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THE ROLE OF DISLOCATION FLEXIBILITY
N ' IN THE
STRENGTHENING OF METALS

I, INTRODUCTION

Mott and Nabarrol“5

wére,first to illustrate the Importance of the
flexibility of dislocations in accounting for the strengthening that metals
undergé due to the.presencé of localized internal-strain cénters. Such
strain céntersvmight ariéé from a number of causes such as radiation damage,
the presence of semi-~coherent and cohéreht preéipitates and‘clusters as

- well as individually dispersed interstitial and misfit substitutional
Solutebatoms. Each‘strain centér induces equal positive and negative

shear stress fields on the slip planes of the surrounding alloy matrix. In
. order to effect plastic dgformafion therefore, the alloy must be subjected
to sufficiently high applied shear stresses to push dislocatiohs past all
'suéh résisting internal stress fields. If dislocations Wefe ideally
flexible, each blocked segment could Be pushed separately over the local
v,resisﬁing internal stress field. At this_extreme very high strengtheningé
~would be obfained. On' the other hand, if dislocations were inflexible and
moved as rigid lines, they would,be equally pushed and pulled by internal
stress fields. At fhis extreme the strengthening would be vanishingly
small. Dislocations, however, are neither ideally flexible nor infinitely
rigid...Since the line'tension of a disloéation attempts to keep the
dislocation as straight as poséible,.it is one measure of its rigidity or
flexibility. The observed stfengthening, therefore, must lie betﬁeen the

maximum value given by an ideélly»flexible dislocation and the value of

“zero given by an infinitely rigid dislocation,
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7,8

Cottrell6vand Friedel have independently presented lucid reviews

of the Mott-Nabarro dislocation flexibility concept, More recently,

howéver, some confusion inadvertently has been :'Lntroducedg""lO

of using the term "dislocation flexibility" to account for the effect of
disloéation bowing on the link,léngth.betweén adjacent obstacle centers
~ and related statistical topics. This "dislocation fléxibility” concept —
differs appréciably from that originally inténded by Mott and Nabarro
despite the somewhat incidental fact that it £00 depends partly on the
line tension of a dislocation. Friedelv’8 has présented a'steady state
deformation analysis for the problem'of cutting weak obstacles; Anvintefes_

11,12 and further

ting statistical theory 'has béen developed by Kochs
elaborated byDorn;Guyob and Stefénskyl3. Recognizing the extreme
compl;xity of this difficult statistical problem, Foreman and Makinlh made
what appears to be definitive computerized experiments which serve.to
elucidate the issues that are involved. The confusion that has been
© generated by the unfortunate use of fhe term "diélocation flexibility" for
fheée étatistical issues is now being extended to analyses of experimental
datalo. It is suggested here that the term "randomness correction’ be
-henceforth employed for these essentially geometric statisticai effects
and the term "diélocation‘fle#ibility" be resérved to refer to the issues.
originally intended by Mott and Nabarrol’s.
Although Mott, Nabarro, Cottrell, and Friedel have clearly expounded

the significance of dislocation flexibility in the strain-center

strengthening af alloys, their analyses were only semi—quantitative. This

as a result
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report will be concerned with a more detailéd analysis of.thé'problem,
in vhat transpires a correction will also békmade for randomness effects
but only~thé effécts of dislocation fléxibility will be'spécifically
éxploréd and emphasizéd.

It will be shown that for éxtrémely low concentrations of atomic

strain centers the strengthening increases with the square root of their

-concentration. For higher concentrations the strengthening rate becomes

~less rapid. At a critical concentration a maximum strength is obtained

and a decrease in the strengthening takes place as the concentration of

- solute atoms is further increased. The later trends arise principally

as a result of dislocation flexibility.
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II, ©STRESS FIELDS ON SLIP PLANES

Internal stresses are introdiced in a lattice whenever a host atom
of radius ro is replaced by‘another that has a different atomic radius.
. . L 1 ' .
According to the classical theory of linear elasticity, > the stress field

about a solute atom at the origin of a spherical coordinate system is given

by
[ To 3
Grr - - MGE_ (_~>
r
r 3
00 = 0¢¢ 2Ge r° for r > ro (1+€) (1)

where G is the shear modulus of elasticity, ro is the radius of a host

" atom, and r = ro (1+€) is the radius in situ, of the substituted atom.

As shown by Eshelby,16 this approximation assumes that the bulk modulus
of elasticity of the substituted atom is identical with that of the host
17

species. Nabarro suggested that the strain € can be deduced experi-

mentally from

e =at (da/dc) - (2)

where a is the lattice parameter and c is the atomic fraction of the solute

species.

We will consider here only the interaction of the stresses on a slip
plane in fcc 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
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that lies parallel to the X axis, In this event the dislocation motion
will depend only on the shear stresses Oiy . Upon simple tensor trans-

formation of Egq. 1.

N , ' 2
6G(”%m)- EZy x2+y2+z2 2_(%) (3)

o
2y (.2 o 2)5/2

x“+y Ttz

wheré for convéniéncé ro has been replaced by its substantial equivalent
of b/2. Unfortﬁnatély Eq. 3 bécomés somewhat lnaccurate in the region
of greatest intérést here, namely when x?+y2+z2 is small, The fact that
the deduced shear stress dzy applies only for x2+y2+z2 greater than an
atomic radius squared ié pérhaps not as éerious as thé fact that when the
core of the dislocation overlaps the volume of the substituted atom, the
linear theory of elasticity becomes seriously in error. From

a physical viewpoint it is easily judged that, where overlap takes place,
the stress fields will be somewhat less than those suggested by Eq. 3.
This issue, however, is not critical for demonstrating the effects of
dislocation flexibility on solid-solution strengthening and consequently
we might suggest that the right hand side of Eg. 3 be multiplied by the

qualitatively justifiable compensating factor

2
_B<x2+y2+z)

1-e
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Whereas in principle the congtant B might be estimated from experimental
data on binding energies, it will prove satisfactory for the present to
arbitrarily select 8 = 3, This adjustment results in a decrease in the
magnitude of the stfess fields when overlap takes place and yet reproduces
faithfully the results of Eq. 3, wheré it is yet redsonably valid.
Accordingly we suggest that s ' , \
: _ ( 2. 2 2)
-3 |x Tty +z )
- b2 '
3 o
3 GbTezy | l-e

. » -
zy b Y 5/2
. ) (;2+y2+z 2 ) ‘

wherevK. ﬁ refers to the stresses on a sliﬁ piane a distance z above
or belewvthe solute atom. |

For a solute atom at (x,y) = (0,0) on the first atomic plane. (z = b/V6)
.above the slip plane;bthe shear etress distriﬁution on the slip plane is that
ehoﬁn in Fig. 1. A positiﬁe edge dislocation lying parallel to the x axis,
would be repelled by the solute atom except for the somewhat trivial
condition when the dislocation’ is at y = 0, It is significant that the
- important region, where the absolute value of the stresses are great, is
highly locaiized in the near vicinity say over about an area of 1Ob2
areund the atom center. Fer e solute atom lying on thevfirst atomic plane
below’ the slip plane (z = :b//g) the signs.given in Fig, 1 are reversed,
In this.case a straight qué dislocation would be so attracted es te 1ie
elong tﬁe X-axis at y = 0, The interaction energy between an infinitely

long straight edge dislocation and.the stress field of a solute atom is

-

)
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for the case where the datum of energy equals zero is taken at.y~$.—w.

given by

Introducing the éxpréssionvgiven in Eq;‘h for Gzy‘and integrating-givés
thé résults shown in Fig. 2. As shown fhe highest interaction ehérgies
arise from solute atoms on planés nearest the slip plané; i;e. z = tb/V6 .
it was noted that thé interaction integral of Eq. 5 gavé almost the same
results when it waé integratédvover x. from -5b to +5b in lieu of from
-10b to ¥10b.- This émphasizes the highly localized naturé of dislocation
solute atom interactions. |

A forbe, F, actingvén a long straight edge dislocation will hold
it in équiiibrium with a solute atom when F + Fi = O where Fi is the force’
arising from the internal interaction with a solute atom stress field.

Consequently

This fdrce-diSplacemeht diagram is shown in Fig. 3 for the case where Z

is positive. For soiute atoms lying belbw the'slip plane the curve of
Fig. 3 is merely reflected across thely = 0 axis, According to this
soméwhat naive approaéhﬁthen§ the maximum force, Fm, to move a diSlocation
‘past tﬁe stréss field of a solute gtom is the same regérdiess of whether

the stress field is attractive or repulsive. The maximum force, F to

2m,

‘move a dislocation past a solute atom on the second nearest atomic plane
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-t ETE?Ame and is therefore a small

to the slip plane”is»given'by~F2m
fraction of the force needed to move dislocations past atoms on the

nearest planes.

<



]

L)

UCRL-18405

III, YIELD STRENGTHS UNDER CONDITIONS LEADING TO HIGH DISLOCATION
FLEXIBILITY :

{ .

In this section Mebwill estimate the yield strengths at the

absolute zero for substitutional binary alloys assuming that the strengthening

arises exclusively from the stress fields induced by substitutional solid-

solution alloying, further assuming that the dislocations can behave as
if théy were ideally flexible. The concepts to be invoked here are
substantially those previously presented by Fleischer9. The details,

however, have 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 diélocation flgxibility..

| 'Sdlute atoﬁs will first be‘Viewéd as forming a square array of
strain centers. Neglectihg all plaﬁeé moré distant than the two atomic
planés nearest the slib plane, demands that the édge of thé array,k, is

given in terms of'thé atomic fraction of solute that isvpresent, ¢ . by
2c = b°/A° | ()

The results for the random cése will be dedﬁced by appiying the Foreman
and Makinlu correction to the square array.

| | Since the diélocétions.aré assuﬁéd’to be highiy flexible each
dislocétion segment A can be considered to be separately pushed past the -
resisting étress field of the solute atoms, .Thgs,‘the yiéld stréss, T*;

at the absolute zero is given by

b2 2
™*Ab = T¢— = F_ = 1.17 Cbe o - (8)

57-2—(-: m
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where the subscript & refers to the fact that a square array of strain

centers was assumed, This analysis, however, must be limjited to values

df A-greater than about 5b. where the strain fields of adjacent solute atoms do

not overlap. The deduced variations of T:[G as a function of fc for
" several values df € are shown by curves markéd s in Fig. 4.

To obtain thé'yiéld-stress for casés wheré the -solute atoms aré
distributed more or less at random, we apply thé data of Foreman and Makinlh

as given in Fig. 5., The strength of the stress field is defined by in terms

bf the edge dislocation line energy of about 3Gb2/h according to
) ] -
Tsxb = 300 Gb" /4

Comparisoh with Eq. 8 reveals that for substitutional solid solution
alioying ax 1.56¢. Applying.the randomness correction to the data gives
-the brOkenvcﬁrVés of Fig. 4 marked R.

These calculations suggest thaﬁ the yield stress at the absolute zero
" increases linearly with the vc.
‘Up to the preseht the effects of atoms on second nearest atomic
.planes to the slip piane have been neglected. We therefore_deﬁonstrate,
hefe, that in large meésure, so long as the atoms do not cluster, this
_neglect is permissiblé.' Conéidering a square afray of:atoﬁs on the four
nearest planes, suggest that lc = b?/hi. ..The force needed to cause the
dislocations to surmount the weaker stress fields of solﬁté atoﬁs.on the

second nearest atomic planes to the slip plane is given by

. ’
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* Be - 2
: = T% =
Tsukh b Iah ST O.QO_Gp 3

Tol/t E_i,(j?) = 1/k : - | (10)

§ 1,17 /27

whence

This ratio is further decfeased when the randomness correction is applied.

9

Thus, as originally suggestéd by Fleischer,’ thevstféss fiélds of‘misfit
vsblute atoms résiding on the 'second nearést planes to fhé slip plane are

so small that the‘dislocgtions will be pushéd past them at less than 1/Y4 of
the étress néedéd to cause them.to pass the stréss fields of atoms on the
planés immediatély adjacent'to the slip planes. It is necéssary, however,
fo poiht out that although the behavior éf solid solutions at'thé absolute
Zero of‘témééréture is not:éensitive to stress fields of moré distant

atoms than #hose in the immediafe Vicinity of the slip plané, 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 strengthéning that'was_présentéd.in

Section IIIvﬁas based on the assumption that dislocations Behaﬁe in an
' idéally flekiblé manner insofar as each segment of a dislocation was assuméd
to be éblé to pass the stress field arising from thé présence of éach néarby»
solute atom indépendéntly of adjacént ségments. Dué to tneir line
ténsion, howéver, dislocations are not idealiy fléxiblé in tnis sénsé._COH-
sequentLyaﬂjideductidns,_e.g..such as thnée presented in Fig. 4, based on
the assumption of ideal dislocation flexibility must be greeted with some
_suspicion és to‘théir validity. |

InfthisvseCtion-we présent a more realistic model for solid-solution
strengthening in Which thevquestibnable aéSumptidn of ideallyvflexible’
‘dislocation behavior will not .be invoked. It will be demonstrated that
.the assumption of an ideally flexible dislocation ié not too unreasonable
for extremeiy dilute solutions.. As the concentration incréases however
the aésumption of ideal dislocation flexibility leads to serilous errors.
Whereas the assumption of ideal dislocation flexibility suggésts that the
‘strength of alloys continues to increase with vc as the concentration, c,
éxceeds:some critical value, in shnrp contraét the more'réaliétic mndél,_as
night b? énpected_ffom phjsical cpnsideratidns,\suggests,a éomplétely
differént trend of a decrease in the atrengthening with.additidnal increasés

in solute-~atom concentration,
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In order'to permit an unbiased evaluation of the role_of dislocation
flexibility,on solida-s_olutionstrenétheningP we attempt to hold all
remaining'assumptionsithe same as those adopted for the ideally flexible
dislocation model that was disoussed in Section I1T, Therefore the stress
centers arising from thezsolutevatoms adjacent to the slip plane are placed
on a souare arrav<as shown in Fig;'6. 'The value.of A, given by Eq. T, also
remains the same as that employed in the ideally-fleiible model. Since |
A and R of Fig. 6 refer to eqnal attractive and repulsive strain centers it
is 1mmed1ately apparent that a completely rlgld edge dislocation could be
moved through the stress fields of the solute atoms by an 1nf1n1tely low
applled stress. The more realistic strengthening behavior that we now seek
must lie between the values of rero for an infinitely rigid dislocatlon
) and the results given in Fig. 4 for an ideally flexible dislocation.

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 [ . _3 .\ % 2]
- 1o o2 U7 U7 75

.3 .3 (yfyl),zi,_.l—e b A_
o =3 Gb'e ‘ - —
zy. b R 5/2
i N\ XX 2 +{ y=v. 2 + z
‘ - , ; (11)
where 1 refers to the lth.StreSS center, and Zy = +b//6 The stress

fields about solute atoms dre so localized that only a feW"atoms in the

range -6\ E-Xi < 62 and -6A< y <6 need be considered in the summation of. Eq 11.
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It might'bé.argued ‘with considerable yalidity that the stress, fields.
afisihg frém néarvatoms on the second.nearest atomic planés prdducé a

much gréater modification of the shéar stréss than thevsoluté atoms dn
ﬁhe'nearest étomic planes that aré‘moré.distant ffom the origin of thé
sélected coordinate system. Such_Stressés; hgwévér; weré not included

here since we wished to preserve the basis of comparison with the results

of Séction IIT where the efféct of solute atOmszoﬁ second néarest planes

:vwas ne;léctéd. Thévsmall differences in the local stfésses near_éolute

atoms aue to neighboring’sqlute atoms is shown in Fig. 7 whére‘oé&/Ge is

plbtted-as a function of y/bbfor.the cut at x:O, Sinéé, as shown in Fig. 7,

only sma1l{changes\occur in® the local stress field as a function of

concéﬁtration:of solufe'atqms, any differeﬁce between the deductions on

. ! ’ 2

.solute}atoﬁ strengthening'obtained here and that presented in Section IIT

must béhaséribed aimqst exclusively to the effect of dislocation flexibility.-
It is nowbourvobjective tb ascertain thé equilibriﬁm shape of an edge

- dislocation having a Burgers vector b where the alloy is subjected to -a

‘resolved shear stress T:. Obviously the symmetry of internal stresses

6% demands that for stable configurations, the dislocation line y = yix}

will.be pefiodic in x with a period of 2A. Thus in genérél, the enérgy of -

8

a dislocation line will (vide Dorn and Rajnak™ ) be

= + VA o7 bdy — Téby § 1o
P< Uo It 5% 1 pyPW - T¥by { dx (12)
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Uwhere Up 1s; the energy of a stra;ght dlslocatlon segment of 1ength,2k lylng
_parallel to the x~ax1s at y Q and I'= 3/th is the llne energy per unlt
'length The flrst term ln the 1ntegrand glves the 1ncrease in the llne'
: energy of the dlsplaced dlulocatlon and the second and thlrd terms prOVlde _"
the work done by the lnternal and’applled stresses.' |
Although several 31mp11fy1ng assumptlons.were made 1n arr1v1ng Eq 12
vthey are known not to- be too critical. The changes in line energy'wlth-
dlslocatlon slope as 1t veers from”pure edge to‘pertly screw orlentatlon |
canvbe shown to be small ;n thlsrexample.. The 1nteract10n between segmentsve
offthevnow.cdrvedbdiSlbcstionbline‘yas negiected. Becent conputer anslyses
.g:by'Foreménl9,Thoyeyer, heyetshobhythat snehyseoond_oroer‘effeetsvarersmall,

' particularly in the case of'weakiobstaclesvsnch as ‘are being considered

© . . here.

Whereas Eq 12 applles to any shape of dlslocatlon y = y'{x} the
equlllbrlum shape, of 1nterest here, can be obtalned by applylng the

=calculus of varlatlons to m1n1m1ze U Euler s equatlon thus obtalned glves

: ax B

where p‘=:dy/dX.__Consequentiy“thevdifferentieljeQuation fornthe'eqnilibrinm

“line -is

(14).
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For convenience of computation Eq. 14 was placed in dimensionless
form by letting x' = x/A and y' = y/A. Upon introducing Eq. (T), the

required relationship is given by

‘_,..-dZy,/dX|2 o _ —-2—‘/-‘2-—5-
gl + (dy'/ax':)zF/Z o3 G (15)

where zi = iﬂJéb}fé

The integration of Eq. (15) will now be discussed in general terms.
It contains three parameters T:/vb G, ec, and ¢ which in any case are
fixed constants. A point (o,yo') was arbitrarily selected to start the
calculation. Due to symmetry (dy'/dx') = 0 at (O, yo'). The value of
d%y'/ax'? at thi; point was deduced from Eq. (15). An adjacent point on

the dislocation line at xo' + Ax' was then determined from

J— dy'! 1 a2y 2
(y')xé + Ax? yo + vd_x' Ax' + (aﬁtx' (AX') (16)
N x!
(e}

and

(%—) =k§—) +(%;ilz) o an
‘xé + Ax! x! xé
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where Ax' was selected to be.the small interval 0,001, . This procedure

was cohtihued to the point x! = 0,003 following which the calculation

‘was continued to x! = At by»the'AdamszO technique, To satisfy the

symmetry conditions, an accéptaﬁlé Solﬁtion must résult'in (dyt/axt) =0
at x' = 1 as well as x' = 0;_‘Conséquéntly‘a sérié5“§f values of yo"at x! =:;
were employed until thé desiréd curve yt o= &‘ (x") having zéro slopes at
x' =1 andvnowhere élsé was obtaiﬁéd. A chéék'ﬁsiné Eq. 12 illustrated that
this was the minimum enérgy curVé-for thé séléctéd conditions,

In order to obtain the Yiéld stréss at ﬁhé absolute zero, the pafameter
_T://E qfvas increaééd to.a series of new Valués; retainiﬁg €c and ¢ constant.

As the yield stress was approached the line shape changed sensitively to the

-values of T://E'G. If the selected value of i:/VE-G, however, exceeded the

yield strength, dy'/dx' differed from zero at x' = 1 for all possible values

~0of yo'. In this way the yield strength could be approximated as closely as

desired. An attempt was made to carry out the célculations en 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 configurations were

obtained. The equilibrium dislocation line never zig-zagged away from
attractive stresé'centers/alongby|=o and toward attractive centers near y'=l.

Two somewhat different conditions for,breakaway of the dislocation were

_obtained as illustrated schematically by the example presented in Fig. 9.

The stress nécessary to break the dislocation away from configuration (a)

ﬁas‘less than that required for breakaway from (b). This is understandable
since the internal stress field at the repulsive stress center in (a) cooperates

with the applied stress in.pulling the dislocation away from the attractive
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vst?esé{céntérs whereas in (b) thé;applied aﬁd internal stresses from the
atfréctive Strésg centers oppose éaéh;othér, The variation of T§/G as a :
.function_of concentraﬁion ofvaolute,atoms~whén uncorfectéd for randdmness
is given in Fig, 10, 'The’yield stress givén‘bynthe solid 1inés refers
to bréakawayvfrom tﬁé strohgér céﬂfiguration‘(B). The significantly lower
breakaﬁay-stréss for configuration (a) is alsb showh fbf'tﬁé case of sqlute-
atomic straips.of't’= 0.06. On thé-sémévgraph,éré'feéofded.thé correépbhding
results, also without corréction;.for thé fandomnéss éfféct, tﬁaﬁ,were
obtained when thérassumption of idéal-flexibility.wasimade. |
ﬁéxhave aiready déscribed»how thé réndomnéés corfectibn can be'épplied
‘.to.thehideally flexiblé'dislocétion. It is ﬁdﬁvyét ciear,.hOWevér,.as to .
“what this correction should beAfor thé mbre realistic model. This arises
becausévthe aislocation can no longér be visualizéa‘as.béing heldvup at
~highlyxloca;ized points, but rather that it Bénds moré gradually about
‘somewhat morevclosely spacéq internal stress fields. ~This makes.thelobstacles
appear to be less effiéient in resisting_the motion of the dislocation; Qn
1 the Cther hénd, some randomness correction need be applied to'the mofe
realistic model now beingFCOhsidered; - Since it is.expected that_theVdesired
1 qorrecpion cannot differ grgatly‘from that given by Eorman:andeakin}hg |
7we‘sugéé§f that their cofréction;be tentétivéiy adoptedvhgfé also;v‘Consequenﬁly
 the valﬁé_of(i‘was Calcﬁlated for eaéh,point of the éﬁryea of Fig. 10 as
suggested by Eq, 9, The T%/G - Y curves for the-fwo dissimila? models(

:Lfollbwiﬁg the randomness corrections are shown in Fig, 11,
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Y. DISCUSSION

Thé ijective of tﬁis report was much léss pertentious than the
'developmeﬁt of a completé theory for solid-solution strengthening. It
centéred principally on how the efféct of limitéd dislocation flexibility
might qualitatively influence thé depéndence of thé effective yiéld stress
at thé absoluté zZero on thé composition. Consequéﬁtly~it was permissible,
without lack of genérality, to neglect the modulus, électronic and all
other interactions and to considér only the volumetric strain-energy
interactions between soluté atoms and dislocations that deviate at

most only slightly from edge orientation. The fact that the volumetric
interactions £hat were assumed at best agpproximate the interaction

energy when the core of the dislocation overlaps the solute atom mefely
modifies the ﬁumerical results, but in no way changes that general trends
that were deduced.

-The results shown in Fig. 11 illustrate clearly that the more
realistic dislocation model that considers limited dislocation flexibility
gives trends that deviaté seriously frombthose expected on the basis of an
ideally flexible dislbéation moael.

Although the two models agree well for extremely diluté solutioﬁs
where both models suggest that T*/G inéreases linearly /Ej the more
realistic model gives a>l¢ss faéid increase in strength as the concentration
bincreases to slightly highér values ang finally, for yet higher concen~

trations, gives a reduction in the strengthening sueggesting that an optimum

wila
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compositionkexists.for maximum strengthening, This indeed is .the thesis

- that was,proposea by-Moft and Nabarre on internal. strain-center strengthening.
It would prdve interestiﬁg if the qﬁalitative trends deduced for the
»reaiistically flekible dislocation model éoﬁld Ee compared Withvthe experi—
mental data. Deépite the now ertensiVe literature on solid solution
strengthening; however;'very feW’definitive results are available. vIn fact
- only those few data Where attempts have been made to identifyedislocation
‘mechanieps are of>some help in this respect;- Even when such data asvthese
are ayeilable they mayenot be suitable for the intended objective because

" many aﬁriliary'ihdirect strengtheniﬁg factors cen and do effect thellow-
tehperature.effective stresé, which is under scrutiny ﬁere.' For example

a number of reasonably definitive experimentszl’2u'

on strengthening by
substitﬁtional solid solution‘additions to fcc‘metals have shown that the
dislocatidn intersection mechanism is largely responsible for their low-
temperature mechanical behavior. The existing‘data suggest that allo&ing
increases the density bf disloeations and ofteh modifies es well the -
staeking—fault energy. Such indirect effects, of course, in no way deny.
~£he nominal validity of the analyses given above on dislocation flexibility
conceﬁis; they merely reflect that the experiments were not conducted in

a waylthat.is appropriate to reveal the effeet'of strain centers on
strength.

25, 28 on impurity Interstitial solute atom

Several investigations
strengthening do suggest that the effective stress at the absolute zero

increases almost linearly with V/c. In these cases, However, the concen-

trations of solute atoms were so low that the results could be interpreted
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‘to agree with either the ideally flexible and realistically flexible

dislocation model, None of the ayailable experimental eyidence in any

way contradicts the general deductions based on the flexible dislocation
' !
model.

' - e e ..30
<~ 'Recently, T, Suzﬁki.gg'and.T, Suzukl and T, Ish113 have approached

the experimental problem in a way tﬁét can Hopefully give definitive results

on the yield'stfeSS 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 extremely low

3

concentrations of dislocations. of 10~ to 105/0m2. Such single crystals

were subjecfed to a stress pulsés and the displacement of the dislocations

were measured by etch—pitting-before and after pulsing. In the pure copper

crys£als most dislocations exhibited no fufther displacément upoh application.
of a second stress pulsé of the same lbw_magnitude as thevfirst even when
the pulse duratién was increased;.Whereas at 300°K the alloy crystais
exhibited a similar behavibr,_at TT°K the number of moving'dislocations
increased with the pulSe'time'suggesting-a thermally activatea:process of

overcoming barriers. Below a critical stress no multiplication of

~ dislocations was observed; but when the crystals were pulsed;near;thé,¢'

”yieldAsfress all dislocations moved and_extensive.multiplication was

obtained, As the initial dislocation density was decreased the measured

"yield strength at first decreased and finally remained constant independént

of a further reduction in dislocation density.  Only such stresses which

‘.Séem to refer to those needéd to push:dislocations past solute atom strain

centers were reported,

£
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The yield stréss for ea?h.allqy was detérmined over the temperature
range from Le2 to 300°K; thelgeneral trena of T¥=T curvés"wére observed to
" be éohéiétent with»tﬁosé expected for dislocations passing localized strain
cénters; Pure Cu exhibited only athermal behavior‘ovér the full range of
: tempeféturés suggésting'that thé'thermally‘activatéd dislocation-intersection
vméchaﬂism,~whichAcoﬁtrols thé deformation of pure Cu atvlow temperatures
- 'when thé dislocation density is 108 or more pér‘cmz, is no longer.confrolling
" at the dislocation densities invesﬁigated by‘T. Suzuki. For tﬁe alloyé,-the

yield stress, T, as well as the athermal component, T was found to depend

o

on the concentration of solute atoms. The effective stress T¥=T-T,, however,

G?
" is a measure of the component necessary to push diélbcations past the localized
i
‘stréiq centers of solute atoms. To provide comparison with the theoretical
deductipns; T*/G, as éxtrapolated to the absolute'zero, was plotted as a
fuhctiéh of ¢ in Fig. 12. These aata can be.compared with the theoretical
cufve.fér €=.02 which is near the estimated value of € for Ni in Cu.
Exéét qpantitative agreement bétweén the theorympresented heﬁe‘and the

’fxexperimental results on solid~solution strengthening arising from additions of

Ni to Cu couid scarecely be expected. In an effort to maintain an eaéily»

tractable theory several assumptions regarding the dislocation orientation, i.e.

.principally edge, and the nature of the localized stresses about solute atoms
were made.@ Numerous additional and often important factors such as modulus
effecté; chemical effects etc. were neglected. It is significant, ho#éver;

that bqfﬁ'theory and experiment are in nominal qualitative agreemeht regarding

tlhie fact that above some limiting concentration of solute atoms serious deviations

from tﬂe‘commonly applied Vo law for strengthening are obtained. Models for

vsolid sélution_strengthening must therefore be based on more realistic accdﬁnting

"of the effects of dislocation flexibility.
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CONCLUSIONS

The strengthening of metals due to atomic strain centers cannot be

properly described in terms of the cutting of simple point obstacles by

ideally flexible diélocatibns. It is more realistic and indeed necessary

to consider in greater detail the strain-energy interactions between solute

1
i .

atoms and dislocations having limited flexibility.; The opposing'internal
K ! o
stress along the dislocation can be considerably less when the latter is
allowed to relax to its equilibrium shape.
| .

As the spacing of solute atoms decreases the dislocation line straightens

out rapidly and therefore a critical concentration exists for maximum

" strengthening. This result, which is in conflict with the predictions of

ideally flexible dislocation models, is'qualitatively confirmed by experimental

data in which the effects of direct solute atom-dislocation interactions appear

‘to have-been 'successfully isolated.
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