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ABSTRACT 

The recovery of cold worked aluminum under stress was investigated 

by means of measurements of the mean distance between points of inter

section en a dislocation line and the athermal resistance to the motion of 

the dislocation. The activation energy for recovery is constant, regard

less of stress, temperature and extent of recovery, and suggests that the 

rate of recovery is controlled by the rate of intersection of dislocations. 
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INTRODUCTION. 

This investigation was undertaken in order to ascertain, in some-

what greater detail than was done heretofore, what dislocation processes 

might be responsible for the recovery of the plastic behavior of cold-

worked Al. As documented in a series of excellent reviews on recovery 

and recrystallization by Beck, (l) Nowick, (2 ) Perryman, (3) Bever(4 ) and 

Titchner and Bever, (5 ) previous investigations on recovery have been 

based principally on the changes of such structure-sensitive properties as 

the electrical resistivity, the thermoelectric emf, x-ray line broadening, 

hardness, yield strength, creep behavior, internal friction, moduli of 

elasticity and rate of release of stored energy as determined calorimet-

rically. More recently electron-transmission microscopy has been used 

to determine the changes in patterns of dislocations as a result of 

(6 -8) 
recovery. 

Whereas most of the work done in cold plastic deformation is con-

verted into heat, a small but nonetheless significant fraction (ranging up 

to about ten percent) is retained as stored energy in the form of crystal 

defects .. Such defects consist of (a) interstitials and vacancies which are 

generated as a result of glide of jogged screw dislocations, (b) additional 

dislocations produced either by various generation or multiplication 

mechanisms, and (c) jogs and their attendant constrictions on dislocations 

produced as a result of mutual intersection or cross -slip of dislocations. 

The stored energy depends not only on the number of such defects that are 

retained but also on their arrangement and distribution since each defect 

interacts with other defects of the same kind, with defects of other kinds, 

and also with solute atoms. For this reason each structure-sensitive 

property of a crystalline material changes (frequently in its own unique way} 
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with deformation, depending not only on the number and distribution of the 

retained defects but also ;:~.s a result of the effects of defect patterns on the 

specific property being measured. 

Cold -worked metals are unstable and continually revert to the stable 

condition characterized by the equilibrium density and distribution of 

defects. Since the reaction path toward equilibrium is rarely the reverse 

of that by which the defects were generated, new facts concerning the 

nature of the defects involved, their interactions with each other. and 

their effects on structure-sensitive properties are often obtained from 

' 
studies of the kinetics of recovery. Defects such as interstitials and 

vacanctes, having the greatest mobilities {i.e. the least activation 

energies for motion) and the highest interaction energies recover most 

rapidly. Dislocations, which have higher activation energies for motion · 

recover much more slowly and therefore require higher temperatures to 

-
effect their recovery. Usually the dislocation-sensitive properties of low 

stacking fault metals are not completely restored until recrystallization 

takes place. The trend t\)ward complete equilibrium is often arrested 

when quasi-stable arrangements of dislocations or grain boundaries are 

obtained. 

Since the electrical resistivity is sensitive to interstitials and 

vacancies and only mildly influenced by dislocations, it recovers at very 

low temperatures. As shown by Cottrell, {g) such low temperature 

recover:y of the electrical resistivity is accompanied by little or no change 

in the plastic properties. Plastic properties first exhibit appreciable 

recovery at the higher temperatures which are needed to thermally activate 

mechanisms of motion of dislocations. When the activation energy for 

motion of dislocations is low, as in very high stacking fault metals of high 
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purity, as shown by Beck, (l) rather complete recovery can be achieved 

before recrystallization takes place. But in extremely low stacking fault 

metals or in cases of precipitation-anchored dislocations, very little 

recovery of the plastic behavior occurs before recrystallization sets in. 

The recovery of the hardness and yield strength, although significant 

for engineering applications, are not readily interpreted in terms of the 

basic dislocation mechanisms that are involved. The yield strength and 

particularly the hardness are very complicated functions of dislocation 

patterns and mechanisms of motion. More direct information on recovery 

mechanisms is obtained in investigations on the kinetics of the release of 

stored energy. Although such kinetics can more easily be related to 

dislocation mechanism, the intimate details of the processes involved are 

not easily uncovered. Direct measurement of dislocation patterns by 

electron-transmission microscopy suffers two handicaps: By this technique 

alone the significant reactions of thermally activated mechanisms of motion 

cant:ot be uncovered, and as shown by Ham, (lO) serious errors in inter-

pretation arise as a result of the loss of dislocations during thinning of the 

sections. 

This investigation is based on the now well-supported hypothesis that 

the thermally activated rate-controlling mechanism for, low-temperature 

deformation of face-centered cubic metals is the mutual intersection of 

dislocations. (ll- 15 ) Byspecial mechanical tests it is possible ( as will be 

described in the following section) to determine the mean spacing, L. 

between the dislocations that are being intersected and the athermal stress 
1f 

field, 7:' . that is surmountable only by mechanical means because its 

activation energy is excessively high. The principal parameters that 

* determine the work hardened state are 1 /L and 7: , both of which increase 
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with cold deformation. These significant parameters will be shown to 

decrease upon recovery. But the kinetics of the processes will be shown 

to be substantially different from those suggested on more empirical bases 

by either Cottrell and Aytekin (16) or Kuhlmann, et al. (! 7) Recovery will 

be shown to take place by annihilation of dislocations resulting in a decrease 

in the significant dislocation density, the thermally activa:ted mechanism 

appearing to be that for intersection of dislocations. 
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METHOD OF APPROACH 

Seeger(ll) suggested that the rate of deformation of face-centered 

cubic metals at low temperatures is controlled by the thermally activated 

intersection mechanism, as given by 

for T~Tc (1) 

where 

f = the shear strain rate, 

N = the number of points per unit volume of contact between intersecting 
pairs of dislocations, 

A = the area swept out per intersection, 

b = the Burgers vector. 

Y the Debye frequency, 

k = Boltzmann's constant, 

T = the absolute temperature, and 

U = the energy that must be supplied by a thermal fluctuation in order 
to effect intersection. 

Because a successful thermal fluctuation must complete the constriction 

and form a jog, Basinski (1 2) pointed out that 

FM 

u =jxdF 
F ::(~-1:' 14) Lb (2) 

where the F - x curve gives the force-displacement diagram for inter-

section at the test temperature, and 

F m = the maximum force required to complete intersection, 

T = the applied stress, .. r = the mean stress field that cannot be surmounted by thermal 
fluctuations, and 

L = the mean distance between the dislocations being intersected. 
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In view of the various interpretaii~2r'ls'placed on these symbols in the past, 

it is •ne6essarytoj·bri,efly discu'ss:the issues involved at this point. As 

shewn' ;jjy:::schoeck':and3Se,eg.iev)-'~f,~~ Jthe· vadous J30ssib1e g,eometric arrange-

ments of intersecting dislocations have--their..gwn unique activation energies. 

But inasmuch as these intimate details cannot yet,_b,E( jsolated experimentally
1 

~- j·~ \. ~ " \ }~.. \ -~ 

U and the t F - x diagram arJe-:taken tb be appropriate averages fcfr 'the 

intersections that actually take place.· The applied force at the point of 
r.v ,....,... 

intersection is about ( L - L ) Lb, where L is also taken to be an average 

. distan.C:e ·between:ithe--points ~at whidh \dis>locations-'a!\~ arrested pending a 

successful thermal fluctuation for intersection. Whereas Basinski, as 

well as others, argued especially on the basis of the apparent constancy 

of the Cottrell-Stokes ratio with strain, that no long-range back stresses 

or any qther factors were involved excepting the local stress fields of the 
~ tr< •."i ·. ·<•'·. ••· '., '1 •. .,... ·.- ·' .. -.-

intersecting dislocations and thus i should -b~-tak~~--a~ -~e;~; ~- 'Mit~a. 
Osborne and Dorn, (1 4 ) Mitra and Dor~.c.'(t)"

1 

~~~.,~~i~~h,~ll. !J{W'ft~~, a_;~~ Dorn,(1 5) 
:-:i!~ ..... r, r('r ;·f··:_ · :ur·,,:i···f ;,~(-·1·· · -t: :: ,d L 1 ~l:~cr~;;_~; ';(I t·r~~-f{.l j.h ·jr -..,.g·.i: .. ·;:-1 7 ~1 ~; 

have shown that under certain test conditions J:., increases roughly linearly 

with 1 /L . during strain hardening (a relationship t)J.at would be consistent 

with the constancy of the Cottr.ell-Stokes ratio} b-ut that this linear relation~ 
~ 

ship is not universally valid and 7: and 1 /L are separ:able var:.~ables. 
. ,..,~ 

Consequently l cannot be zero and must be retained. This fact is again 

supported· by the recovery data that will be described later. Furthermore ,.. 
the stress- 7: is often substantially smaller than the stresses calculated by 

Saada (
2

0) that are necessary to overcome recombinations. Most likely 

many of the factors responsible for work hardening dis.cussed recently by 

' (21) n-o- *' 
Kuhlmann-Wilsdorf contribute to L These include local stress 

fields, long-range stress fields, and stresses required to increase disloca-

tion densities and form debris. Furthermore, the highly idealized model 
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of glide dislocations intersecting a forest network and the long-range stress 

fields arising from pile-ups against Lomer-Cottrell dislocations and other 

barriers must be modified. High stacking fault metals such as Al never 

exhibit Lomer-Cottrell dislocations or pile-ups. Nevertheless long-range 

stress fields can be present, particularly in polycrystalline metals, due to 

higher local densities of dislocations having the same Burgers vector. 

Furthermore.,evidence given by Mitchell, Mitra and Dorn suggest that the 

value of L should be associated with the mean distance between the points 

of contact between dislocations in the entanglements forming the commonly 

' 
observed cell walls. Because of these reasonable associations, it is 

possible to reinterpret the original highly idealized intersection model in 

terms of the current evidence. 

Whereas Eqn. 1 applies below a critical temperature, T , above this c 

temperature 

¥, 

T-7: =o for T >Tc 

since thermal fluctuations having energies 
Fm 

'Um=jxdF 
0 

b 

are so frequent that the strain rate 'f can be maintained. The critical 

t~mperature is given by 

{5} 

From the nominal constancy of the Cottrell-Stokes ratio it may be seen 

that various cold-worked states give substantially the same value ofT c 

for a constant strain rate. Consequently the product NA does not change 
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materially as a result of strain hardening. Other proofs of the insensitivity 

of NA with deformation have already been given by Mitra, Osborne and 

Dorn. Since NA is substantially constant, only the work-hardening 
ft" 

parameters of 1/L and 't' incr.ease during cold deformation. We shall 

therefore be concerned principally with the determination of these qualities 

as a function of strain hardening and recovery .... 
,..,.._* 

In order to facilitate finding 1/L and l. we define 

_ _L 
t<.T 

_ :;x;,Lb 
kT 

(6) 

as shown by introducing Eqns. 1 and 2 where x
1 

is the value of x at the 

lower limit. For the data reported here f3 was determined by .measuring 

the decrease in stress. L1'i when the strain rate was decreased from ~ 

of 1.1 x 10-
4 

per sec to ir 
2 

of 1.1 x 10-5 per sec, during tension tests 

at T = 77°K. Since NA is known to be substantially constant for these 

constant temperature and constant average strain rate tests, as shown by 

Eqn. 1; U is also a constant. Therefore it follows that x. is constant 

throughout the test as well as F 1 , the force at the lower limit, so that 

(7) 

over the entire test. 

Therefore the flow stress. 1:' , for tests conducted at a given temperature 
)( 

under a constant strain rate, is linearly dependent on only 1: and 1/ (3 kT. 
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EXPERIMENTAL TECHNIQUE 

High purity (99. 998% AJ.)in the form of sheets 0.100 in. thick, cold 

rolled to the H-18 temper were used throughout this investigation. 

According to spectrochemical analyses the principal impurities consisted 

of the following, given in weight percentages: 0.004 Cu; 0.002 Fe; 0.001 Si; 

less than 0,001 for remaining elements. Tensile specimens having a 

width of 0.250 in. and a gage length of ~.000 in. were so machined as to 

have their tensile axes in the rolling direction. After machining all 
1 

specimens were annealed in a potassium nitrate-nitrite bath for 10 minutes 

at 680°K and air cooled. The resulting gr.ain diameter was 0.26 mm. 

All testing was done on an Instron Tensile Testing Machine. Prelim-

inary to any recovery tests a few tests on strain hardening were made at 

77°K, using a liquid nitrogen bath around the specimen, during which ~ 
-4 

was determined by changing the strain rate from 1.1 x 10 per sec, to 

-5 -4 
1.1 x 10 per sec, and back again to. :1.1 x 10 per sec, periodically 

throughout the test. Different specimens gave, within a very small 
(tv 

scatter band, the same results. The average C (taken as one-half 

the tensile stress), versus ~ kT = x 1 Lb relationship that was obtained 

is shown by the broken curve of Fig. 1, During the course of the test 

(3 kT = x 1 Lb decreased since L got smaller, x 1 b being constant. 

Simultaneously, as shown by Eqn. 7, '( increased due not only to a decrease 
. * 

A. ~L -in 1- kT but also to an increase in as a result of strain hardening. 

All specimens used in the recovery tests were prestrained in liquid 

-4 0 nitrogen at a tensile strain rate of 1.1 x 10 . per sec. at 77 K to 

f]'-J 8 2 v = 4.13 x 10 dynes /em . The stress was then removed and a temperature 

controlled oil bath was placed in position immediately following which the 

specimen was reloaded to a constant stress under which recovery took 

place. The recovery treatments were conducted at temperatures of 
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300, 340, 349, 364, and 373°K fbr 1iriles ,of 30, 60, 90 and ·120 minutes under 

tjJ 8 8 2 
stresses of "'R = 0, 1.09 x 10 and 1.61 x 10 dynes /em . The temperatures 

were held constant to ± 1.0°K of the reported values following a brief two 

minute i'nterval required to heat up the specimens; and the stresses were 

determined to ~ 2 x 10 6 dynes /cm2 . No significant creep straining occurred 

in any of the tests during recovery. 

Following each recovery treatment the load was reduced and the warm 

oil bath was rapidly replaced by the liquid nitrogen bath following which the 

7: versus('!> kT relationship after recovery was again determined. 
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EXPERIMENTAL RESULTS 

The experimental results are shown by the data given in Figs. 1, 2 

and 3. The lowest point on the curves of 7:' versus (3 kT for the recovered 

specimens refers to the yield strength obtaiped by using a 0.0015 offset 

from the modulus line. For very small plastic strains no increas~ in 

x
1 

Lb w~s obtained revealing that the increase in 1: with strain in the 
' * 

region near the yield point is principally attributable to the increase in 1:' . 
For greater strains the flow stress 1: for the recovered specimens 

increased somewhat above the value it exhibited in the annealed specimens 

at the same value of x
1 

Lb = ,'3kT. Upon continued straining the 'r versus 

x 1 Lb curves for the recovered specimens asymptotically approached the 

curve which was originally obtained for the annealed state. 
~ 

The data recorded in Figs. 1, 2 and 3 clearly reveal that 7: is not a 

linear function of 1 /L as might be suggested by the apparent constancy of 
~ 

the Cottrell-Stokes ratio. Therefore 1: and 1 /L do have different kinetics 

of recovery. 
r,..tf 

Unfortunately, however, the recovered value of ~ cannot be 

measured accurately by the technique that was employed here because the 

* lowest values of 'i deduced by application of Eqn. 7 to the data depend on 
tt 

the sensitivity of the sti'ai'n measurement. The actual value of 7:' following 

recovery, therefore, may be somewhat less than that given by the lowest 

points on each 1: versus (Q kT curve of Figs. 1, 2 and 3. Nevertheless, 

introducing the previously established values 03> of x 1 = 4. 58 x 10 -S em 

and F 1•2.42 x 10-6 dynes into Eqn. 7, gives the values of "r~· at an offset 

of 0.0015 from the modulus line of the recovered specimens, shown in 

Table I. In spite of the possible scatter in these results, the data neverthe
,.. 

less suggest that a portion of 7:' recovers rapidly and fairly completely 

during the first few minutes of the recovery anneals that were made here. 
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Fig. 1. Resolved shear stress vs. I3KT orL after 
recovery under stress TR = 0. 



.,.13- UCRL-10728 

Bj 1.--;~------------~2-L_•_Io_-_sc_m __ ~----~3----------~ 
co 

0 C 

7,6 

7 ,6, 5 

NE 7,6,5, 4 
<.l ..... 
"' ., 
;. 6, 5,4, 3 
"'0 

CD 

b 
N 5, 4, 3, 2 

\.... 

4, 3, 2, I 

3, 2, I, 0 

2, 1,0 

TIME, 
..!!!!L 

0 30 
A 60 
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Fig. 2. Resolved shear stress vs. ~ KT or L after 
recovery under stress TR = 1.09 X 108 dynes/cm2. 
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Fig. 3. Resolved shear stress vs. !3KT or L after 
recovery under stress TR = 1.61 X 108 dynes/cm2. 



'1:" = 0 
t R 

min 
300°K 349°K 364°K 373°K 

30 3.45* 3.17 3.04 2.90 

. 60 - 3.13 2.88 2.80 
...... 

13.08 90 3.41""' 2.87 2. 76 

120 3.15~ 3.00 2.81 2.71 

-
rc 8 2 

R = 1.09x 10 dynes/em 'L' .8 
R = 1.6l x 10 dynes /em 

300°K 349°K 364°K 373°K 
I 

3.37 3.15 2.92 2.82 -

- I 3.01 2.85 2.68 

3.27 2.98 2.77 2.65 

3.21 2.94 2.70 2;52 

Table I 

300°K 340°K 349°K 

3.37 

3.36 

1 3.25 

3.18 

3.01 2.88 

2. 92 2.76 

2.90 2.74 

2.89 2.76 

* 48 min. 

** 92 min. 

*** 207 min. 

(l'lol* 8 2 Values of C x 10 dynes /em 

364°K 

2.70 

2.67 

2.67 

2.49 

"' 
2 

373°K 

2.61 

2.59 

2.52 

2.30 -· 
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The constancy of the values of x 1 Lb over the initial period of str8.ining the 

recovered specimens provides a fairly accurate measure of the maximum 

value this variable acquired as a result of recovery. 

Since the true values of T~fter recovery lie below the- recorded 

values, and the recorded values lie below the t' versus x1 Lb curve for 

the annealed specimens, at least a substantial part of t'~ecovers more 

rapidly than L. In the polycrystalline Al used in this investigation such 

recovery can be attributed at least in part to a reduction in the fraction of 
II# 

'- L that depends on long-range back stresses arising from dislocation 

groups (not arrays) pile-up against the grain boundaries. Upon restressing 

the recovered specimens, these back stresses must be restored in the early 

stages of deformation in order to provide sufficiently high stress to induce 

polyslip on adjacent grains in the sense, suggested by von Mises(
22

) and 

Taylor. (23 ) During this period of small initial plastic straining, the flow 

stress increases rapidly with straining and the spacing, L, between the 

points o{ intersection is not changed materially. Once sufficiently hig~ ,, 

stresses are introduced as a result of piled-up groups of dislocations to 
' ~ 

induce polyslip, the stress no longer increases so rapidly with strain and 

the values of L decrease with strain due to intersection during polyslip 17". 
coupled with additional, but now more modest, increases in L with strain. 

~ . 
Although ~ decreases appreciably during recovery, once the long-

range back stresses are reintroduced upon restraining, 'i and therefore 
tt 

1:' have higher values than the annealed specimens at th~ same values of 
I 

x 1 Lb. This effect,, as shown in Figs. 1, 2 and 3, increases with the time 

and especially with the temperature of recov.ery. Consequently the. recovery 

treatment is also accompanied by the intro(iuction of some slightly more 

stable dislocation arrangements. Most likely this effect arises from the 
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locking of some edge components of dislocations with impurity solute 

elements as a result of strain ageing. That such strain ageing can take 

place in Al over the temperature range under consideration here has been 

d t t d . 1 . . t• t• (24-26) emons ra e 1n severa 1nves 1ga 1ons. 
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RECOVERY OF L 

' * Whereas a part of 'r , namely that which is attributable to long-

range back str:.esses, recovers rapidly apd apparently completely in the 

early period of a recovery anneal, as shown by the monotonic increase 

' ' in (C1kT = x
1 

Lb throughout a recovery treatment, L, which represents 

the d~stance between active points of intersection, increases through the 
I 

recoyery anneals that were investigateq her.e. Since no recrystallization 

was 1etected metallographically, it follows that the recovery of L arises 

from! a decrease of the dislocation density, particularly in the cell walls. 
I 

, I 

This !conclusion differs substantially from that arrived at by Bailey and 

Hirsch,(B) who found no observable decrease of the dislocation density, by 

means of thin film electron microscopy, in high purity polycrystalline Ag 

and 2\1 as a result of recovery treatments that actually accompanied 

qecreases .in the yiel~ strength. On the other hand Ham(lO) has shown, 

more recently, that at least 60% of the dislocations present in high purity 

cold -worked Al are lost during the preparation of the thin films used in 

electron nhcroscopic studies. The logic of the problem, the data recorded 
'· 
\ 

here, add !Ham's observations imply that the deductions made by Bailey 
' 
! 

and Hirscq are indeed highly questionable. Whereas some metarecovery 
I 

occurs a's a result of relief of the long-range back stresses, annihilation 

of dislodations resulting in a reduction of the dislocation density also 

accounts for some orthorecovery . 

As previously discussed, the values of (3 kT = x
1 

Lb at the yield 

strength of the recovered specimens could be determined with good 

accuracy. The experimental values are recorded in Table fr. These 
: 

results reveal that L increased with recovery time at a given temperature, 

with increase ih recovery temperature for a given time and with increase 



t 
min 300°K 

30 2.50* 

60 - ......,_ 

90 _2. 58" 

120 2.68~ 

' 

'l = 0 
r,-., 8 2 

R L R =; 1.09x 10 dynes/em 

3490K 364°K 373°K 300°K 349°K 364°K 373°K 

2.92 3.24 3.40 2.41 2.97 3.30 3.54 

3.20 3.51 3.61 - 3.24 3.60 3. 77 

3.27 3.68 3. 78 2.52 3.40 3. 79 3.96 

3.40 3.88 3.98 2.60 3.54 3.96 4.16 

Table II 

~ 8 R = 1.61 x 10 dynes/em 

300°K 340°K 349°K 

2.41 

2.49 

2.58 

2.63 

2.82 3.01 

3.10 3.32 

3.30 3.57 

3.46 3. 76 

* . 48 mm. 

** 92 . mtn. 

*** 207 . mtn. 

364°K 

3.34 

3. 73 

4.05 

4.34 

Values of (?>:kT x 10-
21 em3 at the yield stress-after recovery. 

2 

373°K 

3.56 

4.06 

4.38 

4.68 

I 
...... 
co 
I 
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in the stress under which recovery was conducted. Assuming that the 

same substructural state was achieved at the same value of f3 kT = x 1 Lb 

for recovery at different temperatures and times under the sam~ stress, 
I 

an average activation energy for recovery was obtained by using the well 

known relationship 

- Q../~Tz. = ..1.. ;l.z e .. 

for kT = constant (8) 

the various apparent activation energies given in Table III were obtained. 

Within a rather small scatter band these activation energies had the average 

value of Q = 12,000 t a standard deviation of 1,500 cal/mole. This value 

was independent of all of the test variables, namely the temperature, time, 

n"' 
~ kT and C R" Therefore this activation energy is not a function of the 

extent of recovery in spite of the decreasing rate of recovery with increasing 

(3 kT, and is not a function of '( R in spite of the fact that the rate of 

recovery increased with increasing values of~ R' As shown in Fig. 4 all 

of the recovery results could be satisfactorily correlated in terms of a 

single constant activation energy for recovery. 

The fact that the observed activation energy for recovery of L was 

constanti~ illustrates that the theories for recovery proposed by Cottrell 

and Aytekin, (1
6

) as well as by Kuhlmann, Masing and Raffelsieper (l 7) are 

not applicable in this case. Both of these theories assume, in a somewhat 

semi-empirical fashion, that the activation energy for recovery of th,e yield 

strength increases because the internal stress fields decrease with the 

amount of recovery. But as shown previously, the yield strength of Fa:: me1als 

whose deformation rate is controlled by the intersection mechanism, depend 
,a-'1(-

on both L and L, each of which has uniquely different kinetics of recovery. 
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I 
Activation Energy in Cal/Mole I 

((?> kT)y 1J tt; rt-R = 1.09x10
8 

2 
~ 8 2 

X 10:-21 :1 R 
= 0 IC R = 1. 61 x 10 dynes /em 

dynes/em 

cm3 ;1 373 - -1364 - 1 373 - 364 - 1 373 - I 364.- 349 -
!i364°K ! 349°K I 364°K 349°K II364°K I 349°K 340°K 

' 

4.3 '! I 
II 1111 '340 

I -- -- -- -- I -- --
;I I I 

4.2 -- -- ! -- -- 111,160 -- --
:I 

I 
i 

14.1 I -- -- -- -- ,11,160 i -- --I i ; 

I 4.0 . i -- l -- -- I -- 110,320 I 
-- --

i 
I I 3.9 I -- -- I 2,150 -- 11

10,740 I --
I 

--
il ! 

3.8 '111,760 -- I 2,570 -- 10,530 1- -- I --
I I l 3. 7 :111,550 
I -- 3,140 -- i 9,870 (12,280 I --

I I I 
I 

' I lu ,630 ,3.6 y2,150 -- 3,140 -- 9,870 --
' 

,I 13.5 10,950 I -- 3,350 13,220 -- 111,880 I --
l11 160 t4,970 -- 114,040 II -- 11,260 113,370 13.4 I ' ji 

'I I I 

I 3.3 -- 4,610 -- 114,190 I -- -- [3,370 
' ! 

I 

13.2 
I 

f2,560 -- i -- --
I 

-- -- --
I I ! 

I 3.1 -- -- -- -- -- I --- ~1,910 
I ( I I 

Table III 

QR average = 12,000 cal/mole 

Standard Deviation = ± 1500 cal/mole 
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6 1"R• TR· TR· 
"K 

1.61 X 108 1.09 X 108 
0 dynes/cm2 dynes/cm2 

373 0 () • l\i 364 t::. ~ ... 0 
349 0 ll • ,... 340 '\1 

1-
300 0 4> • :.:: 

C!l. 

OR= 12,000 col /mole 

2~-----L--~--~~~~~------~--~~~~~~~----~~--~~~~ 

0.1 10 
8 = te-aRtRT x 10 5 sec. 

MU-30207 

Fig. 4. Temperature compensated time vs. (3 KT. 
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Although in a general phenomen,ological way the previously suggested 

theories may be somewhat appropriate for the recovery of the long-range 

* back stress part of 1:' , they do not apply to the recovery of L. 

Since L increases during recovery, the density of dislocations in 

the cell walls must decrease. Evidently dislocations of opposite signs in 

the cell walls must combine and annihilate each other. Mutual attractions 

and the local stress fields facilitate the motion of these dislocations. In 

addition, applied stresses can aid in bringing dislocations of opposite sign 

into proximity with each other so that annihilation can take place. But as 

a result of the severe entanglements in the cell walls the moving disloca-

tions must intersect others. Under these conditions the activation energy 

for recovery must be associated with that for intersection so that 

(9) 

where U is now the total energy under an average F - x curve for m 

intersection. The value of F for recovery must now be reinterpreted in 

terms of /?:'~"'" r I -ITi where r~ is the local interaction stresses 
.,.. 

leading to annihilation, T' is the applied stress and "t is the stress 

required to overcome the athermal frictional resistance to the motion of a 

dislocation. For the recove:r;-y discussed here, where no appreciable 

straining attended recovery, even under applied stresses, it is reasonable 

to believe that this F is so small that q :::::::u . Whereas the value deduced 
m 

from the F - x I curve for intersection in Al from the data of Mitra,O~borne 

and Dorn suggests that U :is only about 8,500 cal/mole,. Muller and m 

Liebfried(2
?) as well as Seeger <28 ) calculate U to be abo11t 11,.300 

m 

cal /mole, a value that is in fair agreement with the experimentally determined 
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activation energy for recovery obtained here. It therefore appears as i.f 

the recovery rate of L is determined by the rate of intersection of 
., ' 

dislocations. 
~: 

Whereas a part of T; b.amely that which has been suggested to be 

associateq with the long-range back stresses,;) appears to recover a fixed 
; ~ 

amount rather early in the recovery, another part of 1:' , as shown in 

Figs. 1, 2 and 3 recovers in a manner that appears '1o parallel the recovery 
r?-'~ 

of L. This then suggests that the latter part of C is dependent on the 

density of the dislocations_ and therefore arises from 'mutual interaction 
~ 

stress fields. If, however, part of the value of 't' arises from the 

athermal work terms such as debris formation, jog formation, energy 

of dislocations, etc., as suggested by Kuhlmann-Wilsdorf, the trends 
1"'1'-'.,. 

observed here of the parallel recovery of this part of ' with that of 

L suggests that such athermal processes are also related to the disloca-

tion density. 
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CONCLUSIONS 

1. The strain hardening of polycrystalline Al at low temperatures 

(77°K) can be described in terms of the mutual intersection of dislocations 

by means of two parameters, namely L, the mean distance between points 
~ 

of intersection along a dislocation line, and 7:' , the athermal frictional 

resistance to the motion of dislocations. 

" 2. Whereas' 1/L and 1: increase during strain hardening, both 

factors decrease during recovery anneals. 

1'7'"'.. -
3. A fixed portion of t, recovers very early and evidently completely 

whereas (";'J" 1/L • and perhaps a second portion of ~ , recovers rather 

continuously with time over the range from 300 to 373°K. 

0 
4. During initial restraining of the recovered specimens at 77 K, a 

part of 1:/t, that part ascribed to long-range back stresses, builds up 

rapidly without detectable changes in 1/L . Additional straining results 
,r 

in increases in 1/L accompanied by more modest increases in 't' . The 

values of rc''lt for these larger plastic strains in the recovered material 

lie above those obtained for the originally annealed state suggesting that 

some stabilization which appears to be due to strain a~irg, accompanies 

recovery. 

5. The activation energy for the recovery of 1/L is about 12,000 

cal/mole regardless of stress, temperature and extent of recovery. This 

activation energy suggests that the rate of recovery is controlled by the 

rate of intersection of dislocations. 

. .. 
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