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THE ROLE OF DISLOCATION FLEXIBILITY
IN THE
STRENGTHENING OF METALS .
T. Stefansky and J. E. Dorn®
Inorganic Materials Research Division, Lawrence Radiation Laborétory,
and Department of Materials Science and Engineering,

College of Engineering,
Uhlvers1ty of California, Berkeley, Callfornla

" ABSTRACT -

- The stress required to driie a single dislécation thfqugh-a fixed
‘arréy of isotropic strain centers due to solu£e atoms is calculated using
‘lineaf,elasticity and numerical methods. The Mott—Nabairo "Diélocétion
'IFlexibility" concept is extended by ailowing.ﬁhe dislocation toirélax to
its equilibrium shape in the stress fields of such atomé.‘ Thé increase in
© the eritical reéolvéd shear streés'variés lineailylwith the square root g
of the‘strain-center concentration only in the very-diluté'rénge.and above

some critical concentration a reduction in strengthening is observed.
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1. INTRODUCTION

Mott;and Naﬁarrol-s‘werenfirst to illustrate the_importance of thé_
:flexibility of dislocations in accountihg for the strengthening that metals
:hndergo due to ﬁhe’preseﬁcé.of'interndl—strain centers. Such—strain;
cehters‘mighf arise from avnumber of causés éuch as radiation damage,

fhe presenceuof Semi—cohéreﬁt and cohérent‘éfecipitates ﬁnd clusters, as:
;weli as‘individually dispersedbintérStitial and misfit.subétitutional
‘solute‘atoms. Each strain—éenter.induces'positive and negative sheér
étréss fiélds:onlthe slip planés of the surrounding alloy matrix. In
“order to efféct.piastic déformation,ﬁherefore, fhe alloy_must be Subjécfed
to sufficiently high applied shear stresses to push dislocations past
‘all éﬁch internal stress fields. . If'dislocatiohs were inflexible and
,}moﬁéd'as:rigid lines, they would be equally pushed and pulled by internal
_streés fiélds} At this extremé thé strengfhening would be vahishingly
small; Dislocationé,‘howevef aré not rigid; they Are_fléxible and
_extensible._.Théy wiggle betweén posifive and négatiﬁé sﬁrain-Centers,
.';thus increasing their liﬁe énérgy'at the expense of their interaction

| ¢nergy“wifh stréinfCenters. Cottréll6 and Friedel7’8 havé indépendéntly
presented lucid reviews of the signifiéancé‘bf fhé Mdtt-Nabarro dis-
: location—fieﬁibility concept‘té the strain—centervsfréngfhening‘of alloys.
‘1Their anaiyses however wefe 6nly semi-quantitative. There.is evidence
in the.recent literétﬁre of renéwed interest in a ﬁoré rigoroué analysis_
of flexibility.  Thﬁs, Gleiter9 and Geroldlo.have shown that fhé calcu-
lated'strain-eneréy interactiéﬁvbetwéen a dislocation-and‘the stress

fields of coherent precipitates can be seriously in error if the flex-

ibility of the dislocation is not taken intdvaccount.
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This report will be concerned with a more detailéd analysis of the

'pr&?blem'bésed on the following approximations:

(1) Although many types of strain-centers eiist, the following
analysis will be limi£ed to the case of solute-atom strain-
centers in f.c.c..subétitutional alloys.

(2) To facilitate the analysis by a&oiding statistical consider-
ations, the strain-centers are assumed to be in regular arrays
on the slip plane. Although the quantitativeé results are
somewhat dependent on the type of array that is assumed, the
gualitative trénds are similar for various arrays that weret
studied.

(3). An adjustment of the results from those for square arrays to
those for the more realistic case gf a réndom distribution of
stfain—centers is accomplished by adopting the interesting

statistical theory first introduced by KoChsll’12

, elaborated
on by Dorn, Guyot and Stefanskyl3 and analyzed by Foreman
and Makinlh in their computerized experiments.
(4) For simplicity the dislocation lines are taken to wiggle
about their-edge orientation and no correction is applied
to their line energy for deviations from edge configurations
or for the elastic interaction between segments of the now
cu;ved dislocation. | |
It will be shown that for extremely low concentrations of atomic
strain-centers the strengthening increaées with the sqﬁare root of their

concentration. For slightly higher concentrations the strengthening

rate becomes less rapid. At a critical concentration a maximum strength
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is obtéined andba decrease in the strengthening takes place as the con-
centrétion of_soluté atoms is further increased. Theéevtrendsﬂare a
direct éonsequence of disiocation flexibility. They>arise>from changes
in the amplitude of the Wavinesé ofvthe_dislocation'line at the yield
stress with sblutevatom concentration. ;DeSPite the simplifying.assump-
tions that were made,.fheEresul£S'agree qﬁalitatively'with apprépriaté

experimental data.
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_II. STRESS FIELDS ON SLIP PLANES

Internal stresses are introduced in a lattice whenever a host atom
of radius rO is replaced by another that has a different atomic radius.

According to the classical theory of linear élasticity,l5

the stress
field about a solute atom at the origin of a spherical coordinate system

is given by

Tpg = 0¢¢ = 2Ge (;9> for r > r_ (l + €) (1)

‘where G is the shear modulus of elasticity and r_ = r_ (1 + €) is the
radius in situ, of the substituted atbm. As shown by Eshelby;16 fhis
approximation assumes that the bulk.modulus of elasticity of the sub-
stituted atom is identical with that of the hoét species. Nabarro17

suggested that the strain € can be deduced experimentally from

e = at (da/dc) (2)

_where a is the lattice parameter and c is the atomic fraction of the
‘éolute species.

We will consider here only the interaction of the stresses on a
slip plane in f.c.c. metals with a dislocation that is substantially
in edge orientation. We let X-Y be a slip plane at a height z above the
"solute atom center, where Y coincides with the Burger's vector of the

dislocation that lies parallel to the X axis. In this event the
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dislocation motion will depend only on the shear stresses ozy' Upbn

‘simple tensor transformation of Eq. (1)

6G(h)3 ezy . 5

D 2 2 .2 2 by

czy = r— 25/2, X +y +z 3(2) (3)
+-'y_ + z. . o .

_ where for convenience fo has been’réplaced by its substanfial eqﬁivalent
- of b/2. Unfdrtunately Eq. (3) becomes somewhat inaécurate_in the region
of gréateét interest here; némely when 12 + j2 + z2 is small. The fact.
_ that the ‘deduced sheér stress Oy applies only for %2 + y2 + 22 greater
than an atomié radius squared‘is perhaps not as serious as the fact that
when the cére §f the dislocaﬁion'oférlapé‘thé volume of the substituted
- atom, the linear theory of elasticity becomes seriousl&‘in error. From
a ﬁhysical viewpoint it is easilyvjudged that, where'overlép'fakes place,
the stress fields.will be somewhat lésé than thoSé suggésfed by Eq. (3).
vbThis issue, however, isinof critiéal forAdemonstrating fhe effects of
_éislocation flexibility on solid—soiutioﬁ.stfengthening énabconsequenfly
- we suggest that the right-hand side of Eq. (3) be multiplied by the

. qualitatively justifiable compensating factor

-8 (x° + y° + 2°)
2

1-e

Whereas the constant B might be estimated from experimental data on
binding energies, in pfinciple if will prove satisfactory for the

present to arbitrarily select B = 3. This adjustment.resultsvin a
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decrease in the magnitude of the stress fields when overlap takes place
and yet reproduces faithfully the results of Eq. (3), where it is yet

reasonably valid. Accordingly we suggest that

2
o - 3 Gb3ezy l-e b

zy (2 2 2)5/2

X +y +z (h)
where Eq. (4) refers to the stresses on a slip plane a distance z above
or below the solute atom.

For a solute atom at (x,y) = (0,0) on the first atomic plane
(z = b/V/6) above the slip plane, the shear stress distribution on the
slip plane is that shown in Fig. 1. A positive edge dislocation lying
parallel to the x axis, would be repelied by the solute atom except for
the somewhat trivial condition when the dislocation is at y = 0. It is
lsignificant that the important regioﬁ, where the absolute value of the
stresses are great, is highly locslized in the near vicinity say over
about an area of lOb2 around the‘atom center. For a solute atom lying
" on the first atomic plane below the slip plane (z = -b/V/8) the signs
given in Fig. 1 are reversed. In this case a straight.edge dislocafion
would be so attracted as to lie along the X-axis at y = 0. The inter-
action energy between an infinitely long straight edge dislocation and

the stress field of a solute atom is given by

U {y} ,=‘/‘y‘/‘°o o'zy bdxdy (5)



UCRL-18405~Rev.

for phe case where thé datum of enefgy eduﬁls zero is taken at y = -,
Introduéihg.the expfeSsion gi#en in EQ‘u(h) fér Gzy andvinfegrating gives
the results shown in Fig. 2. As shown the highest interaction energiés
arise frém solute atoms on planes nearest the slip plane, i.e. z = *b/VB.
It was noted that the interactionuihtegrailéf Eq. (5) gave almost the
‘same resulté.when it was integrated over x from -5b to +5b in lieu of
from -10b to +10b.. This emphasizes'the highl& localized nature of dis-

‘ vloéétion solute atom iﬁteractions. o

A forcé, F, acfihg on a long straight‘edge dislocation will hold
it_in'equilibrium with a solute atom when F + Fi = 0 where Fi is the
.fofce arising from the internél intéfactioh with a SOlute:atom sffess

field. Consequently

[+ ' '} ' ]

F = _f o__bdx " h - (6)

_._oo'_ Zy. ‘ . v . .
This forcé—displacement diagram is shown in Fig. 3 for the case where z
is positive. For solute atoms lying below the slip plane the curve of
Fig..3 is merely reflected across the y = 0 axis. Aécording to this
somewhat naive approach then, the maximum force, Fm, to move a dislocation
past the stress field of a solute atom is the séme regardless of whether

the stress field iswattractive.or.repulsive;‘ The maximum force, F to.

" 2m?

move a dislocation past a solute atom on the second nearest atomic plane

: . . . ;- 0.20 . : ‘
-v to the slip plane is given by F2m— E:i7'Fm and is therefore a,small

fraction of the force needed to move dislocations past atoms on the

nearest planes.
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III. YIELD STRENGTHS UNDER CONDITIONS LEADING TO

HIGH DISLOCATION FLEXIBILITY

In this section we estimate the strengthening at the absolute zero
due to substitutional alloying assuming that the stress fields due to
solute atoms can be replaced by an "equivalent" interaction force localized
at the center of the stress field. The concepts to be invoked here are
substantiélly those previously presented by.Fleischer18. The details,
however, havé been adjusted, as given in the preceeding section, to permit
direct comparisons of deductions made here with those to be made later for
the more realistic model that considers dislocation flexibility in the
stress fields due to the solute atoms.

Solute atoms will first be viewed as forming a square array of
strain centers. Neglecting all planes more distant than the two atomic
planes nearest the slip plane, demands that the edge of the array, A, is

given in terms of the atomic fraction of solute that is present, c, by

2e = b/AZ | (7)

The results for the random case will be deduced by applying the Foreman
and Makinlh correction to the square array.

Each dislocation segment A, can be considered to be pushed against
the localized resisting force arising from.the stress fields about the
'solute atoms. Thus, the yield stress, T: at the absolute zero is given
by
2

* 1 2
TS
/2¢

*
TSAb = = Fm = 1.17 Gb“¢e (8)
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%here thevsubécript s refers fo thevfact that a square array of strain
centers Wés assumed. This analysis, howe&er,.must be reStricéed'to values
of A much greater than aBout 5b whére thebstress fields Qf adjécent solute
.atoms‘do_not overlap. The’deduped,fariationé of T:/G as a functién of
/e for several values of € are shown by curvés markgd s in Fig. L,
To_obtain.the yield stress for cases where the_;oiﬁte atomstare
distributed more or less at random, we apply the data of Foreman and
'Makinlh as given in Figf 5. The strength of'the_stresé field is'defined
.by in terms of the édge disloqation line energy of about 3Gb2/h éccording
.to _

I:Ab = 30 Gb2/k | _' (9)

»Comparist with Eq.'(8)‘révéals that for substitutional solid solution
alioying a = 1,56¢. Applying the randomness correctioh to the data gives
the_brokén curves of Fig. U4 markéd R. Thése calculationsvsuggést that
the yield stress at thefabsolute.zero increases linearly with the ve.

Up ﬁo‘the present the effecté of atoms on sécond nearest atomic
planes to the slip planevhave beén néélectéd. We now demonstrate that
in large measure, so long as the atoms do not cluster, this neglect is
permissible, Considering & square array Ofkatéms on the_fouf’ﬁearesf
planes, suggest that be = b?/ki. The force needed to cause the disloca-
’tions to surmount the weaker stress fields of solute atoms on the second

_nearest atomic planes to the slip plane is given by

Tsh/ s

T:hkh-b = Tsh b = 0.20 Gb2€
/e
:Whence ‘
2 x {,20) ~ l/%; . o (10)

1.17 V2
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This ratio is further decreased when the randomness correction is applied.
Thus, as originally suggested by Fleischer18, the stress fields of misfit
solute atoms residing on the second nearest planes to the slip plane are
so small that the dislocations will be pushed past them at less than 1/
of the stress needed to cause them to pass the stress fields of atoms on
the planes immediatel& adjacent to the slip planes. It is necessary,
however, to point out that although the behavior of solid solutions at the
absolute zero of témperature is not sensitive to stress fields of more
distant atoms than those in the immediate vicinity of the slip plane, the
" yield stress at higher temperatures in the thermally activated range will

depend on the stress fields of such more distant solute atoms.
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'IV. EFFECTS OF LIMITED DISLOCATION FLEXIBILITY

The model for solid-solution strengthening that was presented in

. Section III was based on the asstmption that the stress fields due to

solute atoms could beirepresehted'by "equivalent" localized forces.
In this section we present a more realistic model for solid-solution

strengthening in which the dislocations are permitted to bow flexibly

" around the stress fields due to thé solute atoms. It will be demonstrated
' that the stress fields can be replaced by "equivalent" localized forces

».bnly for extremely dilute solufipns. As the concentration increases,

however, this approximation leads to serious errors. Whereas the

assumption of an "equivalent" localized force suggests that the strength

: of‘alloys continues to incresase with /E;the more realistic model, suggests

‘a completely different trend giving a maximum stréngthéning at a critical

solute-atom concentration foilowed by a decrease in the strengthening

-with yet additional increases in concentration.

" In order to permit;én unbiased evaluation of the role of dislocation

 flexibility in solute atom stress fields, we hold all rémaining assumptions

- the same as those adopted for the localized fbfce approximation that was

discussed in Section III: The stress centers arising from the solute
atoms adjacént_to the slip plaﬁe are placed on a square array as shown

in Fig. 6. The value of A, given by Eq. (7), also remains the same as

that previously employed. Since A andvRAof Fig. 6 refer to equal attrac-
- tive and repulsivé strain centers it is immediately apparent that a
ffcompletély rigid edge'dislocétion cou}d be moved through:the'étresé

fields of the solute atoms by an infinitely low appliéd stress.
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As shown in Fig. 6 the origin of the X-Y slip plane was selected
| to be at a repulsive stress center. Consequently the significant stress
at point (x,y) on the slip plane due to all solute atoms on the next

nearest atomic planes is simply

)
mL»

3 (y-yi) z; (1-e b

o [(x_xi-)ef(y;yi)hzi?]
R T b i

(11)

where i refers to the ith stress center, and z, = tb/v6. The stress
fields about solute atbms are so localized that only a few atoms in the
range -6\ <x < 6) and -6\ <y < 6\ need be considered in the summation
of Eq. (11). It might be argued with considerable validity that the
stress fieids arising froﬁ near atoms on the second nearest atomic

planes produce a much greater modification of the sheér stress than the
solute atoms on the nearest atomic planes that are more distént from the
origin of the selected coordinate system. Such stresses, however, were
not included here since we wished to preserve the basis of coméarison
with the results of Section III where the effect of solute atoms on
second nearest planes was neglected. The small differences in the local
stresses near solute atoms due to neighboring solute atoms is shown in
Fig. T where Oéy/GE is plotted as a function of y/b fo? the cut at

x = 0. Since, as_shpwn in Fig. T, only small changes occur in the local
stress field as a functidn of concentration of solute atoms, any difference
between deductions on solute atom strengthening obtained heré and that

.presented in Section III must be ascribed almost exclusively to the effect
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of dislocation flexibiiity in the étréss'fiélds ;f the solute atoms.

I£ is now our-objective.to.ascertain the equilibrium shape of an
edgé dislocation havingba Burger's vectof;bvwhere the alloy is subjected
to a.reéolvéd shear stress T:. 'Obviouély.the symmetr§'of_internal stresses
O;y demands that, for,étabievCOnfiguratioﬁé, the dislocation lihe.
y = y{x} will be periodic in x with a'pefiod of 2X. Thus‘in general, the

energy of a dislocation line will (vide Dorn and Rajnaklg) be

_— . Al . 91.2 y Vo L ® ]
(12)

where Uo'is the'energy of a straight dislocation segment of’length 2A

lying parallel to the x-axis at y = 0 and I' = 3/th2 is the line energy

) per unit length. 'The first term inithe integrand givesvthe increase in

the line energy'of.the displaced dislocation and the second and third

terms provide the WOfk done by the interhal’énd applied stresses.
Although several éimplifying éSsumptions were;made in arriving at

Eq.‘(l2), they are known not to be too critical. The changes in line

energy with disiocation slope as it veers from pure edge to partly screw

orientation can be shown to be small in this example. The interaction-

" between segments of the now curved dislocation line was neglected.
- Recent computer analyses by Foremanzo, however, have shown that such
' second order effects are small, particularly in the case of weak'obstaclés

.such as are being considered here.

Whereas Eq. (12) applies to any shape of dislocation y =y {x}, the

equilibrium shape, 6f interest here, can be obtained by applying the
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calculus of variations to minimize U. Euler's equation, thus obtained,

gives

‘d [9dU 3 _
?&(35) e 0 (13)

| where p = dy/dx. Consequently the differential equation for the

equilibrium line is

2 2
d y]dx 3/2 = - —'-b—-'é' (T* + 0;}7) (lh)
(1 + (ay/ax)?} 3/hGD

For convenience of computation Eq. (1) was placed in dimensionless
form by letting x' = x/\A and y' = y/\A. Upon introducing Eq. (7), the

required relationship is given by

_ dy/ax® .. 22 s (15)
o] 3/2 /e ¢
;1 + (gy'/ax')
y'-y i) Z i% 1 -e i ;
-2€c
; " 2 2 0| 5/2

where zi = + J/2¢/V6
The integration of Eq. (15) will now be discussed in general terms.
*
It contains three parameters Ts//g G, €c, and ¢ which in any case are

fixed constants. A point (0,y ') was arbitrarily selected to start the
Yo
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calculation. Due to symmetry . (dy'/dx') = 0 at-(O,vyd'). The value of
dzy'/dx'2 at this point was deduced from Eq. (15).: An gdjacent point on

the dislocation line at xo' +.Axi was then determined from

| 2 |
(y') o =yt () Akt 4 2 (EXL) (axn)? (16)
x! + Ax! o ax' 2 2
o . xé R d_X' X'
and
B (S e e
- + X . 1
@x' xé + Ax! _dx, xé ' ax'? xé o '

where Ax' was selected to be the small interval 0.001. This procedure
was continued to the point x!' = 0.003'following'whiéh the calculation
‘was continued to x' = A' by the Adams21 technique. To satisfy the

symmetry conditions, an acceptable solution must result in (dy'/dx') = O

‘at x' = 1 as well as x' = O. Cohsequently'a series of values of yo' at
x' =1 were employed until the desired curve y' = y' (x') having zero
slopes at x' = 1 and nowhere else was obtained. A check using Eq. (12)

- illustrated that thié was thé_minimum energy curve fdr the selected
ﬁvconditions. |
In order ﬁo obtéin the yield stress atlthé aBSOlute_zefo, the para-
" meter T://E G was incréased to é series of new values, retaining €c and
¢ constant. As the yield stréss was approached, the line shape'éhénged
' SR : ' : *
sensitively to the values of Ts//z G. If the selected value of Ts//E G,
however, exceeded the yield strength, dy{/dx}.differed from,zero at
: i' = 1 for all possible values of yo{" In this way the yield sfrength

could be approximated as closely as desired. An attempt was made to
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carry out the calculations on yield strength to an accuracy of about *1%.

An example of the shape of the dislocation line at zero stress is
given in Fig. 8. For all cases examined, only two equilibrium configur-
ations were obtained. The equilibrium dislqcation line never zig-zagged
baway from attractivevstress centers along y' = 0 and toward attractive
centers near y' = 1. Two somewhat different conditions for breakaway of
the dislocation were obtained as illustrated schematically by the example
presented in Fig. 9. The stress necessary to break the dislocation away
from configuration (a) was less than that required for breakaway from
.(b)' This is understandable siﬁce the internal stress field at the
repulsive stress center in (a) cooperates with the applied stress in
pulling the dislocation away from the attractive stress centers whereas
in (b) the applied and internal stresses from the attractive stress
centers oppose each other. The variation of T:/G as a function of con-
centration of solute atoms when uncorrected for randomness is given in
Fig. 10. The yield stress given by the solid lines refers to break-
away stress for configuration (a) is also shown for the case of solute
atomic strains of € = 0.06. On the same graph are recorded the corres-
ponding results, also without correction for the randomness effect, that
‘were obtainea when the assumption "equivalent" localized forces was made.

We have already described how the randomness correction can be
applied to the "equivalent" localized force model. It is not yet clear,
however, as to what this correction should be for the more realistic
‘model. This arises because the dislocation cén no lénger be visualized
as béing held up at highly localized points. It bends more gradually

about the somewhat more closely spaced internal stress fields at higher
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concentrations. This makes the obstacles‘éppear to be less efficient

at higher concéntrations in résisting thexmotion of the dislocation. On

the othér hand, some randomneés correction nééd be applied to the more

realistic model now being considréd. Siﬁce it is expééfed that the

" desired correétipn cannot differ greatly from that given by Foreman and
.Mal;in,lh We.suggest that their correctioh.be tentatively adopted here
valso. Consequently the value of o was calculated for éach‘point of the

. curves of Fig. 10 as suggested by Eq; {9). The T*/G = V3 curves for the

-two dissimilar models following the randoﬁness corrections arevshown

in Fig. 11.
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V. DISCUSSION

The objective of this report was much less pretentious than the
development of a.complete theory for solid-solution strengthening. It
centered principally on how the effect of limited dislocation f1exibility
might qualitatively influence the dependence of the effective yield stress
at the sbsolute zero on the composition. Consequently it was permissible,
wifhout lack of generality, to neglect the modulus, electronic and all
other interactions and to consider only the volumetric strain—énergy
interactions between solute atoms aﬁd dislocatiqns that deviate at
most only slightly from edge orientation. The fact that the volumetric
interactions that wére assumed at best approximate the interaction
energy when the core of the dislocation overlaps the solute atom merely
modifies the numerieal results, but should in no way change the general
trends that were deduced.

The results shown in Fig. 11 illustrate clearly that the more
reaglistic dislocation model that considers dislocation flexibility
about stress fields gives trends that deviate seriously from those expected
on the basis of "equivalent" localized forces.

Although the two models agrée well for extremely dilute solutions
Whéré both models suggest that T*/G increases linearly /E, thé Qore
realistic model gives a less rapid increase in strength as the concentra-
tion increases to slightly higher values and finally, for yet highef
concentrations, gives a reduction in the strengthening suggesting that
an optimum.composition exists for maximum strengthening. This indeed is
the thesis that was proposed by Mott and Nabarro on internal strain-center

strengthening.
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It would prove interéstingvif the qualitative trends deduced for
the realistically"fléxiblé dislocation modél could bg cdmparéd with the
experimental data. Despite thé now exténsife-literature on solid solution
stfehgthening, howéver, very few définitive résﬁlts are available. In
fact only those few data wheré attémpts have Eeen made to identify |
dislocation mechanisms aré of scme hélp iﬁvthis réspect. EVén when such
data as thesé are.availablé théy'may ﬁot bévsuitable fof the intended
objective because many guiiliary indirect'3£rengthening factors can.and
do effect the lpw-temperature éffeéfive stress, ﬁhich'is under scrutiny
here. For example a number of réaSonably definitive experiments22-25
:on‘stréngthening by substitutional solid solution additions to f.c.,c.
'ﬁetals have. showﬁ that the dislocation iht_érsection mechanism is lafgely
respoﬁsible for théir low-températﬁré‘méchanical beha&ior. The éxisting
" data, sﬁggest that alloyiﬁg'indreases thé density of dislocations and
oftén modifiés asfwéll the stacking-fault énérgy.. Suchvindiregt effects,.
’ofvcourse;'in‘ho way deny the‘ﬁominal'vdlidiﬁy'Of the analyéés_given
~ above on dislocation fléxibility concépts; théy merély reflect that the.
experiménts were not conductéd in a way that is appropriéte to_reveal
“the effect of stress centers on Etreﬁgfh. | |

Several investigations26;?9“on impurity intefstitiél'solute atom
" -strengthening do suggest‘thét the efféctive stress-at the absolute zero
ingreases almqst linearlvaith'/g. In these cases, however, the coﬁéen—
" trations of soluté atoms were soilow that the regults could be interpretéd
to agree.with either dislocation model. Noﬁé af'the available éxperimental

- evidence in any way contradicts the general deductions based on the

flexible dislocatioﬁ model.



-20-

UCRL-18405-Rev.

Recently, T. Suzuki30 and T. Suzuki.and T. Ishii31 have approached
the experimental problem in a way that can hopefully give definitive
results on the yield stress needed to move dislocations past strain
centers arising from.solid-solution alloying. Single crystals of Cu
containing various concentrations of Ni were so produced as to have the

3 to 105/cm2. Such

extremely low concentrations of dislocations of 10
single crystals were subjécted to a étress pulse and the displacement
of the dislocations were measured by etch-pitting before and:aftér
pulsing. In the pure copper crystals most dislocations exhibited no
further displacément upon application of a second stress pulse of the
same low magnitude as the first even when the pulse duration was increased.
Wheréas at 300°K the alloy érystals exhibited a similar behavibr, at
T7°K the number of moving dislocations increased with the puise time
suggesting a thermally activated process of overcoming barriers. Below
a critical stress no multiplication of dislocations was observed; but
when the crystals were pﬁlsed near the yield stress all dislocationms
moved and extensive multiplication was obtained. As the initial dis-
location density was decreased the measured yield strength at first
.decreased and finally remained constant independent of a further reduc-
tion in dislocation density. Only such stresses which seem to refer
' to those needed to push dislocations past solute atom strain centers
" were reported.

The yield stress for each alloy wés determined over the temperature
range from 4.2 to 300°K; the general trend of T*-T curves wére observed
fo be consistent with those expected for dislocations passing strain

centers. Pure Cu exhibited only athermal behavior over the full range
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of temperatures suggésfing that the thermélly_actiVated dislocation~
intersection mechanism, ﬁhichICOntrbls the deformation of pure Cu at

low temfératurés vhen the dislocation densify is 108 or more per cm2,

is no longer controlling at thé dislocafion densities inﬁestigaﬁed by

T. Suéuki. For‘the alloys, the yiéld stress, T, as well as the éthermal

cbmponent,_T , was found to depend on the concentrétion of solute atoms.

G
The effective stress T =T=Tys however, is a measure of the component

' -neéessary to push dislocations pést»the localized strain centers of

soluté'atoms. To prévidé comparison with the theoretical deductions,
T%/G, as eXtrapolated to the abSoluté zero, was plotted as a function
of ¢ in Fig. 12, Thesé data can 5e cémﬁaréd with the theoretical curve
.for € = }02 which is néar the estimated value of € for Ni in Cu. As
~yet unpublishéd éxpériménts32 indicaté that similai trénds appear in
Mg-Zn solid solution single crystals oriéntated for:prismatic slip.

Exact.quantitative»agreement betﬁéén fhe theory presehted here and
the experimental results on solid-solution strengthening arising from
additions of Ni to Cu could scéréely be éxééétéd.“in an effort fé;
maintain an easily tracfable theory sevéral'assumptions regarding the
dislocation orientation,‘i.e.-prinéipally edge, the nature of the
stresses about solute atoms, and thé distribution of soiuté atpﬁs were
f' made; Nuﬁerbus additional and often iméortant faétors such as méduius
effects, chemical effects:efc. Weré‘neglected. It.is éignificant,
howevér; that both theory and éxperiment éré-in nominal quglitativé
agreement regarding the fact that above somé limiting concentration ofv
" solute atoms serioﬁs deviations from the commonly applied Ve law for

stfengthening are obtained. Models for solid solution strengthening
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-must therefore be based on more realistic accounting of the effects of

dislocation flexibility.
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VI. CONCLUSIONS -

_ The strengthenlng of metals due to atomlc straln centers cannot be
vproperly descrlbed in terms of the cuttlng of 51mple point obstacles by
.flex1ble‘dlslocat10ns.- It 1s‘more realistic and 1ndeed necessary to
consider in greater'detail the_strain-eﬁergy'interactioas'between the
stress fields of soltte'atoms and dileCations.' The opposing internal '
force along the d1slocat10n can be cons1derably less wvhen the latter is -
’allowed to relax to its equlllbrlum shape in the stress fields of solute
~atoms. ‘This effect becomes more pronOunced as the concentration is
vincreased As the spac1ng of solute atoms decreases the d1slocat1on line
:stralghteﬁs out somewhat and a critical concentratlon is obtalned for
:maxlmum strengthenlng This result, Vhlch is in conflict w1th,the
'Jpredlctlons of equlvaleht" localized force models;'lquualitatively
confirmed_by experimental data in which the effects of.direct solute

 atom-~dislocation interactions appear to have been successfully isolated.
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FIGURE CAPTIONS

Shear stresses on the 51ip plane due to a single solute atom.
Interaction energy between'a long segment of an edge dislo-

cation and a volumetric strain center.

Force-displacement diﬁgram due to the elastic interaction
. between a“long straight edge dislocation and the stress field
of a substitutional solute atom.

 Yield stress at 0°K for solute atom strengthening.

. * : .
The ratio of Tr for a random distribution of solute atoms to

* . " . ., . ) . . . .
Ty for a square array as a function of obstacle strength .

A square array of attractive (A) and repulsive (R) stress

' centers.

Effect of neighboring atoms on the stress c;y at x = 0 as

'a function of A/b.

- Equilibrium line shape at zero:applied stress (e = .06,

C =. » 00125)0
Periodic dislocation line shapes.

Effect of concentration of solute atoms on the yield stress.

 Yield stress at 0°K for solute atom strengthening with
 randomness correction.

 Comparison with experimental results.
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Fig. 1
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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”
includes any employee or contractor of the Commission, or employee of
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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