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I. INTRODUCTION
The relative importance of several possible factors in determining
the flow stress ﬁhroughout the stress-strain curve of face centered cubic
metals is still rather'@néertain. In the present work an investigation
has been made of the relative magnitudes of TS,'the short range,
thermally activable part of the flow stress, and of Tg; 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 Tq and

lrg characteristic of particular interactions, known impurity contents

and dislocation distributions have been introduced to the crysﬁals. By
iden@ifyiﬁg the values Qf rs/'rg characteristic of impurity-dislééation,
and of forest-primary dislocation interactions 1t is possible to establish
the regions of the stress-strain in which these reactions pléy an important
role.

Evidence exists for the éffect of impurity on both Ts‘and the
total flow stress at low stresses. In Haasen's (léSBj“ﬁémperature
cyéling experiments on nickel crystéls considerablyhlarger values  of
Ts were found for specimens of oniy commercial purity. Comparison of
the critical resolved shear stress, t_, for copper of 99.999% and 99.98%
purity (Schiile et al, 1962) éﬁows that impurity affects the onset of
macroscopic flow consideradbly. 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(unpublished work) suggest that the initial flow stress may in addition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 pgint for a number of hours showed =

lower initial flow stress when tested subsequently at room temperature



if, prior to cooling, it was deformed in tension to 1 or 2 percent strain.
More quantitative results reflecting what is thought to be the effect of
oxygen on the magnitude of Tq are shown in this paper. To investigate
Ts/jg as é function of purity, strain rate change tests have been performed
on copper singlevcrystals of easy glide orientation whose impurity
level ranged from 5 to 260 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
showed that torsional deformation applied to one of the two specimens
tested increased its forest dislocation density considerably, leéving
the dénsity in the principal slip plane unaltered; furthermore, the
increésed flow stress could be cofrelated with the increase ih forest
dislocation density. As will be discussed later, however, the increase in
flow stress from 128 gms/mm2 to 295 gms/mm2 due to the forest dislocgtion

‘increasing from 5.6.105/cm2 to 3.3.106/ém2"éuggests that
1/2

density (Nf)

Saada's relationship Tg(f) = 1/5 Gb(Nf) must be modified. Paxton

and Cottrell (1954), Rebstock (1957) and Holt (1959) havé 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 Ts.and T@ in sfage IT after performing tests
intermittently in tension and torsion. These workers found that TS/Tg
remained unchanged following an inérease in forest dislocation density

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

an increase in the density of Lomer-Cottrell barriers, rather than from
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primery-forest disiocation interactions. Seeger et al (1957) interpret
Ts/'rg in stage I as characteristic of forest dislocation interactions,
while other workers (Young 1962, Basinski 1959, Basinski and Basinski 1964)
consider that iméurity effects make a substantial contribution.

In the presenf work a strain rate change by a factor‘of 10 led to
a stress increment ATS,'which is é;oportional'to T »Sincé a knowledge
of this proportionality factor.involves a specific flow stresé theory,
and a considerable part of the interpretation of thé present resultis
depends only on the relative magnitudes of rs/Tg, the values of Ars/r
(‘TS/T) are tabulated. To determine TS/Tg characteristic of forest-
primary interactions 1 and Ars have been measured by strain rate~changes
both before and after an increment of tasional deformation was introduced
during a tensile test in the easy glide region. As Paxton and Cottrell
discussed in their paper, and as Basinski and Basinski have shown by
etch~pit measuremeénts, for a single crystal of easy glide orientation the
torsional stress causes an’ increase in dislocation denéiﬁy only on the
secondary planes leading to forest dislocations intersecting the principal
tensile glide plane. .The function G(ATS)/G(T) (where 6(ATS) = (ATS (after
torsion) - At (vefore), for x10 strain rate changes, and §(t) is the

total tensile flow stress difference caused by the increment of torsional

deformation.) is thus a measure of the relative increase in Tg and Tg due

to forest dislocatioﬁs interacting with primary dislocations. The ratio

may be compared with ATS/T for copper crystals of

G(ATS)/G(T)(forest)

various purities in the easy glide region, and also with the ratio

ATS/T obtained from a x10 strain rate changé during stage II of the stress<



strain curve.

1)

In addition to the information derived specifically to answer the

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

It is thus possible to decide whether

. - —orime ke
ATS/T(easy glide) is due to forest-primary inter

actions in which case 6(Ars)/5(1)(forest) should

equal ATS/T(easy glide)”

ATS/T(stage 1) is due to forest-primary interactions
in which case G(ATS)/d(T)(forest) shéuld equal

ATs/T(stage I7)°
AT /T(

o is impurity dependent, for in

easy glide)

this case markedly different ratios will be obtained

as the impurity level is altered.

~of V1 with stress (V is the apparent activation volume), and the

applicability of the Cottrell-Stokes Law.



II. RESULTS OF STRAIN RATE TESTS FOR SPECIMINS OF DIFFERENT PURITY

Unless otherwise indicated the results reported are for specimens
which were deformed .at 295°K. Using extension rates of 0.01 Qm/min and
0.1 em/min for tﬁe 5 cm long specimens, and a fast.chart épeed, more
than 20 strain rate cycles could be completed in the easy glide region
which corresponded to 10% tensile shear strain. The impurity was
introduced to the specimens during an anneai close to the meiting 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 flow stresses of the
specimens ranged from 76 gms/mm2 to 137 gms/mmg, but no correlation has
been attemptéd between T and impurity content since the specimens
undervent different annealing tfeatments.

Figures 1 and 2 are for copper crystals both of which contained
150 p.p.m. impurity as determined subsequently by épéé%ééraphic aﬁalysis.
The Cottrell-Stokes Law may be expressed by saying that it is strictly
applicable in those regions for which Vr is consfant. We see, therefore,
that only for stresses 3 2.5 kg/mm2 is this condition met'(corresponding
to a shear strain % 30%). The constant value Of.VT which is reached at
high stresses is 7.0 # O.é e.v., corresponding to m%/r =(8.h = 0.3/1000
for a x10 strain-rate change. By contrast, Fig. 3 shows the results of
a similar experiment on a silver single crystal, for which the Cottrell-
Stokes Law is obeyed for T % 0.75 kg/mmz, at a shear-strain X 15%. The

mean value of Vtr = 6.54 ¢ 0.05 e.v., and thus for a x10 strain-rate
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change at high stfessesﬂrs/r = 7.8/1000. The point at which the laﬁ is
obeyed does not appear to correlate with a prominent feature in the
stress-strain curve. This is perhaps indicative of stage IT begoming
gradually dependént upon one major flow stress determiningufactor, while
at lower stresses, even ﬁéll into stage II, numerous other reactions

make contributions whose magnitude; depend upon the internal structure of
the particular crystal. Although the present results on coppér show that
the stress at which the law 1is obeyed is élosely the same as 13, the

possibility of this being a general rule is invalidated since for

" silver the law holds for stresses considerably less than Tt

A striking feature of the results is that in stage I the magnitude
of AIS(and therefore, Ts) is constant irrespective of the specimén‘s
impurity content in the range investigated. This result is at variance

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

A/t was constant, i. e. Cottrell-Stokes Law was obeyed. Seeger (1963),

however, using an incremental loading method found that “the activation
volume was constant during easy glide in agreemnt with the present
results. Figure L4 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‘&g has been calculated which would have been méésured if the results
had been derived from x10 strain rate changes). The discrepancies in
the published data on the Cottrell;Stokes Law prbbably reflect the
sensitivity of 1, and T 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 iﬁ Fig. 4 is the strong correlation between
the magnitude of Arsand the total impurity content. 'Siﬁcé Atshas been
found to be conséant during easy glide, mg/r decreases as the stress
increases. Table 1 gives, for specimens of differént purity, the mean
value of.mé, and the range of values ofATé/r'(proportional to TSATS + Tg)y
from thegonset of flow to the end of stage I. | |

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

change from 5 p.p.m. to " 200 p.p.m. Tﬁe last column in Table 1 shows
how the enhanced value of TS/T in easy glide arises only for the specimens

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

the previous,results of many workers, for example, Basinski 1959,

Thornton et al 1962) the characteristic value of &r./t in stage II for

. a x10 strain rate change is = 8/1000, and is only slightly sensitive to

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

of’AE/T in the purest specimens in the present work were of this same

" order.
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TABLE I

) and At_/t for éé[él = 10, for Basy Glide Copper at 295°K,

as a Function of Impurity Content

Total Impuri£y' Z?; ATS/T
p.p.m. gms/mm2 Stage I
5 1.49 = .1 (11 -~ 6)/2000
8 . 1.75 £ .02 (15 » 12.7)/1000

53 2.é5 .1 (20 = 17)/1000

150 6.4 = .3 (40 ~ 30)/1000

150 6.06 + .08 (51 » 24) /1000

150 | 7.52 + .0k (54 - 34)/1000

220 L.98 = .02 (h9-%.3o)/1ooo
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3. RESULTS FOR CRYSTALS DEFORMED IN TENSION AND TORSION

(a) Easy Glide Region

The experimental procedure was to make four changes in tensile
strain rate priorAto the first increment of torsional sfrain sc that
ATS characteristic of the normal easy glide region could be determined
with accuracy. The torsional deformation was introdﬁced by hand
with levers attached to the lower tensile grip, and was Qf such a
magnitude as to enable the small change S(ATS) t0 be readily determined
without raising the stress level above that normally associated with
stage I. Yo atﬁempt was made to measure the increment of torsional
strain since for the rod crystals employed this will vary across ﬁhe
speciﬁen section,>while even for tubular crystals there is a longitudinal
variation due to_the effect of the grips.

The torsional defofmation caused an increase in 1 and ATS, and a
slight increase of the subsequent work-hardening rate in the tensile
deformation. ‘A particularly useful feature of the reéﬁiﬁé is that the

values of ATS were constant for the first few streaein rate changes after

. the torsional deformation, enabling G(ATS) to be defined with accuracy.

Figures 5 and 6 illustrate typical results. The specimen whose behaviour
is illustrated in Fig. 5 contained 8 p.p.m. impurity, while that in

Fig. 6 contained 53 p.p.m. Onlylone 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 A(ATS)/G(T) .
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TABLE II

§(At_)/6(t) Due to Deformation in Torsion During Fasy Glide

At bty 5t Ty G(Ars)/é(T) " /T'Impurity
2 2 2 . ACA
gms /mm gms /mm gnms /mm (forest) p.p.10
1.49 = .1 2.17 * .1 77.9 { (8.7 £ 1.7)/1000 | 10/1000 5
1.75 ¢ .02 | 2.21 £ .03 73.2 | (6.3 £ .7)/1000 13/1000 | 8
2.25 £ .1 3.31 ¢ .1 173.5 | (6.1 *1.0)/1000 17/1000 ) 53
4.98 £ .02 | 5.61 ¢ .1 79.% 1 (7.9 * .8)/1000 30/1000{ 220
#5,68 £ .03 T.76 = .1 228. (9.1 t .5)/1000 32/1000] 200

¥Deformed at T8°K
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from 6 =+ 9/1000. Seeger et al {1951) have shown that the behaviour

of the primery dislocations in stage 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 deformetion
is, therefore, that forest dislocations have been introduced which have
interacted with individual dislocétions in the primary plane. The
incremental changes G(ATS)/G(T) are accordingly a measure of the proportions
of short to long range stress characteristic of forest—prima:y dislocation
interactions.

We find, therefore, that TS/T‘WhiCh is char;cteristic of forest
dislqcations interacting with the primary network leads to a value of
ATs/ﬁ in a strain rate change test which is identical within the-
expergmental error with that which is obtained in stage II. t is also
clear from the absence of correlation between G(ATS)/5(T) and ATA/TA
with differipg impurity lgvels thaf the enhanced va;ues"of.AfA/TA are not
due to foresf dislocations, but to the impurity level.'

Erom 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,~ATs/T

is of the same order and possib;e

(easy glide)

rather larger thean G(Ars)/é(r)( Enhanced

forest)’
values of At_/t are obtained for crystals with
greater impurity levels, indicating a strong

depéndence of the short-range part of the flow

stress on impurity.
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2) The stage II ratio, ATS/T is equal to 6(Ars)/6(r)

" and both these terms are relatively
(forest) .
insensitive to impurity. This is a strong indication
that primary-forest dislocation interactions control
. ) - \
in large measure 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

reportéa.

A most unusual occurence following torsional deformation is'
iliustrated in Fig. T. This specimen contained ~ 150 p.p.m. impurity
but was énnealed in a poor vécﬁum prior to test, becoming contaminated
with‘oxygen to such an extent that a slight oxide film could be seen on
its surface. Prior to thelfirst incrémegt of torﬁional deformation
the strain—rd€e chenge tests gave A¥é = L.0oT = }OSngéymﬁg which is
consistent with the variation of ATS withlimpurity content as determined
from the other experiments in the present ﬁork. Following a mederate
torsionél.strain, which raised the flow stress from 117 gm;/mmg'to
185 gms/mmg, thé first strain rate change by a factor of 10 led to
Ars,= 8.6 gms/mmz, vhile aftgr a further small amount of)fensile strain
At increased to 17.2 gms/mmz. Thus,'rs was raised by a factor n L,
apparently due to a redistributioniof the gas céntent causéd by the
torsional deformation, and only at a shear.§tr§ss of 0.75 kg/mm2 did

the specimen retdrn to the expected rs/r ratio. This result makes it

LA
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clear thef' a detailed fnterpretation of 1, in stage I must take into
coﬁsidératidﬁjﬁb%h‘ﬁhé impurity level and its distributiond. 'Sincé the
specimen’s oxygen bbnteﬁt'aﬁpeérs to be the only factor which distinguishes
it. from the other crystals it is perhaps worthwhile to mention other |
recent instances in which 0xygen has been observed to affect crystal
properties. The présent author has found from extended node measurements
in a Ag-1ln alloy (e/a ~ 1.10) that oxygen raised the é%acking fault
energy from 15;7 * l'ergs/cm2'td 23.1‘1.2‘é¥gs/ém2'(to be published).

In addition, Héaéen (private\commdnication)>has shown from 13 measurements
that thorough de-oxygenation of silver reduces ﬁhe étaéking'fault'energy
by a factor ~ 2, leading to Yag n 15 ergs/cin2 at room températﬁfé.

This is further cdnfirmétion to the conclusion drawn by the present

author (Ph.D. thesis, Cembridge, 1964) that Yig < 1l/2 (ycu and yAu),

since earlier_t. measurements had led to rather high values of ¥

3 Ag

(nv 4o ergs/cmz, rather than the extended node result, YAg.& 20 ergs/cm2

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

(b) Stage IT 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 & twist experiment in stage II will lead fOAﬁ(ATS)/ﬁ(T) =

Ars/r(stage 1) This result has in fact been obtained by Seeger et

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

s§(at)/8(x)

of a x10 change in strain-rate in stage II, it was in many cases lower,

(stage II) rarely exceeded 8/1000, the value characteristic

and was frequently negative, 1. e. the effect of torsional deformation
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was to-redﬁce the‘short range flow:stréss.v The results are complicated
in stage II by unlogding éffects, but allowanpe.has been made for the.
Haasen~Kelly effect §1957)'in determining_é(Afs)/é(f). Figures 8 and 9
i%lﬁstraﬁevthe f;ct that ih,éeneral the incregéé in T caused by rélaxing
and twisting containé a smaller cqmponenf of'fg‘ﬁhah if the stress had
increased a similar émount.inlthé‘cqﬁfséfof tgﬁsile»deformation. tteémpts
were made to avoid reiaxing the load duriﬁg tﬁéfinérement of forsional
defdfmation,:but some relaxation is unavéidébleque to the torsional
strain increasing the specimen length. A furthef interesting result
was oﬁtained on a specimen in which ffom.rli‘sgé ké/mm2 up to 1 = 8 kg/mm2,
the highest stress at which it wasxteéted, a fwiéf feduced both the
value df ATS, and the total streés. |

A reaédnable explanation for fhesé-résdlﬁs“apégafs to be that the
Aislocation movement on secondary systems“isleffecti&e in reducing the
stress concentrations in tangleé'which eXisted.in-thg specimen deformed
in tension. 'Except ét very high stresseé»théiovefallqinérease in the
dislocation density will lead to,an.incfease’iﬁ'fg, buths is much
more structure sensitive, and depends on phe detailed nature of the local
dislocation distribution. A very high stx_;e,s.;s“e_s it is possible that the

introduection of slip onvother systems will enable the high internal

« ) ) i
stress to be reduced by annihilation and.cross slip leading to a decrease
in the total stress as well as its temperature dgpéndént Tars, .
v K - o
Thus, in the present work the extension -of the. experiment to high

stresses has not led to as pleasing a substantiation of the conclusions

drawn as was hoped. Nevertheless, the results at low stresses, where the
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.IVf DISCUSSICN
A combination of the present results with éarlier work, notadbly by
Young (1962), Hordon (1962), Basinski and Basinski (196h); and Tinder and
Washburn (1964) enables a much clearer picture of stage I and the pre—yiéld
region to be obtained. A number oflconclusions aré drawn»below, and are
followed by the results which substantiate them. -
(1) t very low stresses in the pre-yield region the flow stress
is due to impurity-dislocation interactioné. The flow sﬁress
is very sensitive to impurity-~dislocation interactiqns until
the pre-yield multiplication stress (n 20 gms/mmz) is reached.
(2) Thereafter the internal stress is sufficiently large to enable
the dislocations to penetrate the impurity obstacles more
readily. Thg glide process becomes increasingly dependent
upon forest-primary dislocation'interactions, and the dislocatidn
mean free path is an eiceptionaily stroﬁg'fﬁﬁétion of the
stress. The yield stress (105 is merely defined by the pdint

at which Ae/At approximates to its meximum value.

(3) The magnitude of g in stage I is due to forest dislocations

interacting with the primary glide dislocations.

!
{

(4) The magnitude of Tg in stage I is due almost entirely to
impurity-dislocation interactions. For crystals with ~ 5 p.p.noi.

impurity T in stage I is small and largely attributable to
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forest-primary interacticns.
" The comments concérning the pre-yield region and the initiatiocn of
vlastic flow are appliceble to specimens of very low dislocation densit

and will e modified below for cases where the initial dislocation dens

Concerning points (1) and {2) the work of Tinder and V:

thet dislocations moved irreversi)

3, - —_— A5+ s FIE SN - I S . K] . L
as v L gm/mm”. In addition, on relaxing the load and re-pulling, i

1

and resuited in a larger amcunt of pre-yield strain for a given Tlow

result mentioned eariier, that some deformetion at high temperature

measured arfter ccoling the specimen. It is clear that the result

depends upcn the provision in the crystal of dislocations which are les

His crystals were of a nominal 99.999% Cu. Young (1962) suggests  that
for his crystals of 99.999% purity the vield stress in a low dislocation

density crystal is largely attribu
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The basis for this idea ic that the initial dislocation density ()
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of his samples was irrelevant in determining TO {for 5.10° < N < 2.107},

,_\

whereas a good correlation was obtained between i}

2 values of T for

specimens prepared from one large crystal and which presuwmably had the

same Impurity content. It is surprising, should this be

gsent work the value of TS associated with impurity in

99.995% Cu has
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stress, T_ = 94 gms/mm", is about equal to the stress necessary for

multiplication, Gb{N)™’'7. As Basinski and Basinski (1964) point out

further veluable information concerning the yield process is revealed

'

by the flov properties of the above crystal, contained in Fig. 6, Young

crystals which

ct

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

2 \ o a
 gm/mm”, they have acquired

1l
hea

had flowed et a lower stress reach T

2 higher dislocation d nsity on the primery glide plane than i1s contained

in the crystal which has T ok gm/mm2.
.

ccrrglatigg betwesn thae disleeatien a@nsi%y in the primary

and ﬁhé yield stress. Only guarded?éonclusions shoﬁid be drawvm, however,

since for the higher dﬂslocat ion aeﬁs;uy crystal a 7iee.'te:r'':Crac‘c;ion of

the dislocations were in sub grain boundaries.

c

Thet the "*eld stress does in fact correlate with the forest disloca

density was.shown by Basinski and Basinski (196L4), by testing a virgin



crystal, and in addition one which wes
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By
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he present work, and from the results of Basinski and Basinski (1964)
and others who have measured the variation of dislocation density for

both primary and forest dislocations. As the ebove authors noint out
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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 with that developed by Seeger et al (1961). Thus, on this
N . - . . : ' 2
basis using Table I for the purest crystal used, Tg was ~ 15 gm/mm
in stage I, while for a specimen containing ~ 200 p.p.m. impurity,

2 . . . o
T4 v 65 gms/mm~, while in each case the contribution from (s to T

' 2 . .
was egual to ~ 10 gms/mm~ . What is, of course, more important to the

present results is that o should be reasonably constant despite variations'

in the nmagnitude of Tgs and insensitive to thé factors pontributing 1o
T and to the stress at which the strain-rate change is performed. It
one cgnsiders the result of a sitrain rate increase to be slightly
Ahighef potential barriers due to the effective decrease in temperature,
the fraction by which T is increased appears to depend only upon the
magnitude of the strain rate change.1 The concentration of the barriers;
their absolute height, and the nature of>the interactignfcaﬁsing them
appear fo be irrelevant..

There is, in fact, evidence from the present work and from the
lite?ature-that o is less than the wvalue o lO'adopted in the previous
paragrapn. The forest dislocation density has been shown to increase
during stage I (see, for instance, Basinski and Basinski, 196L) and yet
for the range of impurities used in the pfesent work ATS was constant
within close limits throughout staée I. TFor example, in Fig. 4, for the
three sets of results which extend to 10% strain in no case is there an

. . ' ‘ 2 . .
increase in ATS of more than ~ 0.5 gm/mm” in stage I, while the total

B
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FIGURE HEADINGS
Vr plotted against stress and strain (%), copper.

lotted against stress and strain (%), copper.

g

V¢ plotted against stress and strain, silver.
Ars in easy glide, illustrating the constancy of g with strain,
and the effect of impurity.

Deformation in torsion and tension, illustrating the measurements

made and the notation used.

Deformation in torsion and tension in the easy glide region.
The anomalou;ﬁvariation of TS following tbrsional.deformation
in stage I.

Torsional and tensile déformation in stage I and'sfage 11,
illustrating decrease in TS due to a twist.

Torsional and tensile deformation in stage I and stage II,

illustrating decrease in TS due to a twist.
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