al( 1) for Xi = 0. The more rapid increase
in O* cosA, sinA_/P-__ with décreasing temperature as Xi approaches

X} 1 o 1o
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+309 is also in general agreement with the experimental observations.
Tests on single crystals oriented with their tensile axes at the [QOl]“'

(5) on Ta and Nb by Argon and Malobf(36)

and [110] poles by Sherwood et al.
on W show asymmetric trends that are analogous to the above-mentioned
theoretical predictions. ©Such data, however, cannot be analyzed here

because the needed auxiliary information on the operative modes of polyslip

are not available.

B. Asymmetric Slip in Fe and Fe-Si Alloys

The asyﬁmetric slip characteristics of Fe and Fe-Si alloys appear
to be intermediate between the wéak effects in Nb and the strong ohes
“in Mo. .In additidn, the degree of asymmetry of.slip increases in Fe-Si
alloys as the Si content increases above about 3%. On the other hand,
vFe—Si alloys ha&ing 3% Si or less seem to exhibit about the same - degree
of asymmetry as Fe itself. For these reasons'fhe asymmétric'slip
of Fe and Fe N 3% Si alloys will be tréated at one time.

There is excellent slip band evidence for the operation of the
(211) [111] mode of.slip in Fe —‘3% Si when Xi ~ 30°; in this region
cross slip might also take place by the (110) [111] and (I01) [111]
modes. Near x; = 0 only the (Io1) [lli] mode of slip appears to prevail.
Most of the slip band evidence supports the concept that as the specimen’
axis'approacheé the [001] pole slip takes place'principally by the (1I2) -
[I11] mode with some cross slip to the (101) [ill] méde ahd miﬁor amounts

of slip by the (112) [111] and (I01) [111] mode. Assuming that these
are the principal siip systems, Eq; 10 can be reduced to the following -

specializations.
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-2U= ~2U= -2U=
UilOl 2U:Qlll : 2UlOll
2 : 1 kT .2 kT ) kT
- - + - X! - ! ;
T i101 cos(60 Xl) e T 5111 cos(30 Xl) e + T 1011 cos e l 9
U101 ~Us113 Y011
T = e 5T + 7~ .. KT + T = e KT
pl101 Cp211l - ploll
for 0 < X < 30° (18)
and
. EQlLl cos >\.l sin }\.l v,
ﬂ2G
| 2Uo1y S Rl
o oy KT 2 .\ kT
v o1 ©°8 X, e + T piTo1 cos(50+X1) e |
“Uro11 “U1101
.. o KT ‘ot oo o KT
plOll - fpIlel
. Epi‘LTb cos >\.2 s-ln. )\.2 Vo
ﬂ2G
20111 ~2U19p7
2 , kT 2. - kT .
i e +X !
T Lofid cos(60+X]) e T 1701 cos(30+X}).e S -
“UoT11 U121 . , A
T .o e K oo e KT ' - S
pOI1l pliel
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U017 |
2, kT
. +TplOlI cos [S]
“U1011
il Tplolj-_ e kT
Q | for =30 <X <O - (19)

Because the éxisting_data are- SO Very incompiete it is necessary to make
gsome reascnable assumptions regarding the parametric factors of Egs. 5 and

6. The value of PiOl can be determined directly from the experimental

data as given byiEq. 13. ILet P5y, = Py5, and let Ar . = Oq bt and

Aﬁll = AiiQ = 0.2. Then, as given by Eq. 5h,

* ‘ ° . * ' .
00’509 cos Ll sin xl cos O = Pw= f 0.20~ 5~0 €OS A, sin A

0,30 1 1 sin 907

211
" (20)

In this way Péll can be established in terms of the'yiéld streés at

0°K and Xi = 30°., With these selections the various yilelds stresses

: % -
sin xl cos X! and o cos A, Sin A. cos Xé

1 ox; 2 2

*
0 ., COS A

%

1

for each different mode of slip at the absolute zero are shown in Fig{'h,

'S . ' 2
_wherevcoo = 59.5x108 dynes/cm? and Ps = 20435xlo8 dynes/cm ‘

511 = 112

'Ohly these systems having the lowest wvalues of the resolved shear

Py

~ stresses will be operative at the absolute zero.

: : *-
The theoretical relationship of g,

™) cos A

1 1

sin A /Py, with T/Tc ;



-22-

is shown by the solid curves in Fig. 5.

Let € = 1.6 X lO—LL s‘ec—-l
2p07L7bV _
'——igiw—g- ~ L.,o4k X 10 11 cme/dyne sec.
TG
Afpy = 0.4, A5, = 0.2
8 ., 2. | . 8 2
P§ll = 20.33 X 10° dynes/cm” , o¥ = 39.5 X 10  dynes/cm

(e]e)

The calculations were based on the assumption fhat the'preexpdnential '
term-of Eq. 18 is substantially constant and that a constant ténéile
strain rate was applied. The datum points in Fig 5 refer to éxperimental
results.

Introducing the same values for the variables as given earlief
for figs h'and 5, the wl - Xi aﬂd the wgv- xé.felationship deduced>frdﬁ
Egs. lla and 11b are shown by the solid and broken lines in Fig. 6.
These theoretical deductions can be coméared with the experimental
datﬁm pbints that are also recorded in the same figure.

Undoubtedly the major criticism that might be leveled against the
pseudo—Peiérls.mechanism that wés.presenfed here concerns the semi-
empirical rationaiization of Eq§. 5 and 6 for_modificatioﬁ of the -
Peierls stress; The_rather striking'agreement-bétweeﬁ pfedictioné
bésed on this théory and existing experimental data, howevef,:suggests
that although Eqs. 5 andv6 need more complete theoretical justificétiqn
and perhaps future modificétion, the cufrent formulation deserve§

some serious consideration.

(4
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IV, SUMMARY

1. A new épproach for the rationalizafioh of thé asymmetric plastic
behavior of sihgle crystals of bcc metals was presented.

| 2. It assumes, as does some other approaches, that the asymﬁetfy of
slip arises from a tendency toward asymﬁetrid splitting of the a/2[111]
screw dislocation.

3. It differs from former theories insofar as it assumes that the
splitting is so minor that only the core energy is modified, nd reai

partial dislocations exist and, consequently, the concepts of a line

energy of a.partial dislocation, interactions between partial dislocations,

cOnétriétion energies and stacking—fault energies. are not invoked.

L. The presént analysis is based on a generalization of the Peieris
mechanism which assumes an asymmetric dislocation core which is:modified
by the effective stress and permits cross slip.

5. The theoretical predictions agree‘qualitatively with the limitéd
experimental data that are now available. | |

6. Additiohal experimental data over wider ranges of conditions
covéring variation in slip band traces as well asbflqw stress as a.
funétion of temperature and orientation ére required to prévide more

complete check on the validity of this theory.
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LIST OF FIGURE CAPTIONS

Figure 1.

Figure:Q.

Figure 3.

Figure k4.

Figure 5.

Figure 6.

Standard Stéreographic.Triangle. Symbol + represents the
specimen axis. The Schmid angle for slip in the [111]
direction is Al;v The anéles wl and Xirepresénﬁ tﬁe angular
rotations of the observed slip plane and the plane ofv
maximumvresolvedvshear stress respectively from the (iOl)v

plane.

Schematic représehtation of‘ﬁhe-asymmetry of the yield stress

and of the slip plane.

Effect of asymmetry on the effective flow stress versus

temperature relationship for Mo.

4Critical resolved shear stress ‘at absolute zero.

Effect of asymmetry on the effective flow stress versus

_temperature relationship for Silicon-Iron and Iron.

Dependence of ¢ versus x'.
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111

©Fig. 1. Stendard stereographic triangle, Symbol + represents the specimen axis.

The schmid angle for slip in the [111] direction is Xl. The anales
_ 2] and Xy represent the angular rotations of the observed slip plane
- -and the plane of maximum resolved shear siress respactively from the

(101) plane.
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Fig. 5. Effect of asymmetry on the o™ T relationship for silicon—iron and iron.
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
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such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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