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SOLUTE ATOM LOCKING OF DISLOCATIONS 

Loren Arthur Jacobson 

Inorganic Materials Researc~ Division? Lawrence Radiation Laboratory ~ 
and Department of Mineral Teclinology~ College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

June, 1968 

Elastic strain interactions between solute atoms and edge dislocations 

result in atmospheres about the dislocation which differ in concentration 

from the average solute content. The atmosphere about a dislocation is formed 

by equilibration at high temperatures~ where diffusion can take place. The 

atmosphere is immobile at low temperatures, therefore the dislocation is locked. 

Employing the above model, the stress re~uired to free the dislocation in the 

absence of thermal activation is calculated for different average solute 

concentrations and equilibration temperatures. A model for the thermally 

activated escape of the dislocation is proposed, and the stress dependence 

of the activation energy is compared with other theoretical predictions. 

The interaction model is simple, and deals with but one of several possible 

interactions between solute atoms and dislocations. The use of numerical 

methods has permitted the consideration of several important factors in greater 

detail than heretofore investigated. The predicted variation in the athermal 

breakaway stress with the temperature of eq,uilibration for con$tant average 

concentration has not been previous17teqted. An experiment involving the break-

away of a low-angle tilt boundary is proposed to illuminate this point; the 

breakaway of an edge dislocation array is predicted to occur athermally. 

Ii 
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I. INTRODUCTION 

The interaction betw;een solute atoms and dislocations has been one 

of the most widely explored subjects in the field of materials science. 

Consequently, an extensive body of literature exists, covering not only 
, 

the interaction, but the many Observed phenomena thought to be associated 

with the influence of solute atoms on the mobility of dislocations. 

The need for more accurate formulations of various aspects of this 

subject clearly exists, evinced by the yet moot point regarding the 

conditions under which the escape of locked dislocations can be thermally 

activated. It is the objective of the present work to treat, by a some-

what different analytical approach than has theretofore been applied to 

this problem, the formation of stationary solute atom atmospheres about 

an edge ~islocation, the stress required to free the dislocation from the 

atmosphere in the absence of thermal activation, and a model for the 

thermally assisted escape of the dislocation. Both isolated dislocations 

and dislocations in low-angle tilt boundaries will be considered. 

The analytical approach will be presented, and the assumptions and 

limitations will be discussed. The model will be compared with others 

that have been proposed, and the various predictions will be discussed 

iri the light of available information • 

•• 

'. 
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II. INTERACTIONS BETWEEN SOLUTE ATOMS AND AN EDGE DISLOCATION 

The interaction between solute atoms and an edge di,s'location will 

be assumed to result soleI¥, from the lattice strain produced by a solute 

atom of different radius from the host atom. The outsi,ze solute atom is 

assumed to produce a sphericall~ symmetric distortion in the lattice, which 

will interact only with the hydrostatic component of the dislocation stress 

field, within the assumptions of first order linear elastic theory. The 

expression for the energy of interaction of a substitutional solute atom 

at a position (x, y) with respect' to an edge dislocation located at the 

.. . 1,2 orlgln, lS: 

y , 
2 2 x + y 

(1) 

r o is the radius of a solvent atom, E is the strain defined as r-ro, where --' 
rO' 

r is the radius of the substitutional solute atom, where G is the shear 

modulus of elasticity, and b is the Burgers vector of the dislocation. The 

compressib~li ties of the host and substitut0 atoms are assumed to be equal, 

thus hegiecting the type of, elastic interaction proposedbY'Fleischer. 3 

In all previous theories the dislocation core was assumed to have a 

radius of about one Burgers vector, and because linear elasticity does not 

apply within the core, Eq. (1) is not correct within this region. The usual 

practice is to leave this region out of the analysis. However, this is the 

, 4 
region of the crystal in which strongest interactions can occur. Cottrell 

has proposed a modified ;form of the ela~tic interaction which approximately 

corrects for deviations from linearity in the core region, and which becomes 

" 
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imperceptibly' different :from Eq., (1 t fit diqtance:;:t greater tha,n one Burgers 

vector from the dislocation. This modification i q of the. fo:rm: 

U
I 

::: 4Gr~E:B (2 ) 
2 2 

x + y. + a 

where "a" is an adjustable parameter, related by Cottrell to the dislocation 

width. Apart from consideration Of the physical meaning of "a" . , a value 

may be chosen which is consistent with experimental results for the binding 

energy of solute atoms to dislocations. 

There is no straightforward method by which the elastic energy of 

interaction may be uniquely determined, apart from other types of inter-

action.which may be important, notably those resulting frominodulus~ chemical, and 

electrical differences between the solute and the host atoms. If the 

position of closest approach, and consequently tightest binding, of a 

solute atom to a dislocation is x ::: 0.408b· ( the value of y is half of 

the interplanar spacing of {ill} planes in face centered cubic crystals), 

a value for a of 0.07
2 

gives a binding energy consistent with a recent 

experimental determination,5 after deduction of the estimated chemical and 

electrical interaction energy. This value of a will be used throughout 

the treatment which follows. The advantages of employing an energy expression 

which is finite within the core are clear, and the use of a numerical value 

for the correction factor seems no more arbitrary than the practice of 

eliminating the core region of the dislocation from the analysis. 
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The force required to separate a dislocation from a single solute 

atom located at the most strongly bound position is the negative of the 

attractive binding force; 

F =; oU =; .". 4Gr;E:b ox 
2;xy 

where x is the slip direction and ex, z ) is the slip plane. If x and y 

are converte'd to Burgers vector units, and ro is taken to be b/2, Eqs. (2) 

and (3) reduce to a more compact form: 

and 

= Gb 3 E: ___ y"--__ _ 
-2- x2 + y2 + .07 

2 

F - - Gb E: _~~xy~------
Cx2 + y2 + .07)2 

(4) 

Figure 1 compares the results obtained using both the corrected and 

uncorrected forms of the force and energy vs. displacement relations. The 

dashed curves are those for the uncorrected expressions. The force maximum 

is lowered by a factor somewhat less than 2, in agreement with a correction 

suggested by Fleischer and Hibbard. 6 

At a sufficiently high temperature, T , where diffusion can readily 
a 

occur, the solute atoms in an ideal solution become distributed about the 

dislocation according to the equilibrium relation;7,8 

C ;::: 
, "-uI/k't a 

Co e (6) 
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Fig. 1 Corrected and uncorrected (dashed lines) force and 

energy vs. displacement relations for a single ';o~.ute 

atom interacting with a straight edge dislocation. 
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where Co is the a.verage atomic fraction of solute atoIllq in the alloy, and 

C is the atomic fraction at the I?osition x~r at which- the interaction 'energy 

Ui is determined, and k l'S the Boltzmann fa.ctor; If the alloy is q,uenched 

rapidlY' enough to prevent suliseq,uent diffusioil., tIie di'S'tri15ution of solute 

atoms given by Eq,. (6) will lie retained, and wUl become immobilized. T ' a 

is therefore the tempe~ature at which the atmosphere is in equiThibrium with 
, ' 

the dislocation. Inserting reasonable values for the quantities in the 

exponential which do not depend on the position of the solute atom permits 

calculation of tIie solute concentration at any point ex, y} with respect to 

the dislocation line. TIie value of Gb 3 S/2kT can range from values less 
a 

than 1.0 for very high equilibration temperatures or low £ values (corre-

sponding to a,dilute atmosphere) to values greater than 4.0 for the 

opposite conditi~ns (a concentrated atmosphere). Figure 2 compares the 

concentration, C, at the most tightly bound position with Co--for values 

of Gb 3s/2kT from 0.0 (no dislocation) to 4.0. 
a 

The following model is employed to compute the force per unit length 

of the dislocation which results from the displacement of the dislocation 

to a position x' with respect to the stationary atmospher€. The concentration 

at any point (x,y) is determined from Eq. (6), and this concentration is 

assumed to be the average over a unit length of dislocation. The force will 

therefore be: 

where F is the force due to a single at om located at ex, y 1, C 10, is the 
s 

volume concentration of solute atoms at ex, yJ, 0, is the atomic volume, 



2: 
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Fig. 2 Concentration at the core of an edge dislocation vs. 
Co, the average concentration for different values 
of Gb 3 E/2kTa (dimensionless equilibration temperature). 
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and dV is'the elemental volume per unit length oYe,r -w:hich.._the solute atoms 

are distributed. Follow.i}:lg the suggestion of Suzuki9- that the concent~ation 

must be constant over distances shorter than Qne Burgers vector, Eq. (7) is 
'< - ' 

not integrated over the volume of the crystal, but is summed over represena-
\ I 

tive atom positions separated T5y a Burgers vector in the x direction and by 

o . 816 b in the y- direction. The volume dV is bOo"l cm3 • If a stres s, T, 

is the resolved shear stress on the slip plane in the direction of the 

Burgers vector, the force per unit length on the dislocation due to this 

applied stress is, F = Tb. The equilibrium between, the displaced dislocation 

and its atmosphere results when the two forces are equal and opposite. Thus, 

for ro = b/2; 

Tb = G~4ELE 
(x-x ')y 

x y 

(8) 
Beyond 20b from the origin the forces are several orders of magnitude:lower. 

than the maximum force; this distance was therefore employed as the maximum 

extent bf::summation'~ Figur~s 3a and 3bpresent examples of the results 

obtained from Eq. (8). The solid line in each case represents the total 

force due to the atmosphere. The dashed curves represent the relative 

contribution to the total of solute atoms in the core only ,and the rest 

of the atmosphere. The core atom contribution closely- approximates the 

total force for all force values greater than about Tob!3, where Tob is the 

maximum force. The treatment which follows, therefore, will employ the 

approximation that the atoms fn the core represent adequately the total 
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Fig. 3a Force-displacement relation for Co = 0.001 and two 

equilibration temperatures. The relative contribution 

of the core and the atmosphere are shown. 
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atmosphere interaction for force~ g;r;ea,te;r than. Tohf3, 

In considering only the solute atom~ in the dislocat:l.oti core ~ the 

concept of an atmosphere is not totallY' abandoned, for the concentration 

of solute at oms- is assumed to De spread ov;er the length of the dislocation , 
II + 

in 'the z direction," and the position of tightest' binding, x = 0, y = -.408 b, 
, I 

is an average position which might be occupied by, a solute atom. 

The quantity Tn/Gb 3e:, 'which- reduces to':r/I2Ge:, for the face centered 

cubic crystal structure, is a dimensionless quantity determined by the 

stress. The dimensionless annealing temperature is Go 3e:/2kT . 
a 

Figure 4 

presents the variation of the stress maximum, To/Y2GEt with average alloy 

concentration for different equilibration temperatures, represented by the 

quantity Gb 3E/2kT. The displacement of the dislocation which corresponds 
a 

to To is found to be 0.281 b for all conditions in which only the core 

solute atoms are considered, and to vary between 0.277 band 0.281 b if 

the entire solute atmosphere out to 20 b is used to calculate the force-

displacement diagram. 
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III. THERMALLY ACTIVATED EELEASE OF A DISLOCATION 

The calculation of the energy which is req:uired to release a dislocation 

from its atmosphere by means of a thermal fluctuation is facilitated by 
Iii 

employing the analytical expression: 
! 

T 

To 

2n . l n 
ex I /X6 F + 2n - 1 \ 

in which the value of n is chosen to give the best fit to the results 

obtained from Eq. (8). The form of Eq. (9) is consistent with the expression 

for TfTo obtained by differentiation of Eq. (1), and the value of n is 2.0, 

for the uncorrected expression of elastic energy. If only the core at·mosphere 
I 

is used to calculate the force-displacement diagram, a good fit to the results 

for all average concentrations and annealing temperatures is obtained with 

the single n value of 2.001. The validity ofEq. (9) is established in Fig.5; 

the solid line results from Eq. (9) and the points are obtained from Eq. (8). 

The energy per unit length of a dislocation which is displaced as a straight 

line from the origin to a position Xl under an applied stress, T, is obtained 

directly by integration of Eq. (9). 

The result is: 

Xl 

:::; (2n}n 

(10) 
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I;f T is less than To, the dislocation -w;ill be dis:placed to an 

equilibrium position? xi/x6'as shown in Fig, 6 by the lille ABC. From 

I I 
,this position the dislocation will b.e able to escape from the atmosphere 

on;t.y with the' assistance ,of a tliermal fluctuation. The fluctua;tion must 
I ! 

ha.y.e sufficient energy to bow t~ dislocation' to AB IC, exceeding'l the saddle 
• I " I 

. Ii 

point energy configkati6~. It will be shown that. the magnitude of the 

required energy is obtained from the following experession: 

U 
n 

I 

where r is the self energy., or line tension, uh'/xJ} is the atmosphere 

( 11) 

interaction energy given by Eq. (10), and Tbix'/xJ - xi/xJ} is the work done 

by the applied stress. The increase in line energy of the bowed dislocation 

is given by the first quantity. The second quantity is the difference in 

interaction energy with the atmosphere, consistent with the assumption that 

only th~ edge component of the dislocation interacts. 

If the release of a very long dislocation segment is assumed to result 

from the nucleation of escape at a single point, z • 0, the boundary condi-

tions are: 

~ = ~i and d(X~(X~) ;:: 0 at z = too 
Xd' X6 .,....., . dz 

and: 

x! xt-
and ~(x t/xJ) 0 0 = 2 = at z = 

xci XI dz 
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Fig. 6 Dislocation break-aw-ay model. 
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The quantities x~ ~ xi) a.hd x2 are defined as; follo'\{:;l i x6 is the 

position at which the dislocation exl?eriences, the maximUlll. force due to 

the atmosphere, xi is the position of the dislocation at which the applied 

force is equal to the atmosphere 
I' 

dislocation must be 90wed out by 

force, and x2 is the distance to .,which the 
. I! i 

a thermal fluctuation for escape to occur. 
I 

t 

All:distances are made non-dimensional through division by x6 for ease of 

numerical computation. 

The shape of the dislocation of lowest (saddle point) energy, which 

satisfies these boundary conditions, can be obtained from the minimization 

of the integral of Eq. (11). Euler's condition for the determination of the 

minimum value of an integral in which the integrand is a function of 

x'/x6 and d(x'/x~)/dz is: 10 

a(x' /X6) 
d 

dz = 0 

where I is the integrand of Eq. (11). This reduces to: 

au{~: } 
9 0 

~) 
Tb ....... f 

a ex ~/X6) ~1+ eCic'Nl 
dz 

c: 

(12) 

(13) 

= 0 
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The integration or E~, l13L with.res~ect tOX~(X6 gives; 

T 

fb , '(xXo:) - = K (14) 

and the constant of integration, K, obtained from the boundary conditions, 

is: 

K = 

The substitution of Eq. (15) into Eq. (14) gives, for the slope of the 

dislocation line" d(x' /x~ /dz: 

2 

= 
r 

-1 
(16) 

dz 

The critical value, x2/x~. at z = 0 may be calculated by equating the above 

slope to zero as required by the boundary condition. The resulting equation 

is: 

(

X t 

Tb 2-
xt 

o 

For all displacements at z = 0 greater than x2lx~,the quantity 

I' 

• 



... 

'. I' 

, : 

, ('" I .xi)' TO' ,2S- .,....: ..--
X I .x~ 

o 0 

is positive, corresponding to the case in which the work done by the 

ap~lied stress in moving tlie dis-location 8:n incremental distance 'is greater 
, , 

th~n the increase in atmospIiere interaction energy'. The slope of the 

dislocation line, obtained from E9;. (16), is- therefore imaginary, there is 

no longer an, equilibrium position, and the dislocation.will escape from the 

atmosphere. 

The evaluation of the activation ,energy, U , is completed by the 
, 'n· , 

introduction of Eq. (16) into Eq. (11) and re-expressing the result in 

terms of x/x~ as the variable of integration. Then: 

x, 
2 

x, 

[ (ul~~ ! U = 2}' 2r U~~~ I -Tb~' _ ~l)]-n x, x, 
, 0 0" 0 

, I 
Xl 
x, 

1/2 0 

[ (ul~j ul:H) tb - -(x. 
x' o ' :Dj' d(:~) (18) 

The integration of Eq, (18) was performed numerically for different values 

of Co, the strain, E~ and the equilibration temperature~ T. A value of 
a 



2 
3/4Qb was used for r ~ the dislocation line energy. The results maY,be 

3 expressed in dimensionless form~ Un(Qb. Because of the many parameters 

involved in the activation energy calculation, it is desirable to find, 

if possible, a general relation between U IGb3 and T/To. Fortunately, such 
n 

a relation exists, as, shown in Fig. 7. Theientire concentration and 
!, 

equilibration temperature range is represented by the sets of results which 

are plotted as log U /Gb3 vs log (To!T- 1), for an E: of O.OB.The lines 
, n 

have a slope of 1.22, ,and the deviations from linearity for higher values 

(To/T - 1), or lower values of TITo, occur in the low stress region, 

TITo < 1/3 previously eliminated from consideration. The functional 

relationship is therefore: 

i U IGb 3 = 
'n 

B( I 1 )1.22, To T -

where B is a dimensionless constant which depends on the equilibration 

temperature, the average concentration, and the strain. U IBGb 3 shown as a 
n 

function of TITo in Fig. 8. Values of B plottedvs. E: are shown in Fig. 9, 

while Fig. 10 depicts how B varies with average concentration,Co ' Table 

I contains the numerical results obtained from all values of the various 

parameters which were used to obtain a solution of Eq.(18). 

• 

.. 
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are numerical analysis results. 
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Fig. 9 The constant B vs. £ for two average concentrations, and 
different equilibration temperatures. 



-24-

0.1 r----------------.,----.:------------,---. 

XliI. 686-1031 

Fig. 10 The constant B vs Co for £ = 0.1 and different equilibration 
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TABLE I 

VALUES OF THE CO~STANT B IN 3 Co _ Unf'Gb = _ B T - 1 
) 1.22 

~' 

e; Gb 3e; CONCENTRATION, CO 
2kTa ' , ' ( 

0.0001 0.'0002 0.001 0.002 , 0.01 I 0.02 
I I 

" 
-4 I -3 -3 '. . 2 

1.366xlO-f 6 -1 
11 I l .397xIO 0.698xlO 1.395xlO 0.691xlO- O. 27xlO 

I -4 I -3 3.315xlO-3 ' 2 4 -2 -1 2 3;360xlO , 1~670xkO 1. 567xlO- 2.9 5xlO 1. 058xlO 
0.10 

3 7.910xl0~4 ' -3 3.820xlO 6 ' -3 7.30xlO 
' , -2 
2.909xlO 4.802x10-2 4 -1 1.27 xlO 

4 8 -4 1 .030xlO T.727xlO -3 13. 390xlO-3 ' -2 
3.870xlO ' ' -2 

, 5.718xlO 1.328xlO -1 

1 1.250xlO -4 0.624xlO-3 1. 250xlO-3 -'2 'O.618xlO- 1.220xlO "':'2 O.561x10-1 

2 -4 3.005xlO '. 
' , -3 

1.490xlO 6 -3 2.9 OxlO 4 -2 1. OOxlO ' 2.630X10-2 0.946xlO-l 

0.08 
3 7.070xlO -4 4 -3 3. ,20xlO 6' '-3 

. 580xlO 2.600x10-2 4 -2 ,.290xlO 4 -1 1.1 OxlO 

4 16.100xlO-4 6 -3 .910xlO 12.000xlO-3 3. 460xlO-2 5.110xlO -2 1.190xlO -1 

1 8 -4 1.0 OxlO 4 -3 0.5 lxlO 1.080xlO -3 ' O. 535xlO -2 6 -2 1.0 OxlO 0.486xlO-l 

2 6' -4 2. 03xlO 1. 290xlO -3 2,. 570xlO-3 1.210xlO -2 ' -2 
2.280xlO 0.S19xlO -1 

0.06 
3 6.130x10 -4 2.960xlO-3 5.700xlO-3 2.250xlO -2 3.720xlO -2 ' -1 0.987xlO 

4 13.970xlO -4 -3 5.980xlO ' 10,400xlO-
3' 

3.000xlO -2 4 -2 . 430xlO 1.030xlO -1 

1 
, 4 

Q.884xlO- 44 -3 ' O. lxJ,.O 0.882xlO-3 4 -2 O. 37xlO 0.86hlO -2 0.397xlO -1 

2 
' , -4 

2.125xlO 1.060xlO -3 ' -3 
2.100xlO 0.991xlO -2 6 -2 1.8 OxlO 0.669xlO-l 

0.04 
3 

'''';4 
5.000xlO 4 -3 2. 20xlO 4.650xlO-3 4 -2 1.8 OxlO 4 -2 3.0 OxlO 0.806x10 -1 

4 4 -4 11. OOxlO 4.890xlO -3 8.470xlO-3 4 -2 2. 50xlO 6 -2 3. 20xlO 4 -1 0.8 OxlO 

1 6 -4 O. 25xlO ' 0.312xlO -4 0.624xlO-3 O.308xlO -2 O.6UxlO-2 0.280xlO -1 

-4 4 -4 48 ... 3 ' -2 ' -2 -1 2 1.502xlO 0.7 7xlO ' 1. ,OxlO O.701xlO • 1. 320xlO 0.473xlO 
... 0.02 . ,4 ' :"4 -3 ... 2 -2 -1 3 3.540xlO- 1. 710xlO 3.22.0xlO 1,300x10 2.150xlO 0.570xlO 

4 8.067xlO-4 4 -4 3. 60xIO,' 6 -3 , , ,.QQOxiO " 1.730xIO -2 6 ' -2 2,5 OxlO 0.594xlO 
-1 

1\ 
\ 
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IV. DELAX TIME 

Weakly locked dislocations may be released from the solute atom 

atmosphere oy· the aid of thermal fluctuations. If this release occurs," 

its frequency is approximated by: 

p = e 
-U !kT 

n = 1 
e' 

where y is the Debye frequency, Q, is the length of a dislocation segment 

(20) 

that can be activated, T .is the test temperature, and e is the mean delay, 

time. The selection of a value for Q, in Eq. (20) must be made consistent 

wi th the' experimental conditions under which delay times are measured. 
, ' I 

Eq. (20) may be written in the form: 

U /kT 
n 

where the quantity on the left may be converted to delay time with 

appropriate choices of values for y and Q,!b. 

-6 Experimentally measurable delay times fall in the range of 10 to 

10
2 

seconds, so the range in log e is -6 to 2. If Y = 1013 Seconds-
l 

and 

Q,/b =104, and an estimate of Gb3 /k = 1.2 x 104, consistent with reasonable 

values of G and b, the relationqhip between log e and l(lO may be determined. 

This is shown for two test temperatures in Fig. 11. 
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Fig. 11 . .' 9 -1 
Log Delay Time vs. T/T o fot B = 0.01, yb/i= 10 . sec 

for bw test temperatures. 



V. SOLUTE ATOM ATMOSPHERES ABOUT LOW, ANGLE TILT BOUNDARIES 

In this section the locking of low angle tilt boundary by an atmosphere 

; of solute atoms will be discussed. The boundary consists of an array of, 

I edge dislocations of the same Burgers vector:, situated on a plane perpendicular 

to the Burgers vector, and spaced a distance h apart. Under these conditions, 

representing the.most ideal case, the interaction energy between a representa-

tive dislocation in the boundary and a solute atom at a position (x, y) with 

respect to this dislocation, has been obtained by summation of the linear 

elastic solution for a single dislocation. Webbll gives the result: 

{ 

cos (rry/h) sin CITy/h) } 

sin2 (rry/h) + sinh2 (TIxfh) 

(22) 

This energy expression will govern the equilibriUm distribution of solute 

atoms with respect to a dislocation in the boundary. The force on the 

dislocation, if the b01,lndary asa whole is displaced by an applied stress, 

is given by an expression of the form of Eq. (7). For large h Eq. (22) 

is imperceptibly different from Eq. (1), except for the periodicity in h. 

For spacing as small as 10 b the binding energy, and hence the concentration 

of solute atoms at the cores of the individual dislocations will not 

differ significantly from the concentration for an isolated dislocation. The 

escape of a low angle tilt boundary is possible at stresse~ nearly equal to 

those required for the athermal breakaway of an isolated dislocation. 
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Thermal activation of the bQundar~ escape must occ~r. at a ;po~nt. A 

single dislocation in the. bounda;r~must therefore e:;:tcaJ?e ;from it$ atmosphere 

and from the houndary by means of a thermal fluctuation, The stre~s required 
.' r I 

to pull a single dislocation from :the boundary may be calculated as follows. 
:j il 
'I' I 

The!shearstress, Txy' at1a point (x, y) with respect toa single ledge 

·d· 1· t·· . 12 lS oca lon· lS,: 

T 
xy= 

Gb 
27T(1 -\») 

x(x2 _ y2) 

(x2 +y2)4 (23) 

where V is Poisson's ratio. The corresponding expression for the shear stress 

in the vicinity of an array of edge dislocations, with one of the dislocations 
\.1 t I 

t th
'l .. I. 13 

a t= orlgln, .11S : 

T 
xy = 

Gb 

27T(1 - v) leosh (27TX/h) cos (27Ty/h) - 11 
2[Sinh2(7TX/h) + sin2(7TY/h)]2~ 

(24) 

The required stress on the slip plane (y = 0) to separate a single dislocation 

from the boundary is obtained by subtracting Eq. (23) from Eq. (24), giving: 

Txy = __ G_b __ ·17TX· [COSh (27TX!h) -. 1 

2h(1 - v) h 2 sinh4 (7TX!h) 

This procedure is equivalent to placing a negative dislocati.on at the origin . 

. Eq. (25) is then the shear stress on the slip plane of the dislocation of 

interest, due to the entire array without a dislocation at the y :c 0 position. 
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The coordinate? x 1 is then the 1?osition of the dislocation being pulled 

away, and T 1i is the force on the d:i.J,locati9n at p, o~:i,.:tign.x, The relation 
xy 

given in Eq" (251. is plotted in fig, 12. The maximum stress occurs at a 

I 
, distance of x ~. 0.6 h from the array', and i~ very' large compared to the: 

,I 

I 
distance which a dislocation must move in order to escape its atmosphere. 

The maximum stress is high, on the order of G/120 for h = 20 b. It is 

unlikely, in view of these results, that a thermal fluctuation could-cause 

a dislocation to simultaneously escape its atmosphere and the boundary. The 

long rahge interaction of the array would return the dislocation to its 

eq,uilibrium position. 
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Fig. 12 Force - displacement relation for the removal of a 

single edge dislocation from a low-angle tilt boundary. 

II 
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VI. DISCUSSION OF THE MODEL 

The model of the atmosphere used i.n the vreceedipg ~ecti.ons treats 

, only, the distribution of solute atoms oyer the length of the disloca~ion 
I 

as a continuum. There will consequently be ~ a lower limit of 
I 

~~ 1 

concentrat ion 

I 
for which this condit'ion is not representative. . Because the solute atoms 

in the core of the dislocation have an average spacing of b/C , and . core 

the interaction of an individual solute atom is short range, a core concen-

tration of ten atom percent is suggested as the minimum for which the model 

applies. Solute atoms separated by more than ten Burgers vectors will act 

as individual pinning points along the dislocation. The force-displacement 

diagram and the model for th~rmally activated breakaway will be different 

I 
for isolated pinning points .. This aspect of solute atom locking has been 

, I 

treated in connection with the phenomenon of amplitude dependent internal 

friction in .dilute alloys. 14, 35 The limiting core concentration is a 

function of both the average composition of the alloy, and the equilibration 

temperature. 

The upper concentration limit depends on the criteria for the precipi-

tation of a second phase in the dislocation core. No general statement can 

be made, as this will be different for each alloy system. The concept of 

1. ~ 
strain saturation, proposed by Cottrell aEi controlling the .maximum concen-

tration in the core, was subse,quently demonstrated not to apply by Thomsort: 15 

the alternative conditions for saturation were suggested to depend on the 

interaction between solute atoms. 
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An important result ot: trea,ting botlL the extended atmosJ?here cQntribution 

to the t:orce displacement diagram? and the contribution ot: the co.re SQlute 

concentrati.on is the demons-trati'On o:f the overriding importance o:f the core 

region. This provides strong justification for :thi= use of a modified strain 
;' 

ene~gy expression t~t pe~mits computation in the core, or within.'one Burgers 
l!\ t I 

vector of the disloc'ktion: There are, of c~urse i, atom positions' in this 

region which maybe occupied by solute atoms, and the usual practice of 

ignoring the possible interaction between these atoms and the dislocation 

seems questionable. Solute atoms located farther away do contribute to the 

force-displacement diagram at greater dislocation displacements. The 

complicated shapes of the curves in Fig. 3 result from having maintained the 

concentration constant over distances shorter than one Burgers vector. If 
i 

I' I 

the concentratlon is taken to be a continuous function of x and y, the curves 

are similar to those for the core region. 

The model for thermally activated breakaway considers the atmosphere 

to be distributed along the length of the dislocation, permitting the 

calculation of activation energy by a method of variational calculus. This 

method has been successfully applied to another thermally activated 

h " fIt ·t d" 1 t" t· 16 mec anlsm 0 ow empera ure lS oca ~on mo ~on. 

The model for delayed yielding is derived simply from the vibrational 

frequency of a long dislocation line segment and the l?roba,bi,lity of thermally 

activated escape of this segment from its atmo$;phere. The low test temperatures 

required to predict observable del~ times are l :far lower than those for which 

thi~3 phenomenon has been observed. Experimental results for body-centered cubic 
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iron whi.ch are often ana,l¥zed b¥ the ya,rious, theories. of .thermall¥ actiya,ted 

. . 17 
escape of di.slocations are thos,e of Clark. a,nd Wood. ..The range of test 

temperatures w;a.s 400oK to77°K, and the mea~ured dela¥ times coyered from 10-5 

to 103 seconds. In order to obtain times in this range~ it would have been 

! 
necessary to choose values, of the annealing jtemperature, concentrftion ,:' and 

strain which give a B value of 0.1. But for iS~Ch conditions, the v~lue of 

To is in the neighborhood of O.lG. This stress is far too high to be physically 

meaningful as a flow stress; certainly if dislocations are so strongly locked, 

they will not be freed by thermal fluctuations at lower stress values. The 

delay time in face-centered cubic alloy crystals will therefore be below the 

met:l.surable range, if thermally activated escape of locked dislocations occurs. 

measurements of delay times for such systems have not been found. Hence the 

significance of the predicted delay times is affirmed by the lack. of available 

information. 

Consideration of the solute atom as a spherically symmetrical strain 

center in a .homogeneous isotropic elastic medium is applicable only in limited 

cases, but is a convenience which greatly simplifies calculations. The 

definition of E given earlier is consistent with the above assumption. It is 

18 also possible to define £ as: 

1 aa 
a aco 

where a is the lattice parameter of the allo¥. 12 Eshelb:¥' . concludes from 

the elastic solution for the expansion of a crystal on the introduction of 

over size foreign atoms that the volume expansion of the crystal due to the 



'~ 

-35~ 

de:fect is, e~uiya,lent to the ex1?ansiQn ;neaSPJ:'ed ,b~ x~ra~, techniq,ues. Values 

of atomic radii as mea,sured in the pure elementma~ not, he 1?reseryed in solid 

solutionS'. E<l. (26'1 is there:fore a more correct ;repres'entation of the true 

stJJain, but requires that accurate measurements of the change in lattice 
[' 

" '" If 
parameter with solute concentration be made. 

[ 

" 
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VII. DI$CUSS~ON 

A. Comparison with Other Models 

There are several other models of the formation of solute atom 
-..' j 

. atmospheres about edge dislocations, and thermall; activated break~way of 

I 
dislocations from these atmospheres. The following section will briefly 

present the features of these models, insofar as they differ from the 

present model. 

1 The models which will be considered are those due to Cottrell, 

S uk , 9 F' h .20 uz l, lS er, Haasen,21 Lothe22 (based on considerations by Lou~t23) 
, .. 14 . 

and Teutonlco,Granato, and Lucke. The models differ with respect to 

some five general conditions which influence the form of the final result. 

These are: (1) The type of atmosphere considered; (2) The force-displace-

ment diagram; (3) The shape of the bowed dislocatiori segment; (4) Whether 

. or not the dislocation line tension is taken into account; and (5) The 

dependence of the result on the temperature of equilibration. The last 

point includes the influence of average concentration, as this determines 

the equilibrium atmosphere concentration. 

All models, except those of Suzuki, Teutonico et al. and the present, 

consider the atmosphere to be a single row of solute atoms, located about a 

Burgers vector from the dislocation core. Of these, onl~ that of Lothe 

permits atom sites along the dislocation to be unoccupied? allowing for 

different core concentrations. The remaining three, therefore~ cannot 

treat the influence of thE; equilibration temperature on core concentration, 

' .. 
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breakaway stress ~ or activation ene;t:'g~ CPoint5 L The model of Suzuki 

treats the entire atmosphere which, has segreated tofue dislocation~ but 

does hot evaluate the relative contr~but:i-.on of those atoms nearest the 

dislocation to the t.otal locking force. 

"~I 
present study is therefore s-imilar only 

The atmosphere concept used in the 
I.. ! 
I . 

to that employed by Teutonico e,t al., 
, , I 

. 'I 
in that the atmosphe~e acts as a continuous pinning agent, (distributed along 

the dislocation at some specified distance from the dislocation center) the 

density of which is the same at each point along the dislocation. The present 

study is the only one in which the elastic strain energy has been modified 

in order to treat the nearest atom positions which may be occupied. 

The present study employs a force-displacement diagram similar to that 

originally obtained by Cottrell & Bilby.l,2 Haasen approximates this relation 
I 

by a stra1igh;t line at displacements below the breakaway displacement, X6 and 

a parabola at larger displacements. Teutonico, et al. assume a triangular 

shape of the force-displacement diagram, while Suzuki obtains a l/x' dependence 

for displacements greater than X6' The potential obtained from this latter 

form is logarithmic, and is "smoothed!1 at distances less than X6, in order that 

the energy goes to zero at x' = O. The form of the force-displacement diagram 

in the Suzuki model is therefore ambiguous for small displacements. '['he models 

of Fisher and Lothe aSRljJrlF;'! that no displacement of the dislocation occurs under 

the applied stress" until the breakaway stress is reached. Therefore the 

force-dis.placement diagram' is, a modified delta function .at x t = 0, The 

difficulty of distinguishing between force-displacement diagrams for low-

temperature barriers to dislocation motion will be discussed later. 
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The points, 3 and 4, listed earl~er ?ma.;r be cons~dered together, as, 

the shape a,ssumed for the segment of the di,s,loca.tion which. is hQwed Qut b¥ 

a thermal activation event will depend on whether or not the line tension 

The only other study to ~o~sider 
, ! 

of the dislocation is ttaken into account. 

I I 

the line tension and the equiliDrium shape o+' the dislocation segm~nt unqer 

the other influences of applied stress and solute atom atmosphere ils tha-d of' 

Suzuki. Other assumed configurations are amenable to analytic solution for 

the activation energy; the mo're complex cases were solved"numerically. 

Table II compares the various theories with respect to the five listed 

criteria. In addition, the resulting dependence of activation energy on 

applied stress is presented. This study predicts a new form of the stress 

dependence, and is ,the only one in which the combined effects of equilibration 

temperature, average concentration, and strain due to the defect are treated. 

However,the determination of the correct theoretical models is difficult, 

owing to the similarities in beh.avior of most of the activation energy-stress 

relations. Significant departures are those of Fisher and Lothe, in which a 

finite activation energy is predicted even at the athermal breakaway stress. 

24 . 
Ono has found that for eight different interaction potentials, or force 

displacement diagrams, the variations of U with L, or L with test temperature, 
n . . 

have similar forms, and differ from one another by less, than 5% over signifi-

cant temperature ranges. He' concludes that an intera.ction potential cannot 

be unambiguously determined from the variation of flow: stress with tempera-

t 1 . + 
ure un ess experimental results are accurate to better than .~l per cent. 

This suggests that y'ield stress variations with solute concentration and 

equilibration temperature must De measured as well, in order to ascertain 



that the thermally activated breakaway of dislocations from solute atmospheres 

controls the low temperature deforma,ti'on of allay crystals. 
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Table II. Comparison of Theoretical Models 

Type of Bow-Out Line Equilibration Form of 
Model F - X Diagram Atmosphere Model Tension Temp. Activation 

Considered? Considered? Energy vs. Stress 

- -. 
Cottrell-Bilby C - B Single Row Triangle No No '0(1 - '/'0)3 

of Atoms 

Fisher 'Vo fn " Circular Arc Yes Yes l!. 

Lothe 'Vo fn 1.1 

+ Vacant Sites It Yes Yes 'Vl/l 

Suzuki l/xt Cloud Equilibrium Yes ~. __ : Yes (1 - .1. )2';2 

0 

Haasen Linear & Single Row 

Parabolic of Atoms 11 No No ·'0 312'01• 

Teutonico et al. Triangular Spread Atom- Parabola Yes Yes (1 - T!'[ )2 
. 0 

Sphere in Core 

This Study 'VC - B " Equilibrium Yes Yes CT /T _ p. 22 
0 

--~---.-

~' " 
... 
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B. Discussion of Experimental Information 

The yield point phenomenonproyided the initial im)?etus to attempts 

12 
to determine the role'of solute atoms iIi the strengthening of dilute alloys. 

, A tensile test of an annealed alloy specimen results in an upper yield stress 
I :1 
i • I I,', 

1 

! at which plastic flow lis initially observed, followed by a drop toa lower 
I 

stress value at which plastic flow takes place. The upper yield stress was 

thought to be the stress at which dislocations were freed from their solute 

atom atmospheres, following which, they were able to move at a lower stress 

value. Observations on the behavior of Lif single crystals by Johnston and 

G.lm 25-27 
J. an 28 led Johnston to conclude that the yield point phenomenon could 

arise from heterogeneous' nucleation of· fresh slip dislocations rather than 

from'the escape of pinned dislocations. This concept was applied to body 
I 

centered cubic metals by Hahn, 29 aild dynamical dislocation theory of the 

yield stress was further developed by Gillis and Gilman. 30 The existence 

of two adequate theories of the yield point complicate the interpretation of 

experimental results. 

In order to determine the role of solute atoms in locking dislocations, 

the most critical test appears to concern the formation of an equilibrium 

atmosphere. As predicted in the present study ~ the breakaway stress will be 

a function of the equilibration temperature, as well as. the average concentration 

of solute atoms. Conditi.Ons which reqult in a greater concentration of solute 

atoms segregated to dislocations should result in a higher breakaway stress. 

This phenomenon has been observed in a study on the tantalum-oxygen system 

by Formby and Owen.
31 

Despite the fact that the conditions are more compli-

cated for oxygen in tantalum (oxygen is an interstitial impurity, giving rise 
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to tetragonal lattice distortion~ which interact with both edge and screw 

dislocations 1 the behavior agrees qua.litatively ,lith the predictions of this 

study. The yield point increased linearly with increasing solute content, (the 

concentrations were very low), and decreased with the increasing equilibration 
I 

. I 
, temperature at constant solute concentrationl. 

I ,j 

Similar experimental results for substitutional face-centered I' cubic alloys 

were not found. Schroder32 investigated yield phenomena in dilute Cu-As alloys 

and observed yield point variations with differe~t ageing treatments. However, 

the treatments were given during the course of testing, each treatment being 

given at a different level of plastic strain. The resulting variation in 

dislocation density therefore obviates the kind of correlation described above. 

The substructure of alloy crystals cannot be neglected, especially in 

" experimental invesiigations of low-temperature deformation mechanisms. This 

point is demonstrated by conflicting interpretations of the role of solute 

• " 

atoms in hardening alloy crystals. One suggestion, due to Fleischer,33 attributes 

the hardening of Cu alloys to the interaction of solute atoms with screw dis-

locations. The important interaction is assumed to arise from the difference 

between elastic modulus of the solute and the bulk crystal. A study by Evans 

34 . 
and Flanagan of the Cu-Si system shows, however, that Si additions increased 

the grown-in dislocation density I Dislocation inters,ection is found to be the 

rate-_controllirig mechanism,a~ in pure copper. While the role of substructure 

in the process of initial breakawa~ of dislocation~i~ not evident, substructure 

will affect the model_employed in the present study, insofar as a high density 

of grown-in dislocations will invalidate the computation which treats the 

escape of an infinitely long dislocation segment. A high density of dislocations 
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might also exhaust the supply of availa.ble solute atoms.? a condi.t'i.on wh:i.ch 

would make the calculation of concentrati.on ~ncorrect. 

The predicted ather-mal nature of the escape of a low angle tilt boundary 

suggests the possibility of; a critical expe~iment to elucidate the solute-atom 

'locking phenomenon in sUbstitutional alloys.i Dislocation generation and 
I 

: velocity consideratio~s, so significant in normal :tensile tests, wsmld not apply. 
I 

The initial breakaway of an array of edge dislocations of like sign and uniform 

spacing could be .investigated both as a function of solute content and 

equilibration temperature, with careful attention.to the possible effect of 

equilibration temperature on sUbstructUl;e. Different solute additions would 

permit the determination of the relative contributions of strain, electrical 

and chemical interactions to the binding energy. An experimental confirmation . I . • 
I 

of themodif~ed strain energy expression employed +n this study might result 
I 

aswel'l. Such an experiment will not, of course, yield information .on the 

mechanism of .thermally activated breakaway of dislocations locked by solute 

atom atmospheres. In light of the complications which can obscure such effects 

in normal tests, studies on motion of individual dislocations, possibly by 

etch-pit techniques, are necessary. 
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VIII, CONCLUSIONS 

A theoretical model for the breakaway of dislocationq from solute atom ~, 

.. atmospheres has been developed along lines which differ from previously 
I'. I I .' , 

suggested mif)dels. The. detailed differences may be summarized as fO,llows: 

( ) 
'j ·i I,. b I..' 

1 0 A linear elastic interaction energy expresslon has een dbveloped 

which permits treatment of atom sites close to the dislocation center that 

can be physically occupied'bysolute atoms. The arbitrary core cut-off radius~ 

as used in other theories, is thereby avoided. 

(2) A distribution function describing the atmosphere concentration 

in thermal equilibrium with the dislocation has been used which is valid 

at high concentrations. This is not true of the usually employed Boltzmann 
I i 

distribution fhnction. 

(3) A variational method has been employed to calculate the required 

energy for thermally activated breakaway. No prior assumption as to the 

shape of the dislocation at breakaway need be made. 

The values of breakaway stress and activation energy have been calculated 

as functions of the defect strain~ concentration~ and equilibration temperature. 
i 

The overriding importance of the solute atoms closest to the dislocation 

has been quantitatively demonstrated by calculation of the respective contri-

but ions of these atoms and the extended atmosphere to the force-dis;placement 

diagram. 

The results of the activation energy calculation predict a new form of 

the stress dependence of the activation energy for applied stresses greater 



, 
,~ 

than one third of the atherma,L break9.wa,y . streG..$ ~ 

A· critical test of the" concept Of qoluteatom IQcqpg or dis.locations, 

suggested by the results of this study ~ is the variati.on of the locking 

stress with the temperature of e~uilibration. Qualitative confirmation has 
I 

i been found for an interstitial solute-BCC structure system. Information 
:. . i I 

/s scanty for substitutiona+--FCC alloys, and results are complicat~d by I 

other factors. An experiment is suggested which should provide significant 

quantitative demonstration of this prediction. 
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