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A. C. Nunes, Jr., A. Rosen, and J. E. Dorn 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Mineral Technology, College of Engineering / 

'University of California, Berkeley, California 

September 18, 1964 

ABSTRACT ':_, 

·The low temperature thermally-a~tivated deformation mechanisms 

in polycrystalline aluminum are investigated through measurements of 

flow stress vs temperature for various strain-hardened states. 
. : 

'. 

At low temperatures, the results are in nominal agreement with 

the intersection mechanism. At higher temperatures· a thermal recovery 

mechanism operates. 
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I. INTRODUCTION .. 
. ·,· 

It has now been well-established that the plastic deformation of pure 

F. C. C. metals at low temperatures is facilitate.d by thermal fluctuations. 

Most investigations on the thermally activ.ated process appear to 

substantiate the assumption that the operative strain rate controlling 

mechanism is that dictated by intersection of dislocations. l, 2• 3• 4 

·/' 

Although various intersection energies are involved depending on the 

statistical distribution of dislocations, it is now generally agreed that,· on· · 

the average, the strain rate can be reasonably accurately described by1 

. 1 

~ \ 
. \ 

.'Y 
...... ( u ) ·.· KT 

= Ke (1) . . ··. i"·• 

where t = shear strain rate, 
~' • • • <. 

K = a frequency factor that is dependent on the statistical ~ · 

distribution of intersection dislocations, 

k = the Boltzmann constant 

T = the absolute temperature~ and 

U =the energy~ on the average, that must be. supplied by a 

thermal fluCtuat~on to complete an intersection. 

., 
··:· .. 

,;.•". 

''. ,. ' 

The value of K is.esti~ated to ~e ·about1•·5• 6 .. ··;. 
.. /· .. : •. 

. . . '•. ..-. . ~ . . 

. ·' .. '{Vb.) 
.K=NAb L 

I . 
··.:.• 

. . 
(2) 

where N = the number of points per unit volume 'where intersection 
. . . . . . ( ~ . . \ . ·. . ' :. . . . ' 

~ ·. . . 

./ . 
. · ... /' ~· 
. i 
.•'• 

· is imminent · ' . 
. i 

.• '.h .. ·• • . .. , ~. 

::·.· _..;;. 

A= the average area .sW:ept out per activated di13location ... , . 

segment 

: b = the Burgers .vector . \ 
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· .. ·' ~ = the Debye frequency (a]:)out: ~.Ox 10,;12~-ec -l for ·aluminum) 

L = the average distance between points of intersection 

where dislocations are temporarily arrested. 

Furthermore, the value of U is a function of the applied stress, the:·.-· · 

dislocations patterns and arrays and the constriction and jog· energies. 

For· high stacking fault metals, such as high purity aluminum, where · 

the constriction energy is small, the activation energy, U, can be given 
. ' ~ 

- 1 
by' .Seeger's approximation 

u = u. - <.,. - .,.*> Lb2 =·b-. ~- <-r - .r*> :,· <s> ·. 
1 . . . 1 . 

where ui = the total ene~gy for intersection, .. 

. -r = the applied shear stress, 
* . . '· . . . ·. : . . . . 

·.,. · = the equivalent stress needed to overcome the athermal • 

interactions between dislocations.,·. 
'• I • •• 

\ . 

(-r - · -r *> Lb2
= approximately the work done by the applied st~ess .in 

facilitating the completion of int.ers.ections, and 

v = the apparent activation volume~ . : . ·. I 
. ' .,·· * . ' .. ·. . ~ 

Furthermore, both Ui and -r vary with the.testtemperature as doe~::'-the· 

shear modulus of elasticity6 so that 

G . · * ,.· *· ... G · · 
.. u. i = uio u:- and.,. =·.,. u:-

0 · · ~ . o· 

where· uio ~ the total intersection energy. at the. absolute ze~o., ': .. . 

* . . -r · = the equivalent athermal stress. at the absolute zero,: .:. 
' ' ' ~ .[ <' • I 

·.; 

/ 

•!'' 

·, 

, , I 
! ' 

'!. 

.· ' 

. .. ; . : ~ .. G = the shear modulus of elB:s~icity at 'r.,· and . . j 
. ' .. ·. ' ' ' .... i J ~ 

t I , >, ,,'( ' 

G
0 

= the shear modulus of elasticity at the absolute zero.·_·::.;. :··· .·• 
• • .·' •• f •• •••• • • • 

. ' . ' . . ' ' ·, -~·- .. 
. A brief reflection reveals· that Eqs. 1-.4 have more, parameters ·. · · 

. . .. : .. · . . . ' .. · , .... 
·', -." 

~I : • •• 
• T ~ 

than can be deduced from simple mechanical te~ts that involve only··' i .~. '.·:. · '· · · .. ·· 
• ' . • . ' . •. . '· . . •. I· • .. • 
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changes in the externally 'adjustable var.iables of strain rate and tempera- .. 

ture. Consequently, in previous discussions of the 'problem, certain· .. 
f.'• 

.simplifying assumptions, Which were not necE{Ssarily valfd, Were made. 
. . ; 

to facilitate analyse's •. A striking example ~f this c'oncerns the frequentiy > · 
applied assumption that K is independent of the strain-hardened state;.: 3,.4 

It was the major objective of this investigation to ascertain how K, v, and 

'· 

·.·, 

.., 

., ·1 

.,. * actually vary with the strain hardening. It will be demonstrated that .. 

Eqs. 1..;4 describe the thermally activated low-temperature strain-rate 

mechanism for high purity polycrystalline aluminum with good accuracy; . 

and it will be shown that the parameters ~f Eqs. l-4 agree well with those •. 

expected when the rate-controlling mechanism is that for intersection of 

. dislocations; and K will be shown to depend on the strain-hardened sta:te; 

/ -

..... · . 

. furthermore, the variation of the apparent activation vol~e and the approxi- ·-. 

m·ate variation of.,.~ with strain-hardeni~g wiil also be deduced; and it will 

be further demonstrated that a moderately low-temperature recovery' of 
' 

the strain-hardened state, .. which had n~t been previously recognized, also ; · 
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II. EXPERIMENTAL .METHODS AND RESlJLTS 

High purity (99 •. 99 ~t. o/o) aluminum w'as selected for this 

investigation because the constriction energy of. its dislocations is small ' . . . 

and, therefore, Seeger's approximation, Eq. 3., _is exp~cted to be good •. 

Spectrochemical analyses gave the following impurities in weight perc~nt:' 

0. 004 Cu, 0. 002 Fe, O. 001 Si, and le.ss than 0 •. 001 of the remaining 
.. ' 

elements. The material Was received in .the form of 0, 100 inch thick ~ 

·--···· sheet cold rolled to the H-18 tempe~ from which sheet tensile spe-c'i;nens. 
. I • . 

having a 0. 250 inch width and a 1. 625 inch gage Ie:ngth were machined 
. - . . . 

with the tensile ;:pcis in the rolling dir~ction. ·. To remove the effects of 

/' 

·'·. 

I. 

; I ~ 

! 
I 
i ... 

··-, 

. I 

. cold rollin·g and machinin~: · all specimens were _annealed in a potassium 

nitrate-nitrite bath at 680°K for' 10 minutes~ .. The resulting average. 

grain diameter was o .• 26 mm. · 

. ' I 

The testing was conducted on an ·Iri.stronTensile Testing Machine; 
. . . 

a typical shear stress vs shear strain curve at 370°K for a shear-strain 
' . · .. · . . . . f 

. rate of .y = 3. 06 x 10-5 per second for the ~ealed material is shown ni 
. I . 

Fig. 1. The shear stress was taken to be the maximum she?.-r stress or 

. _./: ;.· .' t 
i ... 

. .. ~- ~ . I 
··. . I 

. -·.: .. 
I 
I 

.. I 
- . L 

·_:,. 
~ .· 

. ~ .. _. 

. . ' .·. 

one-half of the tensile stress arid the shear.,-strain rate at three-halve~ of. 
: ,. -.. · 

·_; . :" ;..•·.· 

the tensile strain rate in accordance with a Mohp 's circle strain trans:- . · ~ · . . ·, ~' 

formation for a plastic deformation with Poisson's ratio taken as one-
-". . . 

. -;! ·' ·.: 

,_.·'I' 

. . . . . . 

subsequent yield str~ngths at a series of lower temperatures, and at the .·. 

two shear-strain rates of 3. 06, x 10-5 and 3·. 06 x 10-3 per second. In 
.· '· 
. ·-· .: 

.· this way, the specimens .wer~ placed in a series of wen.:.defined cold-worked :·;·_ . 

states. 
. . ~ . 

.·-.· ( ~ . 
. ·, 

' .I ' ~ r . • , , . ··., 
. : '. I ; ~ • ' ' '• . I ' 't • 

\, 'i ~ . ' : . .. ·\ · .. 
· .. ': __ . '' ,• ~.; "· . 
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Following prestressing at a strain rate ot:y :: 3. 02 x 10 per 

second at 370.°K, the controlled-temperature'warm-·water bath was 

removed and substituted by various constant temperature isothermal 

baths. The tests at liquid helium temperature we~e· conducte'd· with the 

,,.· 

aid of a specially designed liquid helium cryostat which was fitted to the · 

Iristron Testing Machine. After 'reaching thermal equilibrium at the 

reduced temperature, testing was resum.ed to determine the yield stress 
' '·:· 

for the various fixed cold-worked states as a function of temperature for 

the two previously desi~ated strain ·rates. The flow stress at yieldirig 

was determined by applying,the 0.1 o/o offset from. the ·modulus line 

concept. The results of the tests are recorded in Fig •. 2. 
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III. . DISCUSSION OF RESUL.TS ·: 

. ·~ . 

· .. 
Eqs., 1, 3 and 4 suggests that ·. 

',''. 

'TG~ * uio . kT Go . K 
~ = 'T + - - - "'7'i'" ln -r- ·.for ·T < T . u. . 0 v . v. u 'Y . . . c 

and that 

··where T is defined as 
c 

.. ~Go *. f T --cr:- = "fo' or T > c 

. . 

{5). 

{6) 

. {7) . 

So that a~ove T c the thermal fluctuations are sufficiently frequent and 
. I . '• 

great to induce intersection without requiring the l,llechanical aid of an 

. -~· 

. *' 1\ • • ,. 
overstress 'T - 'T 

0 
• Curves·of TG

0
/G vs T for the two strain rates and·· .. ·.· .. : I. 

for the various strain-hardened states, given in Fig. 3, were deduced 

:from the data of Fig. 2 using the data of Sutton 7 for determining the 

shear modulus on th.e (111) slip plane in the direction of the Burgers 

··- .... '.· 

". 
:·::.:/ ·, .' . 

: ~ I',' • 

. ,. 

vector a/2 [ i01] as a function ~fT. Whereas the general trends of a . : .. ; ......... ·; 
:-,.I. .. t',. 

linear decrease of TG
0

/G with T over the low temperature range and an.· 

. insensitivity of TG
0

·/ G over the higher· tempe.rature range are ~n nomiriai ... ·.· ... 
' . ,. 

a,greement with the dictates of Eqs. 5 and 6, minor variations from the -~ - ... 
·: ? 

. ' 

theoretical predictions are evident. First the values of TG
0

/G over the:·:·.~.: .. ;: "> · ·.· 

higher temperature range ( expepting the intermediate temperature range.:,·, .: .•. ; · ·: 
• • l. • . -~ . ' ,. . 

for state e) decrease slightly with an increase in temperature; further-
'/)". ' ~ :·.! __ :.: . ::: . 

more, the flow stress is slightly strain rate sensitive over. the same 

ranges~ Therefore:, over the higher temperature range Eq. 6 is not 
' .. ; ·· ... ~ 1·~.: ' .. 

wholly ac~urate. Since the decrease in TG
0

/G with increase in tempera-·> 
···~, ._; . 

" 
ture appears to be more pronounced for the higher work-hardened states,······ 

a recovery mechanism appears to be operative .over the higher temperature. . -~' 
.•. . 1< .. ·: ·, 

. ' ':_·· 

. i 
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range. But the magnitude of th~s recovery decreases as the temperature ' 

decreases, especially as shown for the highest strain..;hardened state e, 

• ' I 

~ . 

. . . . . . ·.···._ 
· suggesting that it has only a modest influenc:e on the lower temperature. 

. • i 

flow stress data. Second, the linear po~tion ofTG0 /G vs T at low ·.··-: . 
' ' ' 

temperatures app~ars to fair into the more or less horizontal TG
0

./ G · · ·· 

vs T trends at the higher temperatures. This may arise from the effects·: .. ; .. : · 
. . . ' . 

of stress on the small constriction enei-gy in aluminum. Equation 5, 

however, represents the experimental data very well over the··lowest 

temperature region. 
. ' 

As shown by Eq. 5, i.._the slopes. of the. TG
0

/G vs T .curves at the .· 

'• .·. 

.,·,: ... :· 
• .. 

. ' . . ·. -~ :, 

lo\V temperatures forth~ two strain rates that were employed permit the· ·· .! • · 
. ; : ~ ~ -: :~ . ... 

determination of K and v for the various prestressed states •. Because 

·' , I 

of the introduction ~f recovery over the higher temperature range T ~ · ·' · '· :: . · : 

was not so easily obtained. Ho.wever, the insensitiv~ty of TG
0

/G to 

temperature and strain rate for state .e over the intermediate range 

of temperatures reveals that this is aiso the appropriate value 'or rr: ~ 
for this state.; Furthermore, it follows from Eq. 5 that for the 

namely T
0 

... 

. { . 

.. extrapolated value ofT at the absolute .zero, 

* U io = v (To ~ To~ 
,,.__,. ,· . ·, 

·.·. (8)~·:-: .' ;· .. : ... ~· .. :( .· .: 

.·· '::>''.;;! where, on the average U. is a constant. Therefore for any. state a 
10 ' 

' * ' ' * 
·. v a ('To - To> a = v e (To - To> e ·· (e) 

Thus since v e (T 0 - T ~) e is known and v a and T
0 

a are also known T ~a 

could be estini~ted. for ~ach strai~..:hardened state a •. The values of 
··-. 

T 
0 

and T ~ deduc~d in thfs ~ay are; given as functions .. of th~ prestress . ·. > 
* I . 

' .. _. : ' . ' ' ~ 
.'•: . . '··,. 

.·· ·' 

T p in Fig •. 4, ··were. as shown T 0 ,'T 0 is uio v. ' Since uio is constant/.·'.' 
. ' .' . ' . . .. ·-. . ; ~ ' : _.; . ·, . .;' ·.: ·, 

'• ' 

;·:.. '"<·· ·. --~ ·._ ,-·"( _, .... ,l 

· .. -, .... 
·' ... • . 
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*· ; . . . '. 
the increasing v~lue of .., 

0 
- . .., 

0 
w:ith .., P: aris~s from the fact that- the · 

apparent activation volume v dec'reases with st.rain hardening due to ·' .· · · · · -· 

higher densities of disloc.ations., The .,. ~ vs .,. p relationship d~viates .···.·. . ' 

slightly from the idealized expectation of a straight line. Slight additional·.··.'.· 
/ .. . ~ '1:. 

recovery during reduction of the stress at the prestress temperature is 
' ... 

.~.· ' . ·: . 

•· 
_ . probably responsible for ·this trend, · 

., . 
'. 

·. :- ~ 
. ·~ . ' .' 

The apparent activation volume v, and the valt;e of J.11.K were ,. 
: ·~" 

.·",:· 
'TG

0
/G vs T curves for the two strain rates that were employed to the, ., . : .. .. 

,· ·, 

slopes dictated by Eq. 5. i As shown in Fig. 5, tl:te apparent activation ... 
\ . . 

volume remained practically unchanged over the early stages of strain.--· ·' 
. . 

hardening from (a) to (b) and then decreased rapidly with additional 
·-: .. 

' prestressing from {b) to (e). Consequently, the early stages of strain· 

. ~· hardening of polycrystalline aluminum arise principally from an increase 

in .., ~~ whereas, the decrease in v at highe~ pre strained conditions also · 
' . 

'".• ,·., . 

contributes to the strain-hardening at the lower test temperature:=; as .: . . ,; .. ·. 

. •' 

~· .. ' 

documented in Fig. 4. for 0°K. Corit~ary to the investigators' expectations~ , ,-··.:·_: 
, ' , , ' ' I .•• ·~·.''":·, 

· · K was found to change greatly with cold work. As shown in Fig. 6 for .. :. ,' . 

. <:Kv -1 vs .., ~ {vide Eq •.. 2) K is inse~sitive to pre~tressing from state (a) ' ·.· 
. . . .·' ·,._. 

to (b); but it decreases _precipitously with additional prestressing from·>: 
. •·:· .... 

-·· 
(b) to (e). For the initial prestressing condit~ons, it is expected that 

-3 2 ' . . . . ' . . -1 b6 : •' I. 

N !::a' L and A~ L , whence from Eq. 2 it is expected that Kv ~ U = .. :, :. ·~ 
b6 . · . . o· · . . . · · · 

.. V2. When the values of b = 2. 86A and v for low'prestresses (Fig. 5) are 

introduced Kv - 1
!!: -13~ 6. in satisfactory·, agreement with the val~es for ·;.; 

' ' 

the lowest prestressed states {a) and {b) given in :!rig. 6. ··Since N is 
. . . . .· • . , . . . . . . I, 

'·J 
.•:' 

.' ' .... 
' ' .. , • i , I l ~ I , 

. ·~,_ .. I .. '. ...\ . ~ .. 
, ., ' . \. ~. . " ·. 

·.· '. .. 
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·expected to increas·e with the 'density of dislocations, the decrease in 

Kv - 1 with prestress~g f~om (b) to the.higher p.restressed states is pr.obably 

attributable to a rapid decrease in A. ·This suggests that the area A swept 

out per activation is controlled by the distance between dislocations in 

entanglements. Thus th~se trends are i':l fair harmony with the dictates 

of the intersection mechanism •. 
' . . . . 

An activation energy of U = 51 lOcal/mole· was determined from .. · 
. 0 . . . . . . 

·the values of U
0

/v giveri in Fig. 4 ~d the.associated values of v given 

in Fig. 5. Thus~ 

3 
U

0 
~ 0. 058G

0
b • 

' 
the average activation ~nergy has the low value of. 

This result is much lower than that which would be 

. expected for the rate-controlling mechanism of production of vacancies. . . . 

,I . . 

,• .t ·., 

.. , 

: j 

1 
! 

·.! 

.1 
.. I 

.or interstiti<~.ls of jogs. in moving screw disl~c~tions;?' 9 it is only slightly · .· .... :,·., .l' 

j ' ' " . ·~ 

, ·lower than the expected value5 of about ~0. 08G
0

b
3 

for the form~tion of a <·. . ~: .< <:·j 

. '. '. 

single jog in essentially undissociated dislocations.·. ·consequently,. this.· 1 
·j 

result also is in fa~r agreement with the intersection. mechanism, .the 

.minor deviation from ·theory being accountable fo~ the approximations · . , ' . ' ' . 

.... ,' l 
I ·, • ., ' ·' ' ' ·:· l ': ~.· 

. ' ...... i 
· ... · 

in the· the.ory an~ the neglect of st~tistic.al fa6tors in formulating ·Eq!=!• 1# ·: · : · . ·. ··~ 
' • • • • • • 4 • • . • • ' • : • ~ • • ~ . •• ;' ' ' . • • ~ 

. 2 and 3. 
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CONCLUSIONS .. 
• 

Summing up,,' it- may be stated: 

.,.-
... ', 

· .... . . . .. , '•. 
~ . . ; . 

'·· 

. . . . ' ' ; i 

. Two distinct regions of, flow-s~res~. temperature dependertce . 
. ,., ' 

exist in polycrystalline altiminum ~elow 370°K. ··-_i, 

2. The lower temperature region is thermally activated with .an· 

activation.energy of about5110cal/mole •. 

3 •. The activation volume gf the ·lower tempera~ure region ranges 
. . . 3 . ' 3 
between 1000 b and 250 b. decreasing with i:r;tcreasing · 

prestress. 
. . . ' .. ·. . . -4 -10 

4 •. The frequency ~actor X varies betw~en 10 and 10. of the. 
"\ 

De bye frequency, decreasing with higher prestresses •. 

5. ·The mechanical parameters are in nominal agreement with 

the intersection mechanism. 

~ .. •. 

/ 

.. ·' ,, .. 

.... 

6 •. The flow-stress decreases slightly with temperature over. the.·· 
~ . . · ... · 

'. ·.-. 

. ~ ' ·~: .. 

"•: 

higher ranges of temperature even when corrected for 

temperature dependence of the elastic. modulus and shows a 

corresponding strain rate dependence .as a result-.of recovery~ 
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. c~nnection' W.ith th'e ~xpe_riment ~d Mrs. 

the figures for. the r.epori.: 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






