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ABSTRACT | |
A thorough review is made of the application of the Peierls model
to the macroacopic plastic deformation of iddic.crystals, metals, alloys
and covalently bonded crystals. The effects df the shape of the Peierls
hill, kink—kink energles and the f?eqnency terms on the stress—temperature
and activation volume-gtress relationahips are extended and discussed.
Theory is compared with experimental results'giving special emphasis
to recent advences. 6Gingle crystal data for 1/2[111]{110} thermally

activated slip in Ta and Mo at low temperatures agree well with the

dictates of the Peilerls mechanism. Deformation characteristlcs of

‘polycrystallina Fe alloys containing either 2 b % Mn or 11 at.% Mo

agree with expectations based on the Peiarls mechanlsm only at temperatur;s
below aboutl200°K. At higher temperatures the.effective stress decreases’
more slovwly and the aqtivatiod volume increé§§§'more rapidly with
increasing temperature than can be accoun@ed :3}-Sy the Peierls mechenism.
Over this higher temperature range, howe;;;, £ﬂ§ experimental data are

in good agreement with Escaig's mechanism b;sédton the recombination of
dissociated screw dialooaxions.v It s alsoféhgﬁn'that low temperaturé
1/2[111){123) slip in AgMg, prismatic 51;p xh:Ag plus 33 at.% Al, and in

Mg plus 6 - 12 at.% L1 ocours by the Peieri§ @é6han1sm.




I. INTRODUCTION

As first noted by Peierls (1940), a straight dislocation has its
nminimum energy when it lies in a "valley" parallel to close-packed
rows of atoms on its glide plane. When the dislocation is diuflnccd
from the bottom of the "valley" the configuration of atoms in its core
is alterea and its energy increases. Consequentiy the enérgy,of a
Straight déslocatioﬁ is a function of its displacément; the energy
has the ?eriodicity, a, of tﬁe spacing between the parallel rows of
atoms. Therefore it is necessary to apply a certain force rpb per unit
dislocation length, where b is the Burger's vector and Tp is known as
the Peierls.Stress,,to mové fhe dislocations over the Peierls hills
mechanically. Estimates of'this stress can be made in terms of
variations in bond energies of atoms in the dislocation core as it is

|

displaced. High Peierls stresses are expec%ed in two cases, in covalently
bonded crystalline materials where the bond energies are directionally
sensitive, and in ionic¢ crystals where the dislocation must overcome
Coulombic interapéions‘during glide. In contrast crystalline materials
exhibiﬁing exclusively metallic bondiﬁg are expected to have very small
Peierls stresses. In f.c.c. metals, for example, the ?eierls stress
1s so0 low that their low-temperature thermally—activated deformation is
.determined by th'e mow more difficult intersection mechanism.

" The firét analyses‘for estimating the Peilerls stress, such as thosc
based on the Frehkel~K§ntorova (1938), Peierls (1940), Nabarro (1952)
and related ﬁodels, served to identify some of the factors ithat arc

involved. The inherent erudity of these models and their notorious

rwoe




sensitivity to the details of the assumptions that were made, howcver,

detract from their utility. They invariably suggested unacceptably hign
estimatés'for the Peierls. stress in-metals; Recént analyses, vascd on Morse
or Born-Mayer typés of interactions potentials appear to givé~more accopb-
ablé values of the Peierls stréss; The'moré physically reelistic But
exceedingly difficult quéntum-méchanical approach for estimating the

Peierls stress has only recéntly veen probéd; Susuki (1963); nevertheless
His celculetion is quéstionablé; bécause hg uséd thé Friédel—Léman concept
o tight bonding which i1s only wvalid in a perfect crystsl.

In crystals where the Peiérls stress is high, dislocations freguently
assume polygonal shapes analogous to those, for example, that have been
observed in Si; Lang (1958). The straightbsections of such dislocations
lie parallel to the more closely packed rows of atoms on the slip plane.
for cases where the Peierls stress is low,zhowever, as in f.c.c. metals,
dislocations assuﬁe less régular shapés ana, in general, cross over the
iow Peierlé\hills with only minor &eviatiﬁﬁs. The decrease in enersy, if
the segments of such kinked disloéations were to be parszllel to a series of
Peierls valleys, is insufficient to provide for the greater dislocatioﬁ line
energy that would be required. Highly kinked dislocations move with
great ease, by displacement of the kinks, even at extremely low temperatures,
Seitz (1952), Brailsford (1961); It is not always necessary that the
Peierls stresé be high when dislocations lie parallel to close-packed rows
of atoms. For example the disgociatéd'screw and Cottreli-Lomer dislocations
also take these orientations.

We will be interested heré in crystals that have sufficiently higl

Peierls stresses to cause the dislocations to lie predominantly in the




Peierls valleys. The vibration. of such dislocations under small
I3 . » ‘ ! . ) . '3
- oscillating stresses can induce thermally-activated nucleation of pairs

f kinks that can account, at least partially, for the internal friction

[a}

peaks often observed at low temperatures, Bordoni (19L9), Seeger (1950).
It will not, however, be our objéctivé to describé these phenomena here.
Rather we will emphasize only the macroscopic deformation of crjstals
when such déformation is dictatéd by thé Péiérls mechanism.

A critical comparison will be madé of the several dislocation
models that have been suggésted for tﬁé_nucléation of pairs of kinks.
Then formulationé of the macroscoéic strain rate‘in terms of the¢ siress,
temperature and dislocation substructure will be reviewed and criticized.
Finally the theoretical predictions will be compared withvexperimcntal
data. The results for ionic and covalent crystals will be reviewed
but special atfenﬁion»will be given to rec%nt'data on b.c.c. mevals,
severa; diffgrent alloys and intermeiallic‘compounds.

Other mechanisms of deformation are competitive with the Peierls

mechanism. The unique differences between the Peierls mechanism and

v

-that contrblled by the intersection of dislocations provide a rather clear

distinction between the two. The recently proposed mechanism of Bscaig

(1966) based on the recombination of dissociated screw dislocations in

b.c.c. metals, although it is distinctly different in concept, nevertheless

gives trends that are often somewhat similar to those suggested by the
Peierls mechanism. We suggest that the recombination mechanism of
Escaig might well account for the thermally activated deformation of ¥Fe

between about 170° and 400°K. On the other hand it appcars to be
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incompetené to account for the deformation of Fe below about 1T70°%K
where the results agree well with predictions made on the-basis of the

Peierls mechanism.

II. MODELS OF THE PEIERLS PROCESS

When the applied stress is zero, segments of dislocations itend to
lie in the feierls valleys parallel to close—pébked rows of atoms on the
slip plane. To move a dislocation out of its wvalley a shear stress
™* equal to Tp, the Peiérls étreés, must be applied to the slip plape
in the direction of the Burger's vector. Wﬁen a étress ¥ less than Tp is
applied, the dislocation will move, as showﬁ in Fig. 1, from its
original position AOB006 in the valley to a parallel position ABC
part way up the Peierls hill., No furthér motion will occur at the
absolute zero. Aﬁ higher temperatufes, ho@ever, thermal fluctuations cause
he dislocatiqn to vibrate ébout iﬁs mean p;sition. When, however, a
local thermal fluctuation is sufficiéntiy energétic, a critical size

dislocation loop AB'C is produced which no longer returns to its

0

original positi&n. The two partial kinks‘AB' and B'C for all configuration
exceeding the critical one move apart aﬁd the dislocétion is advanced
to the next equilibrium position A"B"C".‘

Although tnis constitutes the basic concept of the Peierls mechaniom
for thermally activated deformation, a number of simplified analytical
approaches have been.suggested by different authors. There exist three

important points of departure among the various individual models. The

first concerns the shape of the Pelerls hill that have been studicd,



ﬂ‘namely, as illustrated in Fig. 2, (a) sinusoidal and its simple wodifications

that have a single peak and valley in the spacing period, Seeger (1956),

Friédel (1964}, Dorn and Rajnak (196L), (b; and bs) paradbolic,, Celli

et al. (1963) (c) broken bond (Celli et al. (1963), Suzuki (1963)) (a)

quasi parabolic (vide Appendix I) and (e) camels-hump hill having tvo

equal peaks and primary and secondary minima Cvide Appendix II).

Tyves "a" and "b" and "a" giQe purely empirical r;presentations of

possible Peierls' hills. The major virtue of the type "4d" hill is

that it permits a completeiy analytical'solution of the Peierls process

in closed‘form. In contrast the broken bond model of type "c" has

semi-theoretical justification for covalent types of structures having

rigid bonds where giide’of dislocations is probabiy accomﬁlished by

successive breaking and remaking of bonds. . The type "e" hill appcars

to have some theoretical justification. A?specific case was deduced,

Chang (1966)1 for edge dislocations lying in the (110) plane in Fe by

relaxation techniques using é two atom interuction potential so adjusted

vas to give the known elastic behavior of Fe. Significantly, the camel's

hump hill varies only modestly from.the broken bond model of type "'
.The height and shape of the Peierls hill influences the equilibrium

configuration of a single kink; higher Peierls hills e.g. cause the

dislocation t0 cross more abruptly from one valley to the next thus

Affectipg the kink energy. The height and shape of the Peierls hills

also iﬁfluence the critical configuration.and therefore the encrgy for

nucleating a pair of kinks. On the other hand,.as will be demonstratced

later, the ratio of the energy to nucleate a pair of kisks under an



applied stress T% to the energy of an'iéolated kink depends primarily

on T*/Tp and is somewhat insensitive to the height and shape of the Pelerls
hills. TFor this reason it appcars rather unlikely that good estimates

of the details‘of'thé PéierIS‘hills,réther than the Peierls stiress

“iiself, might be obtained from experimental data on the Pelerls mcchanisnm.

A second point of deﬁarture in the analyses of different authors
concerns the basis and approximations madé for estimating the critical
configuration for nucleating a‘pair of kinks. ZIZach of the various
approaches appears to coincide with physical reality only over special
lirmited regions of the applied stress t%. A critical discussion of these
issues will bé given in the following section.

A third departuré concerns the assumptions and the details of
estimating the macroscopic strain rate in:terms of nucleation and migration
of kink pairs. This concerns the Qarious%viewpoints that have or may
“be a'dopited to estimate thé préexponential'te%m that must be multiplied
by the Bdlt?mann factor in determining‘thé'shear—sﬁrain rate. These

issues will also be discussed in the following section.

ITI. FORMULATION OF THE PEIERLS MECHANISM
A. Energy to Nucleate a Pair of Kinks
All_estim;tés of thé energy that must bé supplied by a local thermal
fluctuation in order to nucleate a pair of kinks have, thus far, beén
based on thé simple line energy model of a dislocation. I'(y) is taken
tc be the energy‘per unit length of a di§location where ¥ is derined as

shown in Fig. 1. Therefore the line energy is a periodic function of ¥y



with a period a. The known variations of line energy with curvatuie
and proportions of edge and screw orientations are neglected. Under
a stress 1% the stable equilibrium position of an infinitely long

dislocation is ¥ = yo. For any deviation from this position an cnergy

0 , . ‘ )
U= [{r{y) [1+ {%ﬁizll/ - T(yo) - b (y-yo)} ax (1)

must be supplied externally. The eguilibrium conditions obtained'by

taking extremal values of U are given by Euler's condition that

%P ;'agi{r(y)/ "\/1 + (gﬁjz} _ (2)

U has its ﬁinimum value of zero for the condition of stable equilibrium
when y = yo. An'iﬁfinite number of alternate solutions are also
obt aineble: but we limit our interest to that case which refers to a

single pair of kinks centered about x = 0. For this case the boundary

conditions for the integration of the equilibrium oendition, Eq. (2), are

¥y = yo and dy/dx = 0 At x = %
= yc and dy/dx = 0  at x =0

Y
where yc is given by

I(yc) = t%b (ye-yo) + T'(yo)

The slope, dy/dx, of the critical pair of kinks is obtained by introducing
the boundary conditions into the first integration of Tgq. 2. As shown

by Dorn and Rajnak (1964}, when this slope is reintroduced into Eq. (1)
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and the independent variable is changed'from x toy

ye ‘ i
Un =2 [ (T(y)? - [*6ly-yo) + I(yo)12}V/2 ay (
yo -

(V)
~—

- where Un now refers to the energy that must be supplied by a thermal
filuctuation in order to nucleate a pair of kinks at the center of an
infinitely long dislocation. This formulation neglects effects that

arise in dislocation segments of finite length which may be restrained

to remain at y = 0 at théir términal points on the slip plane, Arsenault
(1966) has recently calculated Un for the formation of pairs of kinks

in the center of dislocations of finite length. He finds, e.g. in the

case of Fe, that Un reaches a constant value for dislocation segments

longer thég about LOb. This éuggests tbat:such end effects are of sccondary

. |
importance in rather long dislocations. i
To nucleate a pair of kinks when the applied stress is zero requires
a thermal fluctuation having twice the enerzy of an isolated kink, i.e.

2Uk' Applying yhe same analytical technigues as those described above

gives
a/2 ,
u =To [ {I_‘—I(%—l-vl}l/zdy | (1)
-a/2

The values of Un and‘Uk can be determined by introducing appropriate
values of I'(y) into Eqs. (3) and (4). We will consider only the following

illustrative cases here:

. Te+T TewTe ';2 - b
T T e



and
. aont 2
) = M2 0, R (1 B (50

(5a) gives a sinusoidal Péierls nill (Fig. 2a) whén a = 0, modified
sinusoidal hills (Fig. 2a) when -1 < o < +1, and the camel's hump hill,
Fig. 2e, (which is'also.similar to the broken boné hill, Fig. 2c¢).when
a > 1. Eq. (5b) givés the-quasi—parabolié hill, Fig. 2d. When a stress
™% less than f is appliéd to thé_slip plane of a lattice having a
'Peiérls hill représented by Eq. (5a}, dislocations are displaced to Y,

where

27TvO0

n amyo (1 - a cos ——;-)‘ : (6a)

™ b =2 (re-ro) si
8

.The Peierls stress in this case is given by

'pr;(_ggfl‘_z.l)_(w V17 8a2) ?\’(801 2+2\f1+8a2 (6v)

AN

For these types of hills
Fe = TIm over =l < a <1 (Ta)

.and

2Tm-To(l - E?i‘ -3
Te = over 1 < a < @ (To)

1 o
1+t *32

Consequently analyses are conveniently made using R = I'm/To arnd a as

the independent variables. On the other hand when the kink energy, U,

N

and .the energy to nucleate a pair of kinks, Un, are given in terms of the

Peierls stress, Tp; the line energy, To, and a, the results are insencitive
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to varlatlons in R over phy51cally acceptable ranges.
When & = 0, Eq. (L) can be 1ntegrated analytlcally (seeger (1956)

and Dorn and Rajnak (196L)) to give

L 2Tab y/,

k T L wlro (8a)

The corresponding relationship for the quasi-parabolic nill (vide

Appendix I) is practically identical, namely
R | (80)

illustrating that the results when expressed in terms of the Pelevis

stress and line energy are not only insensitive to R but also to variations

in the shapes of the Peierls hills.

When a # O analytical éxpfessions for Uk can only be established by
introducing simplifying assumptions such as for example dy/dx << 1
(Seeger (1956) aﬁd Celli et &al. (1963)). v&his obviously eliminate
consideraﬂions of‘abrupt‘kinks. waever; figorous ﬁumerical integration
of Eq. (L) (Dorn and Mitchell (196L) and vide Appendix II) give the
results shown in Fig. 3. The datum point at a = 0 refers to results Tor
) the_quasiQPar&bolic hill. Thus the kink energies depend primarily on
To and Tp and varies only modestly as the hill shape factor a increases.

For the quasi-parabolic hill, Eq. (5b), U can be obtained by direct
analytical integration of Eq. (3) (vide Appendix I); and for thc line
energy of Eq. (5a), U, has been obtained by numerical integration of

(2) (Dorn and Rajnak (1964] and Appendix II). These typé deta, which
are summarized in Fig. 4 for the quasi-parabolic hill and sinuscidal

hills where -1 < a < 1 and in Fig. A.2.1 for camel hump hills where

e
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o > 1 show that Un/QUk is a simple function of.'r*/rP that is insensitive
to R over the physically accéptable ranges. In genéral this functioﬁ
varies only modéstly for sevéral shapés éf Péierls hills that weré
considered and becomes signiiicantly différent only for the camel hunp
hills.;

Feither the Dorn—RaJnakv(196hI nor”thé-Friédél (1.96L4) formulation of
the energy to'nucleate@a pair of kinks considered directly‘thé elastic
kink-kink interaction energy. For abrupt kinks (Kroupa and Brown (1961)
Wallace,'NunesVand Dorn (1965)) of height h = y_ -y, this interaction

energy 1is

- To hi
e S T o)

where w is the kink sépération. Since thé dislocation line energ
model dlways givés small values for h2/w, Ukk is always small relative
to Un.  This is illustrated in Appendix I wﬁere it is shown thaﬁ for the
quasi-parabolic model'Ukk/Un is a cgnstant equal to 0.032.
In his approach to the problem Seeger (1956) assumed that the
critical configuration consisted of two half-kinks separated by a
distance w_, ashshown‘by curve (a) of Fig. 5, where w, is determined
as the width at which the appliéd stress overcomes tﬁe kink-kink attraction.
On this basis Seeger suggests that

Up = U * (rc‘ro) Ve

'

and arrives at the relationship

§ . 167
= {3 ; =} 1
Un Uk {1 +1/k 2n HT*} (10)




which he claims applies to sinusoidal hills at low Valués of the applicd
stress.  As discussed previously, however, the kink-kink interaction energy
ié only a small fraction of éhe total line energy for the nucleation of
a palr of kinks. It is not surprising fherefore that Bq. (10) gives
incorrect resulis, évep when % % o] wheéé Un must obviocusly equal 2Uk'
Wnile Seeger's assumption that the dislocaticn remains at the bottom of
tne Peierls hill at y = -a/2 is not sérious Tor low étresses, it does
not apply, excepting for the quasi-parabolic hill, for higher valucs
of the applied stréss. Furthermbré, thé dislocation line energy model
suggests that Yo is not zero, as assumed by Seégér; but decreases from
- positive to negative values as the applied stress is increased. These
factors suggest that several of fhe details incorporated into: the Seeger

model are highly questionable.

1
1

!
Friedel (196k4) was to first suggest that a line energy model rather

than a kink-kink interaction model would brbveto be more realistic. He

assumed that the critical configuration might be deduced from the arrangement

given by curve b of Fig. 5. This model, although based on line energy,

yet retains sonfe arbitrary features similar to those used by Seceger.

As suggested by Friedel, his model may not be too seriously in error, however,

at intermediate values of the applied stress.

The Lothe-Hirth (1959) theory éssumés that number of kinks present
is dictated by conditions of thérmal équilibrium in the absence of a
stréss. They suggest that the rate with whicb kinks move depends on their
stress directéd diffusion. Obviously sﬁch a quasi-equilibriuwm theory

can only apply when the stresses are extremely low.
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It appears that the line energy formulations proposed by Celli et

“2l. (1963) and Dorn and Rajnak (196L4] provide the best currently available

. approacnes for estimating the activation energy for nucleating pairs of

Xinks. .

Several other mechanisms appear to give about the same trends of

. 0y

the effect of the applied siress on the activation energy as the Pelerls

mechenisn vased on nucleation of pairs of kinks.  Some of these, however,

0]

Fal
&+

ct

can be distinguished from the Peierls mechanism in terms .of the activation

volume, which is given by

'

vE = SU [artm - S o | (11)

M, . - ,T . 5

for thé Peie;ls mechanism. For acceptable ranges of the kink gnergieé
and the Peierls‘stressés, such activation-v;lumes usually raenge from 5
'to 50'b3; independent of dislocation densit} or‘the.work hardened state.
As showg inlfig. 6 the activation volﬁme; are only modestly dissimilar.
for the various models of the Peieris hills and decrease as T*/TD<
increases. Héne.agaiﬂ only hillswfor which a > 1 (vide Fig. A.2.2)
give somevwhat uniguely different trendé. In general'these.results

differ appreciably from those cbtained when the intersection mechaenism

1s valid where the activation volumes are about one order or more in

magnitude larger and decrease with increased density of dislocations.

B. Kinetic Ecguations

A number of authors (Celli et al. (19647, Triedel (196L), Jdssang

et al. (1963), Seeger et al. (1957)) hﬁ;evdescribed the formulation of
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the forward velocity of dislocations.aﬁd the strain rate resulting from
the nucleation of pairs of kinks. (Vide Brailsford (1961) regarding the
;fedisiribution of eiisting kinks: along a diélocation due to the action
of a stress ). Only a first ordér approiiﬁation to thé problem will be
attempted héré. We lét L be thé averagé length of a dislocation that
might be swept out by a pair of kinks following théir nucleation. L

is assumed to be much larger than w, thé width of the eritical pair of
kinks, and end effects are neglécted. Oné‘possible formulation is based
on the fact that there are L/b points along the length L at which a pair

 of kinks might'be produced and consequently

. ~U_/kT :
vy —é-e o _ (12a)

where Vo is the Einstein frequency. This would apply for cases where

the fluctuation might be localized. On the other hand when the thermal
fluctuation is spread over the critical width, say w, of the pair of

kinks
Cub L —Un/kT
A el = :
n W 2w

(12b)

where vb/w is the frequency of vibration of the dislodation,.v being

the Debye frequency and L/2w is approximately the number of wave lengths
along the dislocation line at which nucleation might occur. These
expressions differ somewhat from the original suggestions of Dorn and

Rajnak (1964) (which was based partly on both conceptéi that

- =U_/xT" :
N b e B (12¢)
n W

o



An exzct analysis for Vn is quite complicated and perhaps not too
critical at this 'stage. Inasmuch as the wvibrations are coupled, it
appears that~Eq; CIQbIVmight prove to bé thé moré satisfactory uapproximation
in most casés.

Egs. (12) a§p1y~when the vélocity of tﬁé‘kinks is so great relative
to their nucleation rate that not more than‘one pair of kinks exist in
length L at any one time. Dorn and Rajnak (19647 have also deseribed
cases where the kink vélocity might be so slow relative to the nucleation
rate that séveral pairs of kinks will be'ﬁoving along a single dislocation
segriernt at one time. Thus far, howevér, théré havé béen no experimental
confirmations of this possibility.

The average.velocit& bf a dislocatién moving as a result of nucleation

of pairs of:kinks is

vabl —qn/k?

2W2 e E (13)

Ty =voa=
n

.
AN

where Eq. (12b) is adopted, and this gives a shear-strain rate of

. v by = Leb2ve -»Un/k-l (1k)

v
wherevp is the total length of all thermally actiVatagle dislocation
'segments per unit volume of the crystal.

Unfortunately the preexponential expressions of Egs. (13) and (1%)
are somewhat in doubt since w wés not well-defined. This arises because
the kinks of thé‘critical pair are not abrupt. It is unlikely that
w = L since this would réquire a thermal fluctuation spréad over the
cntive lengtn L, an improbable évént. In-viéw of thé cooperativé motion

of the atoms, it is much more likely that w would be several Burger's
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vectors long; The maximum_yalue that might be aécribed to w is the
separation of each kink of thé pair at their points of inflection. For
the quasi-parabolic Peiérls hill Cvidé Appendix 1) w max is insensitive
to the stress and éqﬁals about:QO'- 30 b. Although thesé‘data are not
available for other typés of hills they are aslso expected tovexhibit
about the samé values. - |

Vv rifiqatioh of thé Péierlslmechanism nas beeﬁ attermyicd vy two
experimental approaches,"iréct<k¢érmination of velocities of dislocations

and macroscopic deformation experiments. In both cases it is necessary

to recognizevthat the effective stress is % = 1 - Ta where T is the aprlied
_stress and TA an athermel stress level. Furthermore, Un = Uno G/GO,
Uk = Uko G/C—O and TA ='TAO G/Go where G is the shear modulus of elasticity

and the subscript zero refers to the absolute zero of temperature. In

!
B

analyses made to déte it has also been assu@ed, without proof, that ihe
Peierls strés; folIOWS'fhe same relationshiﬁ, namely t_ = TpO'G/GO.
Wnen the shear modulus of elasticity does no% change appreciably with
temperaturé, these adjustments are of hinor consequence and have been
neglected. '

Experiments on dislocgtion velocities, which will be discussed in
the next section, can be compared directly with theory by means of
Ec. (13). The verification of the Peierls mechanism by comparison of
the dictates of Eq. (14) with data obtained from macroscopic deformation
exXperiments, howe&er, réquire several tynes of measurements. Typical
data of T versus T for two strain rates afé illustrated in Fiz. 7 where

- - * ) .-‘ - . m - l ‘* - = v
rpo, o Tpor 8nd ™ are identified. At T Tc' % = 0 end Un ZJK.
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Trhus for tests\at a constant value of ;, where‘%%- is assumed to be
insensitive to T and T, Eq. (14) requires that

\'.‘Un G/Go ' ’ U o

=n—§-—=___
'.2Uk GC/GO 2Uk QC Tc
whnence
) :v,‘ .
e, 4 o
U /20, = ET;'= £ (?;J - (15)

ConsEQuéntly‘a replot of the data in thé form of f*/rp versus 'GCT/GTC
should agree with curvés of ‘the typé given in Fig. 4. Other méchanisms,
however, give somewhat éimilar trendé and agréément on this basis alonc
is insufficient to confirm the Peierls mechanism.

A more critical’judgeﬁent Qf the Operéti§n of the Peierls mechanism

1s obtained from the expériméntally determined activation volume which

is defined by

“‘ R ‘_ 3iny , o >
. v, = kT‘(—S?%J% : \ (16)

v

For the Peierls mechanism (Bq. (1L)) this becomes

. .Y Y .
v, = kT (ﬁsggaT - 2KT (—3$¥JT + V¥ (17)

where v¥* (Eq. (1la)) can be rewritten as
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b
The remaining unknown needed to evaluate v*, namely de; can be obtained

from_Tcl and Tcz for two different strain rates. Assuming pL/wz of

Zq. (4] is insensitive to changes in temperature, namely

,.20;6‘31/05

Introducing4the value of 2Uko so obtaeined permits the evaluation of v¥

(Eg. (11)]. Thus far, data that suggest the Peierls mechanism, confirm

Cmgl .2

that v_ = v¥%, revealing thet 2&222%2_
- a ‘ 9T

Consequently, when the Peierls mechanism is operative, Vo closely Tollows

of Eq. (17) is negligibly small.

the trends of v*. This'can be easily checkedﬁby plotting the experimental

v T . . . A
values of ~=22 versus T*/Tp to compare with the corresponding theoretical

“2Uko
curves of’v*rp/zUk versus T*/Tp given in Fig. 6.

" Although considerable emphasis has been ascribed to the use of
apparent activation enefgies, it must be admitted that they are not very
good for idenwification of the Peierls mechanism. As shown by Bqg. (1L4),
the free energy for nucleation of pairs of kinks ind;eages linearly with
the temperature according to

. = pLab“v : . v .
U, = KT n S5 (19)
for constant strain rate tests. Three somewhat different apparent

activation energies have been defined, namely




(20p)

and

(20¢)

NOne»are.limited exclusively to the Peierls mechanism. The first

is applied to eithef’creep tests or tension tests directly on the raw
data of 1T = t(y,T) for & given state wheregs‘in the last case the data
are first reduced.in terms of the shear modulus of elasticity. The
results differ because in Eq. (20a) t is held constant, in Eq. (20b)

F o )
A

«©

is constant whereas in Eq. (20c) r*/rp = {1t - TA)/TP i

held constant. It is easily shown that for case (20c)

q . - ' .
(%i) = chn/c (21)
P

which causes q(r*/r ) to increase slightly more rapidly than linecarly with
. p N . .

T for constant strein-rate tests. However, all other thermally ectivated

low temperature mechanisms give about the same trends with temperature

and differ only relative to the sensitivity of the appropriate logarithnic
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term of Eq. (20) to the stress and‘tcmperéture. Alternately U, ffom {21)
might be.plotted as a function of .1¥ or of T*/Tp but the trends so
obtained, are more readily and more accﬁrately civen by Bg. (15).

Two additional confirmations of the Peierls theory, however, arce

significant: (&) a feasohably correct line energy of about FO = Gb2/2

bl

of ™ and U, are employed; (b) the preexponential term of Eq. (1k)

should give reasonable values of pL/w2.

IV. COMPARISON WITH EXPERIMENTAL DATA
In this section the Peierls theory will be correlated with experi-
mental results on the'plgstic deformation of some ionic solids, metals,
>allqys and covalent solids;
A. Tonic Crystals' |

{
4

.| As mentioned in the introduction we might expect high Peierls
stresses ip ionic crystals.

Thomson and Réberts (1960), May and Kronberg (1963), Hulse et al.
(1963) and Copley and Pask (1965) have studied the temperaturc dcpendcnce
of plastic yield stress pf single crysials of MgO. A.large difference
in dislocation mbbility is probably résponsible‘for the differences
in the observed yield stress.for the motion of <110> dislocations on
the {100} and the {110} glide planes.. As.pointed out by Huntington
et al. (1955) and Gilman (1959), higher core energies and énion closed
shell repulsions could explain‘the more éifficult ﬁlida in {1060} plane.
This feature and the rapid decrcasc in'yieldvstress with incr&ase in

teuperature are consistent with the Peierls process. The {100} Peierls
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stress,.yield stress at 0°K, Copley and Pask (19651, suggests, according
to Eq. (6a), a not unreasonable kink energy of 0.18 ev.

Séveral data; howévér; séem to disqualify the Peierls méchanism;
for‘exampl; thé‘(100}<110>.yiéld stress decreases almost lirearly with
increasing T in contrast to the expécted trends (vide Fig. L) for the
_ Peierls process. Activationlvolumés déduced from thé results of May
and Kronberg (1963) exhibit high scatter from crystal to crystal; ond
the variation of the»avérage valués of v with temperature from 20 to
100 b3 at room temperéture to excessively large values near TC are at
variance.wiéh expectations based on thé Peierls meEhanism.

LiF also exhibits anisotropy felativé to yield stress for {100}
and {110} glide, the {100} being more difficult, Gilman (1959). Using
as critical temperature T, (=T00°K for'{IO?} slip), the kink energy

cen be estimated (Eg. (14)) from

: ch Qabva g 7
Uk - in ( 2w27.) - o (16)

Taking reasonable values for o = L2 = 10%/cm?, w = 30 b, we get.Uk
0.75 eV, and from (8a) assuming L, = Gb2/2 we deduce a Peierls stress
. to be about 200 kg/mm2; the value obtained from the extrapolation of T
to 0°K is, howéver, much lower than this (=6 kg/mm2). Apparently the
Peierls process does not control here.

Furthermore, the measuréments by Johﬁston and Gilman (1959)
of the'velocities:of dislbcatiohs in LiF as obtained by etching
technigues does not agreé with Eq. (13]. Below about 107 em/see

they found that, between -50°C and 25°C, the velocity varies
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n
as V&« T exp (—E/kT) where T is the applied s»reso, m ranges from

-

15 to 25, varying slowly with temperature, and E is supposedly an
aétivation energy that is independent of the stress. Such results

are incompatible with Eq. (13) where-Un is very scnsitive to the siress;
it is also unlikely that the preexponentiél term in Eq. (13) can vary

&s steeply as the 15th to 25th power of T for the Peirls process.

- Johnston and Gilman noficed that the resistance to dislocation
motion and the initial‘yield strgss.of-LiF were affected Ly the impurities
and radiation damage effects. This point has been further emphasized

by Johnston (1962). Whereas the shear stress of quite pure single

crystals decreases slowly with test temperature, the shear stress of

impufe crystals is much higher and decreases éxponentially with temperature.

t

Divalent imphrities (such 80 p.p.m. of Mg2+) strongly influence the
flow stress, perhaps because the tetragonal lattice distortions due to
.Mg2+ +Li" vacancy pairs (Fleisher (1962)); certaln effects, however,
are inexplicable in terms of this'lattef theory, Dryden et al. (19565),
. Nadeau (1966).  Although no theory is available to accurately account
for the .effects of impurities or radiation damage in LiF it can be
concluded that ﬁhe Peierls mechanismvdoés not‘controi the plastic
deformation of ionic crystals of,usual purity and that their Peiecrls
s&ress is probéblysdeer than thaﬁ required for activation of dis-
locations past tetragonal,sirain centers.
B. B.C.C. Metals

Tne p;astic deformation at low temperatures of b.c.c. transition

metals (V, Nb, Ta, Cr, Mo, W and Fe) has been subjéected to debtailed
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studies during recent years. The possible validity of the Peierls
theory has been extensively tested by Conrad (1963), Dorn and Rajnak

7

(1964) and Christian and Masters (1964).

Obviously preexisting kinks in dislocations inclined with respect

-

. recently by Koséowsky and Brown (1966) on microyiélding in iron might e
interprétéd in this way. As will be discussed latér: howévér, Escaig
(1966) has suggésted an altérnaté éxplanation of such microyiélding and
initial strain hardéning. We will deal here only with macrodeformation,
‘i.e. with the macroscopic yield or flow stress.

Two kinds of compd;ison will bé madé. Thé first consists of comparing
the experimental dependéﬁce of the flow str%ss on témperature with the
thooretical ones given in Fig. 4. The secoﬁd consists of comparing
the éxpérimentally detenminéd activation énérgiés and detivation volumes
- with thé theoretiéal values subject £o the réstrictions mentioned in
' paragraph III.. .Such plots made by Dorn and Rajnak (196L4) from the
experiméntal results summarized by Conrad (1963), usually show good
agreement between theory gnd experiment for the above-mentioned metals.
We emphasize hére.only the new résults obtained on single crystals of
Mo and Ta.(Lau et ai. (1966)) and later those on polycrystalline iron
2wt % manganese alloy with wvarious amounts of intgrgtitiél impurities,
(Wynblatt end Dorn (1.9657) and on poiycrystalline Fe - 11 at.% Mo,
Rewiings and Neﬁéy (19667 ). |

Figurc § shows the variations of the thermal stress % as a function
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of temperature T for the (110) glide of Ta and Mo, by using reduccd
coordinates f*/Tp,and T/Tc; thé lines référ to the théory Tor three
values of (vide Fié. h[: Since the most distincfive characteristic
of the Peierls mechanism is its small activation volume we have also
plotted in Fig. 9 the éiperiméntally detérmined.activation'volume v

_the experimentally defucef activation volume-vé* =—(3Ur/ar*) whaye U
- . 4

[

FY

is the experimentally determined activation energy, and v¥ the theorctical
activation volume as deduced from previously determined values of

2Uk and Tp; In all cases égreement is excellent illustrating that the

(4]

low temperéture'deformation of Mo and Ta most likely occurs by the Pcierl:
mechanism; Furthérmore'thé good coincidence of‘the‘va aﬁ@ ve* with the
‘said_line §* curves demand that, as suggested by theory, pL/wz‘is
practically indepgndent of the stress. |

The data for Fe-2 wt.% Mn of differené purities (Wynblatt and Dorn
(1965)), Fié: 10, apiear to coincide with the dictates of the Peierls
theory only over the range of 'I‘/Tc < 0.7. Almost identical trends
have been observed for Fe - 11 at.% Mo by Rawlings and Newey (1966).
Furthermore for T/Tc > 0.7 or T*/Tp <‘O.l‘the activation volumgs,

Fig. 11, increase much more rapidly with decreaéing stress, cf.
also Ohr (1966), than is permissible by the Peierls mecnanism.

On the other hand the values of v_ for ’I‘/Tc < 0.7 OrvT*/pr> 0.1
aresin reasonablé agréement with éxpectations based on the Peierls

mechanism. The anomalously low wvalues of v:'are probadly

due %o errors. introduced in' estimeting Un as a function

o T2




w
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of T*/Tp from the original. data and cannot therefore be used to estimate
‘how the preexponential term of Eq. (1h) might vary with stress. The

activation volume, as well as t% are independent o tuie level of inter-

stitial impurities, Wynblatt and Dorn (1965), Keh (1965). 1In contradiction

with the results obtained by Stein et al. (1963), they appear only to

ffeccive

[0

affect the athermal stress. Impurities could influence the
stress T* in one or more of four ways: (a) they could modify the
Peierls stress; (b) the impurities could require the operation of a

different thermally activated mechanism, Friedel (19€3); (c¢) impurities

could pin-ddwn the dislocation line, modifying the expansion of the kinks

: by‘affecting L and w, as qualitatively considered by Kossowsky and

’

Brown (1966); (4) & mixture of (b) and (c) could become operative,

Celli et al. (1963).

|
|

Althbugh the situation is complex, the present results suggest,

"as was also pointed out by Conrad (1963), that interstitial impurities

and solute atoms only affect the long-range athermal stresses in Fe.
Another point in favor of the Peierls mechanism is the invariance of
the activation volume with strain or prestrain, Lau et al. (1968),
Wynblatt and Dorn (1965).
We give finally ih.Table 1l some characteristic values of these
three metals deduced from ’the analyses in terms of the Peierls mcchanisn:
'(a)‘ Peierls stress at zero degrees Kelvin, 1;. Deduced by |
extrapolation to zero degree of the shear stress or ty morc
sophisticated comparison between experiment and theory

;au et al.‘(1965);
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(b) Kink energy Uk.' Obtained from the values of the critical
| temperature'Tc“(wheré ¥ = 0) at two strain rates;.
. (e¢) Line energylfb. Déduééd fromAT; and Uk byvusing Fig. 3;

(a) Critical width of a double kink w. The preceeding analysis
showéd that w does not yary'véry much with thé stress and
so W is calculated by-usihg (A;lzlof'whiCh is valid at

. lowfstréssésg

(EX Uppér and lowéi bound'valués of densities of dislocations.
From Eq. Clhi,thé préeiponéntial term can be estimated by
plotting the activation energy Un versus temperature.
The density p is obtained by assigning reasonable values to L.
L is taken to be between the size of the Frank network, i.c.

-1/2

o) , and the critical double kink width w; the corresponding

limit values of p are deduced. i

The valueslin Table 1 have reasonable orders of magnitude except
for tge fact ghat the densities of dislocations in Mo and Fe-Mn, are
somewhat too high for the small prestrain used in determining the
flow stress; a rough estimate of the density of dislocations might be

made from the long range athermal stress T, which is related to the

A
density of dislocations, at least for an homogeneous distribution of
dislocations by the relation TA ='Gb/ﬁp*l/2, where B is a constant

equal, in b.c.c. structure, to about U, Saada (1963). Such a relation

suggests densjties of the order of a few 108/cm? which are more reascnwble.

The preexporentiels term of Eq. (14) however is too erudc to discord the

Peierls mechanism exclusively on this basis alone. Thus it appears that
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the Peierls mechanism explains fairly well the flow stress of b.c.c.
netals at low temperatures for plastic strainé large ernougn to displace
preexisting kinks and thus array dislocations along close-packed rows
of atoms.

A competitive mechenism for explaining the deformation off b.c.c.
metals at low temperatures is that due to the recombination of sessile
dissociated screw dislocationms, ﬁscaig (1966). This model asswmes that
during the microdeformation screw dislocations of the type 1/2 [111]
ere To med, and they are stabilized by spiitting on several planes
(110), Kroupa (1963), or [112], Hirsch (1960), Sleeswyk (1983). The
sessile varriers so introduced can be eliminated by thermally activated
recombination on one of the dissociation planes. On this basis Escaig
calculated the temperature dependence of thé macroscopic elastic 'limit.
Fitting the theoreéical curve with experimeﬂt for high purity b;c.c.
metals he deduced the stacking fault energy.in (110) or (112) planecs.
-The_energies so obtained are typically of the order of Gb/100, corresponding
10 dissociations.of only several interafomic distanceé.

. Two points disqualify the use of this theory to predict the flow-
stress temperature variations of b.c.c. metals over the whole range of
low temperatures (i.e. from 0° K to'Tc):

(a) As mentioned by Escaig himself, the theoretical 7% - T curves
for the recombination mechanism decrease more rapidly over the
' lowesﬁ temperature range than is obtained experimentally.
Thus when theory and experiment afé adjusted to agree over

the intermediate ranges of temperature, the theory requires
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a flow stress 7, at the absolute zero, that is goout Tour

times that suggested by extrapolating the exrperimental data;
(b) The stacking fault energies deduced from the theoretically
. =2 - . s X e
estimated 1y, namely y = 10. Gb, then suggesti that the partial
dislocations remain in glissile configuration on a sinzle plane
since the condition for dissociation into sessile dislocations
. . -2
on three different planes is that y < 0.7 x 10 Go.
Condition (a) suggests that the recombination mechanism is inconsistent
with experimental results on b.c.c. metals at the lowest temperaturcs. !

For iron, the Peierls process satisfies the experiment much better than

the recombination at high stress, i.e. below about 170°K.. As previously

mentioned, above this temperature the Peierls mechanism can no longer

‘explain either the temperature dependence of the flow stress or the

'

epparent activation volumes. And as will He shown, precisely in this

*

CW

range of low stresses the mechanisms based on the recombination of scr

'dislocgtions is satisfactory.

We successively compare with experiment the flow stress t¥,

activation energy U, ‘activation volume v¥ given by the expressions

(17), (18), (19).

'
{
3
3
!
i
H

At low stresses where T* << 1, according to Escaig,

o T : T 3/2 ‘

1l Gb: [¢] 0 < 1 i

¥ = s e (o — - —_— ! = Ly ;

56w (-[15g+an (1-15 LRS- 4(,1/) f

where C is approximately a constant equal to hﬁ. ;
. T T /5 ?

_ 1 23 0 0yq.3'2 1 . !
Us=7155G0 {-5 <+ o (1-25 )]} x5 | (18) |

' |
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3
.T
1 SN
*—_(....L) :8b3—~(9;-—x;-1;§* ‘ (19&)

) T
The apparenﬁ activation volume v, .can be written,

CLpetnyy 2T .
v, = KT { Br*’f =S5 vE . {190)

The'experiméntal‘plots of t versus 1/T, U'vérsus l/?*,'v*-versuﬁ
l/r*z are shown in Figs. 12, l3~aﬁd 1. The plots fit well the previous
relations!

(a) 'Flow.stréss. By extrapolation to zero l/& wé deduce

an athermal stress Ty of 2.3 and 2.6 kg/mm? for the two
gr&de; of ﬁurity. A change in mechanism is noted at about
| 220°K. Bélow this tempérgture (wﬁere the Peiérls process
agrées with éxperiment) an almostilinear dependence of
't versus 1/T ééems to be obseryéd;
(b) Activation energy. Above about 220°K, the activation

energy varies linearly with 1/t% = l/(r—ri). The critical

temperature T; for T as for U, is also about 220°K; i.e.

higher than TIAgiven by plotting T or U versus T and couparing

with the theoretical curves of the Péierls theory (=17C°K,

as mentioned previously);

o
<

*

(c) Activation volume. The real v¥ and apparent v_ activation

wvolumeg vary  in the range of low stresses,as 1/1%- = /(v

s

From the slopes of the Gifferent plots, To,is~de.ucud'usihg (17

(18) and (19a]. The stacking fault energy y is calculated Srom T, after
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the Escaig relation
1, /G, = 4.25 (1/63 - Y/Gob).
We successiveiy obtained the internaliy consistent results of y = 220,
230 and 230 ergs/cmz-from thé thrée methods. Since the tests were con-
ducted on polycrystalline iron, probedbly both (110] and (112) planes
were operative. Although Egs. (17], (18) ahd (19) refer to the splitting
on (110) planes; Escaig showéd'that similar-variatipns of v, U and v¥#
will be obﬂéinéd when the stacking faﬁlf enérgies oﬁ‘(llO) and (112)
planes aré ébout the same. Thus Y~héré rép:ésents a mean stacking fuult
energy, close to the averagé for all élanes. |
On the othér hand, the high vélué déducéd for T vetween 130 and
16Q kg/mmz,.disqualifies this mechanism below'thé critical ﬁemperature
T (vide Fig. 12); the extrapolation to d?K of the flow stress by the
recombination me;héniém should have been ;bout ¥h5 xg/mmz (cf. Table 1).
The témperaturé dependence of the flow stress of iron seems wcll

explained by the Peierls broceSS from OOK.to about TI = 2009 and vy
the recombinaféon mechanism above this temperature. In the ruwge of
the high temperaturgs the stress for recombinatior of the partials of
" screw dislocations, varies less steeply with temperature, becomaes highner
than the Peierlé stress, and therefore will control the delormation.
Below TI’ the Peierls stress is the higher énd the partials once ro—
combined need only tq overcome this ffictional_stress to move; vesiacs,
the edge dislocations are probably-perfectly glissile and also contribuie

to the deformation through the Peierls. mechanism.

e o e e e -
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The .observations of Keh and Weissman (1963) Ty electron microscopy

on deformed polycrystalline iron are in agreement with the provisus

Pd.

redictions: at low temperatures. the disloca

FRNPH L + - - PR, Y.y bl - o a3 in o~
tributed, lying on crystallcgraphic planes and relatively straignt, &s

on the strain, a cell structure appears. Although the process of cell

formation is not well explained, the incidence of cross slip;of recombined,

-

screv dislocations, without further limitations by & Peierls process

might accoun for such cell Formation at high temperaiure.

The same sequence of mecharisms does not appear to occur in molybdenwn

and tantalum; the Peierls mechanism does agree with the tests over the

whole thermal range. A hlgueL otacklnp fault ene*gj for this metal might

- lower the cross slip stress such that the ?eierls process remains relevant.

Furthermore, screw»dislocations_are observed to lie along (111

Fh
m

Lawley and Caiger (1964) for‘Mo and Arsenault (1968) for Ta, sug
that the Peierls stress is higher for the.screw than Tor the‘edvé dis-~
locatiorns. .The'observation of cell structure formation at high sitrains
in voth Mo, énd Ta at room temperature, Xen and Welssman (;963), sugoest
to0 that the recombination stress of split screw dislocaticns becomes

of the same order of magnitude as £hét needed te initiate the Peierls

mechanlsm caas*ng the r?COmb natien mechanism to also become opneravive.

IV3. Some Alloys.

m.

The lov‘tempera ure aeform ticn Tor some allcys can be ra u*Oﬂall ed

© i m e e e
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in terms of the Peierls mechanism. We summarize here some results
obtained on the prismatic slip (3100} [1120] of the shortvrﬁnge ordered
AgoAl, Rosen et al. (196L]. _Mg;Li‘; alloys Ahmadieh et al. ('§196-.5I; the
(321) [111] slip in long range ordered AgMg (CsCl type structure],
Mukherjee et al; (1965[!

The rapid increésé in thé fl§w stress at low témperature; the
activation énergy and the activation wvolume aré again in agreement
with the Péierls model. Thé data deduced by similar analysis as
that previously given for b.c.c. metals are shown iIn Table 2.

Some remarks can be made: (1) for Mg-Li alloys; the lithium
additions appear to lower the Peierls stress and éhérefore the low
temperature shéar stress for prismatic slip. Similar softening of
some b.c.c. solid éolutions has also been described, Afsenault (1966).
With our interpretation in terms of the Peierls mechanism, the tﬁeoretical
explanation of this softening has to be foﬁnd in the change in the
electronic structure of the alloy with lithium additions; (2) the
'range of deduced dislocation densities is wider than for the b.c.c.
metals above analyzed. As previously mentioned, the action of im-
purities is complex; nevertheless pinning of dislocations along the
close packed rows by impurity atoms might reduce L and in this way
sﬁggest intermediate values of p. Besides, the values of p¥ are
here more reasonable than these of p+3 to the contrary of the b.c.c.
metalé.

The observation by Okamoto (1966) of straight screw [1120]
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dislocations in t he prismatic plane of Ag-Al is in agreement with

the Peiérls mechanism.

IV,. COVALENT METALS

As mentioned in'the introduction, 'a strong Peierls energy is

b ey mave I
aermore,

cxpected in covaleﬁt metals, like germanium and silicon.. Fur
movile dislocetion® running parallel'to'close—pACRed rows have boen
observed by electron microscopy. Actually different authors nave
speculated on the kink nucleation and kink migration as the controlling
mechanism of these metals, Celli et al. (1963)} Susuki (1963), Holt
and Dangor (1963). Recent calculations‘madé by Labusch (1964) found
good agreemeht betwaén thé experimental activation energy and the
energy of generation of a pair of.kinks, sﬁowing that only one pair
of.kinks at a time is nucléated along the %hole length of the dis-
location segments.

On the other hand, Haasen (1957) (1963) (1964) ceveloped a cracked
core model, whefe the Peierls force originates from the dreaking
of bonds when the dislocation moves in the slip plane; a linear stress
dependence of the dislocation velocity is expectéd from this model,
in fair agreement with experiment.

Since Haasen's talk deals during this congress with this subject

we shall discuss this aspect no: further.
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V. CONCLUSION

1. Thé'continuum line—énqrgy modél for estimating the free encryy
of actifation neédéd to nucleaté a pair of kinks in terms of the kink
energy, Péiérls stréssﬁAand éfféctivé stréss is now Fairly well established.

2. Several details of formulating the effect of stress, and temperatur
‘on the strain rate; howévér; réquireAfurthér»investigation. These are
concérnédawith'the foilowing issués: ,

(a) The détermination of actual shapeé of Peierls hills
and magnitude of the Peierls strésses in térmsAof atomic
potentials or quantum fheory.

(v) A more acéurate formulaéion of the preexpoﬁential
term in the strain rate expfession.

(c) A more complete statistical:treatment of the model.

(d) Introduction of effects;ari%ing from solute atoms and

t

interstitial impurities.

3. ‘The low temperature thermelly activated deformation of a nwiber

of metals and alloys agrees well with the dictates of the Peierls mechanism.

N

}

L

These are 1/2[111]1{110} slip in single crystals of Mo and Ta, 1/2[111]{12

slip in single crystals of AgMg, 1/3 [1120]{1I00} slip in + 33 at.¥ Al,

a>
o]

and in ﬁg with 6 to 12 at.% Li,'déformation in polycrystalliine Fe plus
2 wt.% Mn with various degrees of intefstitial purity and Fe plus

11 at.% Mo at temperatures below 170°K. (Between 170° and L0OO°K thc
thermally activated mechanism for déformation of the wolycrystelline ¥Fe

alioys agree with Escaig's model based on recombination of dissocliated

dislocations. ) Evidence suggests that some Group b rmetals also ovey

et et o




L

the Pelerls meéhanism. Althoﬁgh ionic crystals are exnectad
to deform av low teﬁperatures by the Pelerls mechanisms exverinonial
results suggest that.their thermally activated mechanicn is conivollcd
by some.other process which is sensitive to impurity concentrations.
L. The major advance to be madé concerns replacement of
continuum-type line-energy model f?r nucleation of pairs of kinks by G

-

more realistic atomic model.
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APPENDIX 1
"Quasi-Parabolic" Peierls Hills
vVarioué auﬁhors, Seeger (1956), Friedel (196k4), supposed that the
dislocation remainéd‘at y = ~af2, i.e. at the bottom of the Peierls
-hillg independently of the level of the applied stress. With sinusoidal
hills such assumption ié’approximated only at low stresses. For quasi-
par"bolic.hills, as shown in Fig. 2d, however, dislocaﬁions remain at
y = -a/2 for all possible stresses up to the Peierls stress. Assuming
a line energy of
rlv) =;r V2 p il f1 - Ezi)]l/z | (A.1.1)
YT ) 2 a2 VAL
thé problem of nucleétién of pairs of kinks can be completely solved

analytically. Introducing expression A.1.1 of I'(y) into Eg. (3), gives

y |
u =2 [ lay? + ry + s]l/2 ay (A.1.2)
 -af2 o
To

where q = -t%2b2% - 2br_ —>
. P &

r = - 1¥2p2g - 21*b?o
abt Po p252
=—-—-P———... * - *
8 5 T T T bal"o

and. - g-and Y, are tﬁe roots of qu + ry + s. The integration of
(A.1.2) finally gives:.

b2l 2(t -t*)2g
o ‘'

= U 3
Un 2-bT T . (/‘\-*-3/
DO, x21,2)3/2

a

S—




/"EET T

& (1—1*/1 2 ﬂa-\J (A.1.4)
Similarly from (4} the energy of a kink is
na /T
= : (4.1
Y =73 2 (4.1.5)
N
and from (A.1.4) and (A.1.5) '
Y )
—n . _I% N .
U (l T ) ‘ (A.].-O)
k P
U
In Fig. 4 is shown a plot of §Ga-as a function of t%/t_.and also the
l)

plots for 51naa01dal hills where -1 < o < 1. All curves are practically
identical at low stresses. At high stress the quasiparabolic rcsults

differ, but little from those for sinusoidal hills over the range of
. o

t

-1 < & < 1. We can deduce the activation volume

au o abl
. o

v = - a¥%~= (l - ?—) Ta o (A.1.7)
.4 D
20,
=2(1 - t¥%/7 ) —
. Py

/nich is plotted in Fig. 6, together with these for sinusoidal nills.
Although the activation volume is more sensitive than Un/2Uk to the
shape of the hill, on the whole the drastic changes in the shapc of

the hills, do not affect very muck the trends.

Integration of Eq. (20) gives an analytical exvression of the linc
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bowed into a pair of critical kinks. An approximate eguation of

the dislocation line is:

. . al_1/2 _ 2 % w32 172
T™*bh ¢ [e] 2 ¥ a Dr# R P
o E em—— -’ o S—— ——— - i~
X Iy (2br [~y W TR (l T ) 8t T ]
_ o} P P D Do
aTo 172 2T Y + t¥a '

* (gbrp} [Sin_l('g%§;:;;y")A~ 5] (2.3.8)

- We can also determine the width w of a critical double kink defincd

‘as the separation of the kinks at their points of inflection:

al'_1/2

v = (=) [+ %f%é-(r* - Tb}] (A.1.9)

P Do
L Gob? .

Using reasonable numerical values for Poi— 5 and Tp, shows that

. . L L . .. .
expression (A.1.9) varies very slowly with 1% and that w can be considered

. .
as a constant, namely

N 1

=

W= 5.(vbT )' ; (A.1.10)

The height of the kink is easily calculated too:

o o ~ %
REy, =¥, =V, * %‘=‘a (1 71%—J

P
We deduce the interaction energy of the two kinks by applying Zg.

(9); obﬁaining

v Fé-\/ 2%t o
Ukk = - -T—;Z- —-—P-sro (l - :;-;) | R (.A.A.L-lll

sttt s e =
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which gives o constant ratio kink-kink energy to the energy of fornutilon

of the double kink of

\
U
Kky 1
l“ﬁ;1 = 3= .03

The variation of the flow stress with temperature can be ovtained

from Eq. (14). Using (A.1.h4) for U, and (A.1.10) for w:

1/

A o i ,_:_r_'_ = . fo ~ S+
% o T]’;) 11~ (T ) J \1\.4...;1.)
c
where
. d\ aDTDTO pbaL\»TD
o= Vo S (o)
i
\\.



~40-

APPENDIX 2
Camels~Hump Hills

Camels~hump hills, shown in Fig. 2e, are obtained by making

a > 1 in Eq. (Sa). R = Fm/To and o are the independent veriables
The kink energy under zero stress and the energy to nucleate a pair
of kinks are Aumerically calculasted by the method III.. The detailcs
will be presented later as a letter to the editor.

: 2U, W

1z
Figure 3 shows a slight decrease o7 UP with a; i is still
Y (%

e o}
very closely proportional to'\fg—- 1.

Figures A.2.1 and A.2.2 show the variation of the enerzy of
formation of a paig‘of kinks and of the deduced activation volune
as a function of the‘efféctive stfess. The differenqe.between the

The n

~curves for a« = 0, o = *1, increase as o increases above 1. The more

significant feature appears at high stress%s (or low temperatures).

The curves are broken for 0.1 < T*/Tp < 0.3. In this range of str¢

the dislécation can lie in the intermediate valley. The present data
refer to the cgse_of 8 singlé activation for surmounting the double
:hump. The results for a = 4 and R 5.1.0013 fit very closely the nill
calculated by Chang (1966) in Fe for edge 1/2[111] dislocations, by
using relaxation teqhniques. The Peieflé stress is in good agreement

‘with the experimental value (=4S kg/mm?).

&

3

W

[83)
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Table 1. Typical values for the analysis of Ta, Mo, Fe=Mn
deformation in terms of the FPelerls mechenisn,

[a] : *
. . GObZ/g _ o _ : . S _
(108 dynes/cm?) {eV) . _ - (em 2) , ' (cn 2)

ol

Metal

Ta 33.1 0.31  1.55 2l . 2.hx108 - 2.4x1010 4.1x10°% - L.1x207

lio 41.3 L 0.6? . 3 29 L.s5x10'3 - 8.9x1012 5.3x10'0 — 1.0:1010

Feln®# ER T 0.1 26 o2 2.5x10% - 1.hix1013 © T hlox10M! - 2.9:10%9 )

Pelio L9 0.29 1.8 17 2.5%10°% ~ 1.271010 8.6x10% — L.1x307

.

z 17 [P I > TR DA R H 4 PO N N U I
e-iin, ZrH purificd; for the other grades of purity 1he veluis

J o
23 given bt Eog.




Tallio 2, Uypiced volues Tor the analysic of a-Li, A A, Aske alloys

in terms of

Pelerls

noechonion.

temperature .
UK'»

dynes/em?) (ev)

: | | slip 2 (108
‘Alloy range for Peierls p

‘system

ols

2
process (cm )

(em-2)

Mz-10 at.% L 300°K

z - prism. 0.22 k.45 29 1.6.10% - 2.7x30" 1.9x105 - 3.2x10!
Nz-12.5 at.€ Ii 0 - 300°K  prism. 6.8 0.21 L. sh 30 4.8x108 - 2.5x10° 5.3x10° - 2.8x102
Arhd -0 - 2k0°K prism 19.3 0.19 2.09 ol - 2.0x10°

k. 8x106

8.3+:103 - 3.5x10°

_ . - N s . - o 1
Aziie 0 - 250°K 9.25 0.20  L.33%F 36%  L.8x103 - h.3x107#% 3.7 ~ 3.3x10"
[111) '
¥rhe volues of T, w and p are obtained by using for a in the herxagonal structures e mean valus (ve)t’2
wvhere b anl ¢ &re the conmon laltice constantu-—-thls Lo taking sccount for the posrible edge and screw
horecber of tho dislocations of Burgers veclor {1120].

¥¥0he values of I, w and ¢ for Agziiy

, refer to the screw dislocations [111] with

"H
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Figure 10.

izure 11.

[¢1]
L

- stress for Te and Mo.
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igure Captions

Formation of a pair of kinks. a is the Spacing Cetween

paraliel rows of closely spaced atoms ofvthe sl planc.
ine energy profiles.

Xink energy énd Peierls'stress. R = 1.0;.

oy

Energy to nucleate a pair of kinks.

‘Seeger (a) and Friedel (b) models.

. -
Activation volune.
Stress-temperature relating for the Pelerls mechanism.
Thermal flow stress vs. temperature for (110) glide of Ta

and Mo.

Experimental and theoretical activation volume vs. t

.

1
1
i

Thermal flow siress vs. temperature for polycrystalline
Fe-Mn of different purities.
Experimental and theoretical activation volume vs. thermal

stress. for Fe-Mn.

Total flow stress vs. reciprocal temperature for Fe-Mn.

Activation energy vs. reciprocal thermal stress for Fe-dn.
Activation volume vs. 1/1%2 for Fe-Mn.

Energy to nucleate a pair of kinks.

Activation volume.
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Fig. 3
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Fig. 7
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THEORETICAL CURVES
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Fig. A2.1
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