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I. INTRODUCTION 

The relative importance of several possible factors in determining 

the flow stress throughout the stress-strain c~ve of face centered cubic 

metals is still rather uncertain. In the present work an investigation 

has been made of the relative magnitudes of T , the short range, s 

thermally activable part of the flow stress, and of 'g' the long range 

stress, for copper single crystals at room temperature. In an attempt to 

.perform definitive experiments so as to identify the magnitudes of T and s 

T characteristic of particular interactions, known impurity contents g . . . 

and dislocation distributions have been introduced to the crystals. By 

identifying the values of T /T characteristic of impurity-dislocation, 
s g 

and of forest-primary dislocation interactions it is possible to establish 

the regions of the stress-strain in which these reactions play an important 

role. 

Evidence exists for the effect of impurity on both T and the 
s 

total flow stress at low stresses. In Haasen's (195,8) temperature 

cycling experiments on nickel crystals considerably larger values of 

T were found for specimens of only commercial purity. Comparison of 
s 

the critical resolved shear stress, T , for copper of 99.999% and 99.98% 
0 

purity (Schlile et al, 1962) shows that impurity affects the onset of 

macroscopic flow considerably. Observations by the present author 

(unpublished work) suggest that the initial flow stress may in addition 

be affected by the distribution of impurity. A copper single crystal 

annealed close to the melting point for a number of hours showed a 

lower initial flow stress ,,rhen tested subseg_uently at room temperature 
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if, prior to cooling, it was deformed in tension to l or 2 percent strain. 

More quantitative results reflecting vhat is thought to be the effect of 

oxygen on the magnitude of T are shovn in this paper. To investigate 
s 

T /T as a function of uurity. strain rate change tests have been performed s . g ~ • 

on copper single crystals of easy glide orientation whose impurity 

level ranged from 5 to 200 p.p.m. 

Basinski and Basinski (1964) have shown the sensitivity of the 

total stress to forest dislocations in an initial flow stress experiment 

on copper single crystals. The·etch-pit counts made in their experiment 

shoved that torsional deformation applied to one of the two specimens 

tested increased its forest dislocation density considerably, leaving 

the density in the principal slip plane unaltered; furthermore, the 

increased flow stress could be correlated with the increase in forest 

dislocation density. As will be discussed later, however, the increase in 

2 2 flov stress from 128 gms/rr~ to 295 gms/~~ due to the forest dislocation 

() 6 52 6.2• 
density Nf 'increasing from 5 .. 10 /em t.o 3.3.10 /em suggests that 

Saada's relationship T (f) = 1/5 Gb(Nf) 112 must be modified. Paxton 
g . 

and Cottrell (1954), Rebstock (1957) and Holt (1959) have also investigated 

the effect of incremental torsional deformation interrupting a tensile 

test, and have shown that the total flow stress is increased. Seeger et 

al (1957) measured both T and T in stage II after performing tests s g 

internittently in tension and torsion~ These vorkers found that ' h 
s g 

remained unchanged folloving an increase in forest dislocation density 

arising from the torsional strain, and interpret this as resulting from 

an increase in the density of Lamer-Cottrell barriers, rather than from 

.. 
... 

,. 

• 

• 
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primary-forest dislocation interactions. Seeger et al (1957) interpret 

T /-r in stage I as characteristic of forest dislocation interactions, 
s g 

while other workers (Young 1962, Basinski 1959, Basinski and Basinski 1964) 

consider that impurity effects make a substantial contribution. 

In the present work a strain rate change by a factor of 10 led to 

a stress increment 6-rs, which is proportional to 's Sine~ a knowledge 

of this proportionality factor-involves a specific flow stress theory, 

and a considerable part of the interpretation of the present results 

depends only on the relative magnitudes of T /-r , the values of 6-r /-r 
s g s 

(~, /-r) are tabulated. To determine T /-r characteristic of forest-s . s g 

primary interactions T and 6-r have been measured by strain rate changes 
s 

both before and after an increment of ta:-sional deformation was introduced 

during a tensile test in the ea!3Y glide region. As Paxton and Cottrell 

discussed in their paper, and as Basinski and Basinski have shown by 

etch-pit measurements, for a single crystal of easy glide orientation the 

torsional stress causes an increase in dislocation density only on the 

secondary planes leading to forest dislocations intersecting the principal 

tensile glide plane~ .The function 6(6-r )/6(T) (where 6(11-r ) = (6-r (after s s s 

torsion)- 6-r (before), for xlO strain rate changes, and 6(-r) is the s 

total tensile flow stress difference caused by the increment of torsional 

deformation.) is thus a measure of the relative increase in T. and'~ due 
s 0 

to forest dislocations interacting with primary dislocations. The ratio 

o(/.1-r )/6(1-)(f t) may be compared vTith 6t h for copper crystals of s ores s 

various purities in the easy glide region, and also 1·rith the ratio 

11t /-r obtained from a xlO strain rate change during stage II of the stress~ s 
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strain curve. It is thus possible to decide whether 

l) !:::.Ts/T(easy e;lide) is due to forest-primary inter- .•. 
• 

actions in which case o(!:::.T )/o(T)(f t) should s ores 

equal 61s/T (easy glide)· 

2) !:::.T /T( t II) is due to forest-primary interactions 
s s age 

in which case 8 ( !:::.T )/ o ( T) (""' t. ) should eo.ual s . J.Ores 

!lT /' (stage II)" 

3) IH /T . is impurity dependent, for in s (easy glJ..de) 

this case markedly different ratios will be obtained 

as the impurity level is altered. 

In addition to the information derived specifically to answer the 

above questions, the present results afford detailed data on the variation 

of VT with stress (Vis the apparent activation volume), and the 

applicability of the Cottrell-Stokes Law. 

.. 

• 
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II. RESULTS OF STRAIN RATE TESTS FOR SPECil~NS OF DIFFERENT PURITY 

Unless otherwise indicated the results reported are for specimens 

which were deformed .at 295°K. Using extension rates of 0.01 em/min and 

0.1 em/min for the 5 em long specimens, and a fast chart speed, more 

than 20 strain rate cycles could be completed in the easy glide region 

i-rhich corresponded to 10% tensile .shear strain. The impurity was 

introduced to the specimens during an anneal close to the melting point 

in an evacuated chamber containing a vapour pressure of the impurity to 

be introduced. During this procedure the specimens were held in the 

tensile gripping system which was to be used so that no extraneous 

deformation resulted prior to test. The initial flo•r stresses of the 

specimens ranged from 76 gms/mm2 to 137 gms/~~2 , but no correlation has 

been attempted between T and impurity content since the specimens 
0 

undenrent different annealing treatments. 

Figures 1 and 2 are for copper crystals both of which contained 

150 p.p.m. impurity as determined subsequently by spectographic analysis. 

The Cottrell-Stokes Law may be expressed by saying that it is strictly 

applicable in those regions for which VT is constant. We see, therefore, 

that only for stresses ~ 2.5 kg/~~2 is this condition met (corresponding 

to a shear strain ~ 30%). The constant value of VT 1-rhich is reached at 

high stresses is 7. 0 ± 0, 2 e. v. , corresponding to ~itll h "'(8. h :t 0, ::l/lOOO 

for a xlO strain-rate change. By coritrast, Fig. 3 shows the results of 

a similar experiment on a silver sir;gle crystal, for which the Cottrell-

' 2 
Stokes Law is obeyed forT~ 0.75 kg/mm , at a shear-strain~ 15%. The 

mean value of VT = 6.54 ± 0.05 e.v., and thus for a xlO strain-rate 
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change at high stresses liT · /T = 7. 8/1000. The point at which the law is 
s. 

obeyed does not app~ar to correlate with a prominent feature in the 

stress-strain curve. This is perhaps indicative of stage II becoming 

gradually dependent upon one major flovr stress determining factor, while 

at lower stresses, even we~l into stage· II, numerous other reactions 

make contributions whose magnitudes depend upon the internal structure of 

the particular crystal. Although the present results on copper show that 

the stress at which the law is obeyed is closely the same as -r
3

, the 

possibility of this being a general rule is invalidated since for 

silver the law holds for stresses considerably less than T . 
3 

A striking feature of the results is that in stage I the magnitude 

of 6Ts (and therefore, T ) is constant irresnective of the specimen's . s ~ 

impurity content in the range investigated. This result is at variance 

with the findings of Thornton, Mitchell and Hirsch (1962) vho found that 

6\/T was constant, i. e. Cottrell-Stokes Law was obeyed. Seeger (1963), 

however, using an incremental loading method found that the activation 

volume vas constant during easy glide in agree~nt with the present 

results. Figure 4 shows the results of the present work, together with 

those of Seeger on a crystal of unreported purity (from Seeger's values 

of V, the activation volume, derived from incremental loading the value 

of 1:.T has been calculated 'vrhich •rould have been measured if the results s 

had been derived from xlO strain rqte·changes). The discrepancies in 

the published data on the Cottrell-Stokes Lmr probably reflect the 

sensi ti vi ty of T, .and T s particularly, to inhomogeneities in dislocation 

distribution, general crystal perfection, and the nature, content, and 
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distribution of impurities. 

The other striking feature in Fig. 4 is the strong correlation between 

the magnitude of ~'sand the total impurity content. Sirice ~\has been 

found to be constant during easy glide, & /T decreases as the stress 
s 

increases. Table 1 gives, for specimens of different purity, the mean 

value of & , and the range of vall).es of M · /T ·(proportional to T AT + T ) ) s s s s g . 

from the onset of flow to the end of stage I. 

The value of ~1 increases by a factor of 4 for an impurity level 

change from 5 p.p.m. to ~ 200 p.p.m. The last co1lli~n in Table 1 shows 

how the enhanced value of T /T in easy glide arises only for the specimens 
s 

with the higher impurity contents. In the present experiments (and from 

the previous results of many workers, for ex&~ple, Basinski 1959, 

Thornton et al 1962) the characteristic value of ~'s/T in stage II for 

a xlO strain rate change is ~ 8/1000, and is only slightly sensitive to 

impurity content. It is significant, therefore, that the stage I values 

Of ~T /T in the purest specimens in the present work were of this S&~e s 

order. 
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TABLE I 

.... 

~~) and 6T /T for ~2;~1 = 10, for Easy Glide Copper at 295°K, 

as a Function of Impurity Content 

.I 
6T /T Total Impurity I D.T 

I 
s 2 s 

p.p.m. gms/m:n Stage I 
I 

5 1.49 ± .1 (11 + 6)/1000 

8 1. 75 ± .02 (15 + 12.7)/1000 

53 2.25 ± .1 (20 + 17)/1000 

150 6.4 ± .3 (40 + 30)/1000 

150 6.06 ± .08 (51+ 24)/1000 

150 7.52 ± .04 (54+ 34)/1000 

220 4.98 ± .02 ( )-+9 +. 30) /1000 I. 
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3. RESULTS FOR CRYSTALS DEFORMED IN TENSION Al"'iD TORSION 

(a) Easy Glide Region 

The experimental procedure was to make four changes in tensile 

strain rate prior to the first increment of torsional strain so that 

~1s characteristic of the normal easy glide region could be determined 

with accuracy. The torsional deformation was introduced by hand 

with levers attached to the lower tensile grip, and was of such a 

magnitude as to enable the small change o(~1 ) to be readily determined 
s 

without raising the stress level above that normally associated with 

stage I. No attempt was made to measure the increment of torsional 

strain since for the rod crystals employed this will vary across the 

specimen section, while even for tubular crystals there is a longitudinal 

variation due to the effect of the grips. , 

The torsional deformation caused an increase in 1 and n1 , and a 
s 

slight increase of the subsequent work~hardening rate in the tensile 

deformation. 'A particularly useful feature of the results is that the 

values of ~1 were constant for the first few strain rate changes after 
s 

the torsional deformation, enabling o(tn ) to be defined with accuracy. 
s 

Figures 5 and 6 illustrate typical results. The specimen vlhose behaviour 

is illust.rated in Fig. 5 ·contained 8 p.p.m. impurity, while that in 

Fig. 6 contained 53 p.p.m. Only one increment of torsional deformation 

was possible for each specimen in the easy glide region, and, using the 

notation of Fig. 5 the results obtained are shown in Table 2. The 

striking feature is that the torsional deformation has caused interactions, 

which, irrespective of the specimens' impurity content, lead to ~(~1 )/o(1) 
s 

( 

. i 
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TABLE II 

&(6< )/o(<J Due to Deformation in Torsion During Easy Glide 
~~~--------------------------------~--~------

.' i 
· ~mpurity I 

MA l.lcB 'B- 'AI &(6, )/oh) 

gms/rnm2 l 
s 

6<AhAI 
gms/:rmn 2 gms/mm 2 (forest) I p.p.m. 

I 

I 

1.49 ± .• 1 2.17 ± .1 77.9 I (8.7 ± 1. 7) /1000 5 

1. 75 ± .02 2.21 ± .03 73.2 l (6.3 ± .7)/1000 8 

2.25 ± .1 3.31 ± .1 173.5 I ( 6.1 ± 1..0) /1000 17/1000 53 

l 4.98 ± .02 5.61 ± .1 79.4 (7.9 ± .8)/1000 30/1000 220 

I 
¥.·5.68 ± .03 7.76 ± .1 228. (9.1 ± .5)/1000 32/1000 200 

*Deformed at 78°K 

... 
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from 6 ~ 9/1000. Seeger et al (1961) have sho~~ that the behaviour 

of the primary dislocations in stae;e I is best thought of in terms 

of a number of individual dislocations rather than groups or pile-ups. 

The straightforward and most reasonable result of the torsional deformation 

is, therefore, that forest dislocations have been introduced vhich have 

interacted with individu2.l dislocations in the primary plane.· The 

inctemental changes 8(6T )/8(T) are accordingly a measure of the proportions 
s 

of short to long range stress characteristic of forest-primary dislocation 

interactions. 

He find, therefore, that T /T which is charact.eristic of fo;rest 
s 

dislocations interacting -vrith the primary network leads to a value of 

t:::.T/-r in a strain rate change test which is identical within the· 
i 

experimental error with that 'Yrhich is obt2.ined in stage II. It is also 

clear from the absence of correlation between 8(6Ts)/8(T) and 6TA/TA 

with differing impurity levels that the enhanced value.sof 6TA/TA are not 

due to forest dislocations, but to the impurity level. 

From this section and from section 2 we draw the following conclusions 

concerning the points enumerated earlier. 

1) For specimens with only 5 p.p.m. impurity,·6Ts/T 

( . ) is of the same order and possible easy glJ..de 

rather larger.than o(!'J.T. )/o(T)(f . +). Enhanced .s ·oresv 

values of 6T /T are obtained for crystals with s 

greater impurity levels, indicating a strong 

dependence of the short-range part of the flow 

stress on impurity. 
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2) The stage II ratio, ~T /T is equal to o(~T )/o(T) 
s s 

( ~ t) and both these terms are relatively J.Ores 

insensitive to impurity. This is a strong indication 

that primary-forest dislocation interactions control 

\ 
in large mea~ure the stage II flow stress. 

Because of their relevance to.theories of the flow stress and 

work-hardening the above conclusions are considered the major results 

of the present investigation, but a number of further results will be 
~ 

briefly mentioned as similar events do not appear to have been previously 

reported. 

A most unusual occurence following torsional deformation is 

illustrated in Fig. 7. This specimen contained~ 150 p.p.m. impurity 

but was annealed in a poor vacuum pr~or to test, becoming cont&~inated 

1-.rith oxygen to such an extent that a slight oxide film could be .seen on 

its surface. Prior to the first increment of torsional deformation 
. . •2 

the strain-rate change tests gave t::.T. · = 4.07 ± .05 gms/mm which is 
s 

consistent with the variation of !::.T with impurity content as determined 
s 

from the other experiments in the present work. Following a moderate 

2 
torsional strain, which raised the flow stress from 117 gms/~~ to 

185 gms/mm
2

, th~ first strain rate change by a factor of 10 led to 

!::.Ts .= 8.6 gms/mm
2

, :·rhile aft.er 

!::.T increased to 17.2 gms/mm
2

. 

a further small amount of tensile strain 

Thus,~ was raised by a factor~ 4, 
s 

apparently due to a redistribution of the gas content caused by the 

. 2 
torsional deformation, and only at a shear ~tress of 0.75 kg/mm did 

the specimen return to the expected T /T ratio: This result makes it 
s 

.. 

.. 
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clear' that' a <fetailed'.'iiit:erpretation: of_·, ""in stage' r·must take' into 
s 

consid'eration both 'the impurity level- anc(it~s· dfstributiori. Sinc-e the 

specimen~ oxygen conte~t appears to be 'the only ~~ctor which distinguishes 

it; from the other crystals it is perhaps worthi;.;hile .t'o mention other 

recent instances in which oxygen has been observed to'affect crystal 

properties. The present author has found fro~ exter1ded node measurements 

in a Ag-ln alloy (e/a "'LlO.l.. that oxygen raised the slacking fault 

energy from 15·.7 ± l-ergs/cm2 to 23 '± i.2-e'Ygsicm2 (to oe published). 

In addition, Haasen (private 'communication)' has shown froin T3 measurements 

that thorough de-oxygenation of silver reduces the stacking fault energy 
2 . ' . 

by a factor "' 2, leading to yA "' 15 ergs/ em at room temp'erc~ture. 
' g 

This is further confirmation to the conclusion dra1m by the present 

author (Ph.D. thesis, Cambridge, 1964) that yAg < 1/2 (yCu and yAu)' 

since earlier_T
3 

measurements had led to rather hfgh values Of y 
'Ag 

('V 40 ergs/cm2 , rather than the extended 2 
node result, yAg "'20 ergs/em 

(Loretto et al 1964, Gallagher 1964 (thesis)). 

(b) Stage II and Stage III 

Since the present results have indicated that the major contribution 

to the flow stress in stage II is forest-primary interactions one 

expects that a twist experiment in stage II will lead to o(t.T )/o(T) = 
' s 

6T /T( ). This result has in fact been obtained by Seeger et s stage II 

al (1957) as mentioned earlier. In the present work, however, although 

o(t.T 5 )/8(T)(stage II) rarely exceeded 8/1000, the value characteristic 

of a xlO change in strain-rate in stage II, it was in ma:::1y cases lo1.;er, 

and was frequently negative, i. e. the effect of torsional deformation 
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was to reduce the short range flow stress. The results are complicated 

in stage II by unlo:s-ding effects~ but allowance has been made for the 

Haas en-Kelly effect ( 1957) · in determining 6 (Lvr ) I 6 ( T). Figures 8 and 9 . . . s 

illustrate the fact that ingeneral the increase in T caused by relaxing 

and twisting contains a ·smaller component of·i 'than if the stress had . s . 

increased a similar amount in the ,course of te.nsile deformation. Attempts 

were made to avoid relaxing the load during the increment of torsional 

deformation, but some relaxation is unavoid.abledue to the torsional 

strain increasing the specimen length. A further interesting result 

was obtained on a specimen in which from. T 
.l ? 

- 5.5 kg/mm._ up to T 
2 = 8 kg/mm , 

. 
the highest stress at which it was tested, a twist reduced both the 

value of ~T , and the total stress. 
s 

'A reasonable explanation for these results· appears to be that the 

dislocation movement on secondary systems is.effective in reducing the 

stress concentrations in tangles·which existed_in the specimen deformed 

in tension. .·Except at very high stresses th~ overall 'in-crease in the 

dislocation density will lead to .an increas~ in T , but T is much 
g s 

more structure sensitive., and depends on ~he detailed nature of the local 

dislocation distribution. At very high stres:ses it is possible that the 

introduction of slip on other systems vill enable the .high internal ,, 
stress to be reduced by annihilation and .cro.ss s~ip leading to a decrease 

in the total stress as vell as its temperature dependent rart · .. 

Thus, in the present vork the extension of the experiment to high 

stresses has not led to as pleasing a substani:;iation of the conclusions 

dravn as vas hoped. Nevertheless, the results at lov stresses, where the 
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experiments are uncomplicated. 'oy the effects described., arc felt fully 

to justify the conc.lusions e~~1c::r.:;:ted e/? .. rlier. 

'· 
(. 
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IV. DISCUSSION 

A combination of the present results with earlier work, notably by 

Xoung (1962), Hordon (1962), Basinski and Basinski (1964), and Tinder and 

W~shburn (1964) enables a much clearer picture of stage I and the pre-yield 

region to be obtained. A number of conclusions are drawn below, and are 

followed by the results which.substantiate them. 

(1) At very low stresses in the pre-yield region the flow stress 

I ( 2) 

(3) 

is due to impurity-dislocation interactions. The flow stress 

is very sensitive to impurity-dislocation interactions until 

the pre-yield multiplication stress (~ 20 gms/mm
2 ) is reached. 

Thereafter the internal stress is sufficiently large to enable 

the dislocations to penetrate the impurity obstacles more 

readily. The glide process becomes increasingly dependent 

upon forest-primary dislocation interactions, and the dislocation 

mean free path is an exceptionally strong function of' the 

stress. The·yield stress (T ) is merely defined by the pbint 
0 

at which ~s/~T approximates to its maximum value. 

The magnitude of T in stage I is due to forest dislocations 
g 

interacting with the primary glide dislocations. 

(4) The magnitude. of Ts in stage I is due almost entirely to 

impurity-dislocation interactions. For crystals with~ 5 ~.p.m. 

impurity T in stage I is small and largely attributable to s 

\ 
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forest-primary interactions. 

rr·he cor:1uents cor~cE·rning the p:rc;-:.rie2.d regio!l. c.r:d -cne initie.tion of 

and will be modified below for cases where the initial dislocation density ~n 

Concerning points (1) anc. (2) the vo1·k of TinC.e::.· and H<.::.sh-burn (196!;) 

snowec_ that dislocations moved irreversibly at resolved stresses as low 

as rv 4 In addition, on relaxing the load and re-pulling, the 

initiation of flow was accompanied. by discontinuous yielding. Furthcr~ore, 

in tl1is l"egion dilute alloys of coppe:r req_uired a larger stress to pl ... oduce 

interesting result \·Tas thc.t the introciuctio~~ 

of f:cesh dislocations to a ci·yste.l elj.rnil1ated the discontinuous :-;.rielciing 

and res··..<.l ted in a larger a'!lount of pl·e-yield strain for a given flo•-r 

stress, together Hith dislocation movement at sensibly zero applied 

stress. There is thus a correlation between this beha~iour and the 

result mentioned earlier, that some deformation at high temperc.ture 

follm-ring an anneal is effective in levering the yield stress subsequently 

measured after cooling the specimen. It is clear that the result 

deper:.d.s upon the provision in the crystal of dislocations vhich e.re less 

ef':f'iciently . " plnnea. oy impurities. 

? 
found a re::liclual flm-r stress "' 15 to 20 g;ms/m.rr.-

( depenC:i:1g on the strai:1 rate) -vrhich he attributed to impurity effects. 

Eis crystals were of a nominal 99.999% Cu. Young (1962) suggests that 

for his crystals of 99.999% purity the yield stress in a low dislocation 

density c~::rstal is largely· attributable to ir:1p1.1ri t:r-d.islocation interactions. 
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The basis for this idea is that the initial dislocation density (]) 

a good correlation was obtained betwee~ the values of T 
0 

speci:nens :prep,:..red. from one larc;e crystal and. vhich presu.:M:..bly had. the 

same f!·!cpm•i ty conten"c. It is surprising, should this oe the case, that 

a stro~ger tenperature depend~~ce br T has not been observed~ 
0 

and 

that Young should not have measured a stronger dependence of T
0 

upon 

strain rc..te. In ., .... "-'-. 
8.QQl vlOn '· at only slightly higher stress levels in the 

present vork the value of T associated. 1-1ith impurity in a crystal of 
s 

99.995% Cu has been shmm to be relatively small. 

Young does in fact attribute the yield stress of a crystal I·Ti th N -

6 :2 
10 /em to dislocation interactions, and shm-rs that its initial flou 

stress, T :::: 91.!. gms/m.~vu2 , is about equal to the stress necessary for 
0 

znultiplication, Gb(N)
1

/
2 . As Basinsld and Basinski (1964) point out 

further valuable information concerning the yield. proc<7ss. is revealed 

by the floi·T properties of the above crystal, contained in Fig. 6, Young 

(1962). The important point is that by the time other crystals vhich 

2 
had fl01-1ed at a lOi-rer stress reach T = 91+ gm/mm , they have acquired 

a higher dislocation density on the nrimary glide plane ~han is contained 

in the crystal i·Thich has T = 94 gm/rr.m
2

. This indicates a lack of 
0 

.and the yield stress. Only guarded; conclusions should be drai·m, hovever, 

since for the higher dislocation density crystal a gi·eater :fraction of. 

the dislocations 1-rere in sub grain boundaries. 

That the ~ield stress does in fact correlate vith the forest dislocati~n 

density vras .sho1-m by Basinski and Basinski ( 1964), by testing a virgin 
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~~e flov stress increased as did the forest dislocation density ~~lilc 

earlier a strong increase in T ~v:8.S CClllSed by . ' . 0ne l:J.crease 

forest dislocation density and caluclations suggest T 

' t' ' 1 1 I·- , , - 0 1 ( l 0 /"" 1 ) ¢ ~ ~. ra·ner ~~an ~ /) as propo~ea Of oaaaa -~o~ . It is felt, 

tl1e:.--efcrc, that the t:-.ro ITtajor contyil.Jutior:S to the yield stress in a 

Cl'"'jiStal are in1:purity-disl,ocation pinning effects, ana. fo!'"'est-:;>ri:n~r~r 

dislocs:t~ion interactions .. The re.la~i .. ·.re rnugnitude of tb.ese effects \·:rill 

and tbe 

dislocatior.~ density ir:. both tl1e IJI'ilns.ry and secorJ.~arY gli:cle plc..r1es. 

-· ~ , - ~ . - . . - ' . ~ d . . l 
~ne c~ear~y aei1nea macroscop1c y1e~a s~ress Ioun ln crys~a_s 

vi1ose tensile axis is such that one slip systeD is primarily operative 

al-J:Pears to be a result of COl1di tions particularly fa-v-ourable to 2.. rapid 

.. ~,rariation '\-rith stress of L, the rnean free path of a dislocation. Cle8.r 

evidence for the effect of· fm·est di'slocations in defining ~L/ 1:.-r: is t:10 

observation thr.t corner orientation crystals generally have a less '..rell 

defined. yield stress, im.plyi11g a more lirai ted dependence of L on T. The 

:nany observations that L is constant during easy c;licle (e. g. Young 1962, 

Bas ins}::_ and Basinski 1964).indicate that the me:? .. n free pnth 

at the yield strass is not only of such a rn~cnitude as to cive a readily 

Ineasurea~ble str~~i11, but :happens also to be the 1nax.i1Yiur!l. v-a11.le ~\-.•h'ic h tl1e 

disloc~tions ~ttain. 

The evidence in corroboration of po2.nts ( 3) and. ( 4) follmis :prir.cil'D.l~.y 

from the present '\·.rork, and fro1r1 tl;.e results of Bn.sins}:i 2.nd B.:.!.sins~:i ( l96:l.;) 

and others -;,.rho l1ave tneastJ.recl the variation of d.isloc2..tion d'2nsi ty .. i'or· 

both primary ~:.r..d forest dislocations. As the above aut11ors })Oint out 

' / 
·../ 
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the flow st~ess does correlate better with the variation in forest 

stress ex9eriment already described. 

It seems that no other conclusion can be draw~ exce9t that forest 

ciisloc2 ... tio:r.!.s a:ce the flo\I st:c·ess d.eter2nining_ fae:tor :_n stc..s0 _L. 

present worK the most nositive results conce~n L , \·1l:icl1 has teen 
s 

shm·m 

ho\·re\rer, tl1at for irr:.pu:rity level~; ,..v 5 p.p.rn. -c:::.at the rilag:1i tude of l 
s 

or:ly- of the s22ne orC.e:r as t~nat du.e to forc:st dislocations interacting 

with primary glide dislocations. 

contribution GO c . 
s 

foi" stan;e -r 
J. ' 

-,- 1 ( - \ 
l;S 

T ( ' ~ f)s is the short range stress normally associated with the 

( l) 

forest-lJl"irnar-:;' inte rae tion process, and 1r.) 
\l s 

is due to impurities, ~:.ncl 

the 
6 ~·· 

dislocation density is ~ 10 /em-. This term is also sensiti\re to 

the distribution of the impurity as might be expected, since segregation 

of i1TII)Ul"ity to dislocations \~:ill clearly· effect tl:.e locking stress. 

1vou.l-d be u:oGful to h@VQ s.n ic1eo. of ·the absolute:, ;n~cc~n:Ltudcs 

determining the factor a, where 0:/\ t 
s 

o-" -
-'- l ( '(') ,,. -· '-' 

and 

n 

developing a theory of the flow stress Seeger (1963) four:d T 
s 

= 28 crn,/r"'J:lt_ 

in stase I for the particular crystal which he used. 

~c~ults indicates that for a xlO strain-rate change the ap9ropriate value 
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of a is of the order of 10. 

For the moment we shall use this as an order of magnitude estimate, 

even though the description of stage I presented here is at considerable 

variance vith that developed by Seeger et al (1961). Thus, on this 

2 
basis using Table I for the purest crystal used, 's was ~ 15 gm/mm 

in stage I, vhile for a specimen containing ~ 200 p.p.m. impurity, 

's ~ 65 gms/~~2 , vhile in each case the contribution from '(f)s to's 
. 2 

1vas eq_ual to ~ 10 gms/mm . \.-0'lat is, of course, more important to the 

present results is that a should be reasonably constant despite variations 

in the magnitude of T , and insensitive to the factors contributinc; to 
s 

's and to the stress at vhich the strain-rate change is performed. If 

one considers the result of a strain rate increase to be slightly 

higher potential barriers due to the effective decrease in temperature, 

the fraction by vrhich T is increased appears to depend only upon the 
s 

magnitude of the strain rate change .. The concentration of the barriers, 

their absolute height, and the nature of the interaction causing them 

appear to be irrelevant. 

There is, in fact, evidence from the present work and from the 

literature that a is less than the value ~ 10 adopted in the previous 

paragraph. The forest dislocation density has been shmm to increase 

during stage I (see, for instance, Basinski and Basinsl':i, 1964) and yet 

for the range of impurities used in the present vork 8:r 1-ras constant s 

vrithin close limits throughout stage I. For example, in Fig. 4, for the 

three sets of results which extend to 10% strain in no case is there an 

increase in ~T of more than~ 0.5 gm/mm2 in stage I, while the total s 

I'• 



• 

'l' 

·. i".' 

-31-

S~:-::·2ss has increased from ~ 120 
2 

gr::/r.rra . Usir:g c:, = 

"v l. 2 I:-1 o.cldi t io~;., 

been shown to be due only to the change in elastic ~odulus (Dic~l and 

stress ~n stage II-is determined:by forest-]rimary interactions, 

One would expect, however, that for ~orest dislocations intersecting 

C.islocat.io:1s in glide plane .T /T would be larce, 
~3 g 

since 

activation is expected ~o aid the nrocess considerably. 

estiraates have 
' I 

i:..idicat.ed .tr~at T /T (·'"' -'- . ~ ~ •O~P~·-O~lma~·y· 
o..J 0 ·- .1. ..._ '-' v .:.. - ~ ......... _ 

. ~l/5 (Saada, 1960) or ~ l (Seeger, lQ(.::~) .1,._... ._..__, • 

speci~;;1e~ 

is 

in the 
s 

cou)led with the results of Diehl and Berner suggest that for the 

. ' .. ln-c e:;_·acc; len::~ f'J.o:·.:-- stresf>, 

lS certainly < l/10, and is more likely to be ~ l/20. It aype2.rs th.:tt 

forest-primary intersections do not determine the flow stress, but that 

thei~ ir~ter~lction ·is ~he i:;aportant factor. 

a = 6 [tDd T ro 

'" 
:i_s 

.. 
coYltribution of imiYO.ri t:y to the floi.·:'" stress. 

In conclusion, a speculation is made concerning the ~ajar contrib~to~y 

factor to the end of stage 7 for crystuls of easy glide orientation. A 

"' . ' b ' .cea.L.ure a· ou""C T
2

, the stress at the ' . . 
oec;lnn~~ng o:C II, is 
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FIGURE HEADINGS 

Figure 1 v, plotted against stress and -'- . s .... raln (%) ' copper. 

Figure 2 v, plotted against stress and strain (%) ' copper . 

Figure ? v, plotted against stress and strain, silver. .J 

Figure 4 !n in easy glide, illustrating the constancy of l with strain, 
s s 

and the effect of impurity. 

Figure 5 Deformation in torsion and tension, illustrating the measurements 

made and the notation used. 

Figure 6 Deformation in torsion and tension in the easy glide region. 

Figure 7 The anomalous variation of T follovring torsional deformation 
s 

in stage I. 

Figure 8 Torsional and tensile deformation in stage I and stage II, 

illustrating decrease in T due to a twist. 
s 

Figure 9 Torsional and tensile deformation in stage I and stage II, 

illustrating decrease in T due to a tvist. 
s 
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