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SUMMARY
Dislocation microstructures formed during drawing of copper 10 strains up to 7. at

deformation teniperalures between 77 and 473K. have been investigated, together with
their relationship to the resulting ,nechanical properties . The changes in miero.sirueture
and tensile flow stress are explained by dynamic reco very and recrvstalli:ation processes :
corre lations of mechanical properties are made with parameters describing the dislocation
microstructure.
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ABSTRACT
Dislocation microstructures formed during drawing of copper to strains up to 7. at
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their relationship to the resulting mechanical properties. The changes in microstructure
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1. INTRODUCTION

The microstr ucture of metals deformed to low strains (less than about 20’~ ) consists of a
fairl y uniform network of tang led dislocatio ns. At hi gher stra i ns , the dislocation arrangement
changes to a more open network in which regions of high dislocation density surround reg io n s
of much lower dislocation dens it ’.. This dislocation cell structure is characterisic of a recovered
metal in stage III hardening.

1.1 Cell Formation

The reason for cell formation has been treated theoreti call y by Ho lt [l J ,  who showed that
the driving force for cell formati on arises from a reduction in t ’~e total elastic energy of the
dislocations when they cl uster into cell walls. A separate requirement for cell formation is that the
dislocations have sufficient mobility out of their slip plane. This requirement is very dependent
on the thermal- and stress-activated mobil ity of disloca tions . Holt investi gated the stability of a
uniforml y dense distrib ution of dislocatio ns with respect to spatial fluctuations in dislocation
density. ( For convenience , he used an idealised d istribution of parallel screw dislocatio ns.) The
elastic energy of dislocations in an array consists of two main components : (a) their self energy,
and (b) thei r interaction energy with other members of the array. The total self energy is
indepe ndent of the dislocation density if the total numbe r of dislocations remains constant ;
th us , the onl y way of reducing the total energy is to reduce the interaction energy component.

It is assumed that the interaction energy for a dislocation is a function of the unmatched
positive or negative dislocat ions in the immediate nei ghbo urhood. This assumption enables
the interaction energy to be calculated in terms of a small , cyclic perturbation of dislocation-
density (.~p) . which has the form

x A( / ~) .ex p B( f l) . t . cos (~~R)
where A(~ ) and B(~ ) are functions of the dislocation distribution . R is the position in the cryst a l ,

is the wave number of the perturbati on and t is time. The interaction energy is minimized by
growth of th e dislocation density fluctuation to a characteristic wavelength. Since B($) occurs
expone ntiall y i n the equation for .Xp, those fluctuatio ns in the dislocation distribution which
maximi ze R(~ ) grow fastest , become do minant , and therefore deter mine the scale of the
dislocatio n-density modulation. An expression for the perturbation wavelength (A) that maximizes
B($) can be derived in which A z p ° 5  whe re p is the dislocation dens ity and A is found to be
of the same magnitude as th e dislocation—dislocation interaction distance . A result of the density
modulation is the formation of dislocation cells of size (d)  proportional to the fundamental
wavelength A. provided that the dislocation mobility is sufficient to allow the lowest energy
confi guration to be reached.

1.2 Flow-Stress Relationship s

An extension of the expressions introduced in the previous section , using the relationship:
a -=

yields :
a

where :

a fl ow stress ,
- constant ,

G r shear modulus ,
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b Burgers vector ,

p = dislocation density,

d = cell size :

thereby relating flow stress to the size of dislocation cells.
Earlier relationships l i n k i n g  flow stress and grain size have been developed , one of the

earliest being ascribed to Hall  [2] and Petch [3]. It is of the form a ~ d~ where n = —~~~. There is ,
however , some uncertainty as to the value of the exponent and the conditions under which a
conversion fro m grain size to cell size can be made f4, 5]. When considering flow stress as a
function of cell size , several workers [1 , 6] support n = — ~ . whereas i n similar metals , n = —

is supported by other workers [7, 8].
A comprehensive study of Cu alloys by Hutch ison and Pascoe [91 showed that a range of

~i values can be measured; however , at the 95° ,, confidence level , n —1 for Cu and its alloys.
More recent work , using al uminium [10], indic ated a change in the value of the exponent
depending on the type of dislocation structure controlling the flow stress and the misfit ang le
betwee n grains and cells. It appears that an exponent of — 0~5 is appropriate for grains and —

for cells , with a determining factor being the effective mean free path of a moving dislocation.
The work reported here deals with the formation of the dislocation microstru cture during

drawing at different temperature s and its effects on the mechanical properties of the resulting wire.
The effects of recovery and recrystallization processes on microstructure are also discussed.
Changes in tensile flow stresses are exp lained in terms of these processes and correlations made
with parameters describing the dislocation substructure .

2. EXPERIMENTAL

Hi gh conductivity (oxygen-free) coppe r (> 99~99°~) wires were drawn fro m annealed
5 7 m m diameter rod to various diameters down to 018 mm , i.e. strains (c) of up to 7. The
drawing speed was 8~7 mm/s and the strains per pass were 0~25 plus or minus 0~0l for total
strains less than 4~7, O ’ l 6  plus or minus 0 0 2  for strains from 4 8  to 6~4, and 0~25 plus or minus
0~02 for strains from 6 4  to 7. Colloidal graphite was used as a dry lubricant. The temperature s
of drawing were obtained as follows:

(i) Li quid nitrogen bath (77K) ,
(i i )  Dry-ice (C02) in alcohol ( 196K) ,

( i i i )  Room temperat ure (293K) ,
( iv ) Boiling water bath (373K) .
(v) Long-nichrome-wound furnace (473K).

Specimens for electron microscopy were obtained by spark machining 0’25 mm thick
discs from wires that had been coppe r electrop lated to 3 mm diamet er. The discs were then
profiled , by jet electropo lishing both sides , using 10° ,, nitric acid in water at 293K and at a
potential of l 5OV. The profiled discs were electropolished to perforation using 30° () HNO 3 in
methanol at 243K and a potential of 6V. The discs were either examined immediately or were
stored in a vacuum desiccator to prevent oxidation. Micrographs of sections along the wire axis
were obtained using discs cut from wires that had been clamped between glass slides before
electrop lating; this process produced a copper sheet with the wire running down the centre of
the sheet. The discs were examined in transmission , using a Philips EM 200 electron microscope
operat ing at lOOkV.

Speci mens, approximately 60 mm long, were prepared for mechanical testing by painting a
40 mm gauge length wi th  a stopping-off medium before building up each end with electroplated
copper, for gri pping in pin chucks. Stress-strain characteristics were calculated using load-
elongation curves obtained on an Instron tensile testing machine. Constant temperature baths were
used where necessary.

3. RESULTS

3.1 Microstr uctu r e

Electron microscopy of transvers e sections of wires showed that , at stra ins greater than
app roximatel y 0 ’S , all wires contained dislocation cells. At low strains , the microstructure
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consisted of very poorl y defined areas of low dislocation density, in a matrix of sli ghtly hi gher
dislocation density. As the strain increased , the low dislocation density areas became more defined
and the structure became more clearl y cellular , with loose dislocation tangles forming the ori ginal
cell walls. At a strain of approximately I 8, for temperatures of drawing from 196 to 373K.
the structure con sisted of large areas of well-de fined cells. These cell~ were for med by walls of
dislocation tang les of higher di slocat i on density (Fi gures I . 2. 3).

At hi gher strains , the cell walk became more precisel y defined and the dislocation tang les
reduced in width.  The rate at which the se changes occurred with  strain was a function of
temperature. e.g. at 196 and 293K . there were st i l l  areas of cells formed b y arrays of loose forest
tang les at st ra ins  of 3 1 .  whereas at 373K this  type of cell system was last observed at a strain
of about I t .  Wire s drawn at 473K (Figur e 4) contained similar dislocation tang les , but in not
such regular arr ay ’s as tangles formed at lower temperatures . Nevertheles s , the walls , thou g h
of a hi gher dislocation densi ty ,  s t i l l  had dislocations t ra i l ing out of them into the cell body.

At all temp eratures of deformation up to 373K , lamellar deformation twins were also
observed , the extent of their  occurrence increasing as temperature decreased. At 77K , certain
regions contained such a hi gh density of twins (Fi gure 5) that the dislocation cell structure could
not form , whereas at 196K there was a marked decrease in twin occurrence, and at 373K only
occasional twins were observed. No deformation twins  were observed in 473K specimens .

Long i tud ina l  sections of wires and sheet deformed at 293 and 473K showed that the cells were
elo ngated in the direction of deformation ( Figure 6) .

At 473K, the microstructure exhibited a general cell s tructure (Fi gure 4) somewhat different
from that  obsersed at lower temperatures . At all strains investi gated (from 0~6 to 6~2), there
existe d two  qui te  dis t inct  types of boundary. The first was s imilar  to those mentioned previousl y.
and consisted of loose dislocation tang les forming a cell boundary with dislocations t r a i l i ng
int o  the cell. The second type  of boundary was of a much sharper character and appeared to be
a hig her ang le boundary than those for walls  composed of dislocation tangl es: the walls also had
fewer sing le dislocation s trailing from them. Thi s second type of wall is very similar to a grain
boundary formed dur ing  recr y stallization , but on a much smaller scale than usual. The sharp
boundarie s formed a general grain-type structure inside which dislocation tang les formed smaller
cells. Even thoug h the overall s tructure observed at 473K was not generall y found at lower
temperatures , there was evidence that the second type of boundary did occur at lower temper-
atures . For ex amp le . at 196K for strain s above 3. there were regions in which the second ty pe
of narro w boundary was present and bounded cells w i t h i n  which , either very few dislocations
were observed, or else cells formed by dislocation tang les occurred (Fi gure 1(d)) . At 293 and 373K
similar cell s tructures were found (Fi gures 2(e), 3(d)).

3.2 Sta bi lit~ of ~1icrostructure
The s tab i l i t y  of the dislocation structure of the deformed state is of particular importance

when preparing specimens from deformed material  [I I , 12]. To investigate the s t ru ctural  s tabi l i t y .
specimens were subjected to two types of tests . the first being in-situ heating of foils in the electron
microscope. the second being annealing of bulk  specimens at various temperatures.

In-s i tu  heating of thin foils of wire , deformed at temperatures between 196 and 473K .
showed that  the dislocation structure was surprising ly stable until a certain temperature was
reached , after which recrystallization rap idl y occurred and the dislocation networks were swept
away by the advancing new grain boundary. In the copper foils studied , the temperature at
which this  process occurred was above 800K. Prior to recrystallization , there was very l i t t l e
change in the overall dislocation substructure , thereby indicat ing that , in foils at least , one can
be fairly confident that large-scale dislocation movement, which is a thermall y activated process.
does not occur after foil preparation.

Annea ling bulk specimens for I hour at temperatures below 600K also caused l i t t l e
observable change in dislocation cell structure. Above 600K. cell disintegration was seen to occur,
altho ugh it would seem , by subgrain coalescence [13] (Fi gure 7) rather than by grain-boundary
mi gration.

3.3 Cell Size
As previously mentioned, the cell size is considered to be an import ant parameter to be

correlated with the mechanical properties of metals , viz ,  flow stress and hardness. In th is  work .

3
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the cell sizes have been measured as a function of strain for several temperatures of deformation.
Cell sizes were determined by a mean linear intercept method , using at least 3, and more

usually 6. electron micrographs for each strain and temperature. The mean intercepts measured
manuall y were , for the 196 , 293 and 373K specimens , compared with those measured using a
Quantimet Image Anal ysing Computer; in most instance s , the two results were the same within
experimental error. At 373K , however , the manuall y estimated values were consistentl y below
the Quantimet values by approximatel y 20° ,,, probabl y due to a systematic error. The variation
of cell sizes with the strain and temp erature of deformation (Fi gure 8) show that , as the strain
increases , there is a decrease in cell size, thoug h it appears that the cell size approaches some
limi t ing  value and is fairly constant above a strain of 2. The l imit ing cell sizes for temperatures
from 196 to 373K are seen to lie between approximatel y 0 1 9  and 0 2 4  ~m. For a deformation
temperature of 473K , however , the cell size decreased ini t ia l l y but then increased again after a
strain of approximatel y 3. Another feature to note is that , at any given strain , the cell size does
not follow a simp le relationshi p with temperature of deformation , e.g. the cell sizes at 373K lie
between those for 196K and 293K.

3.4 Cell Size v . Floss Stress

The dislocation cell size has often been correlated with various mechanical properties of
metals. In this work , the cell size (d) was compared with the ul t imate tensile stress (U.T.S. ) of
wires measured at the temp erature of deformation or lower. The respective values o fdand  U.T.S.
were obtained from the smoothed curves of best fit through the appropriate d i’. strain and IJ.T.S.
i . strain curves , as shown in Figures 8 and 9. The fit that  is most often attempted of these data is:

a • ~ ao~~k.d ”

where a0 is the flow stress of a sing le crystal or a specimen having a very large cell size (assuming
that most of the hardening is governed by the existence of dislocation tang les and cell formation),
k and n are constants. Previous work [14] indicates that  the flow stress at low strains , for
recrystallized copper , is relativel y independent of deformation temperature and is approximatel y
7 MPa at a strain of 0 017 , rising to approximately 1 7 5  MPa at a strain of 0~067. That a~ Is
relativel y small is also shown by Hutchison and Pascoe [IS] . Flow-stress/cell-size relationships
may be obtained in two ways : either by plotting log a i’ . log d, from which a direct measurement
of n may be obtained (provided OQ is negligible) or . by plotting a i’. d~ (assuming various values
of a) and obtaining a straight line of best fit throug h a low value of ao. Both of these plots were
made: the log a v . Iog d curves are shown in Fi gure 10. At 196 , 293 and 373K , the results could
lie partly on straig ht lines for strains greater than I .  (The strain of I is probabl y that above which
the cellular structure has been well-formed and is a dominant  parameter affecting flow stress.)
The gradients of the lines in Figure 10 are not the same; approximate gradients (and n values),
where the temperature of testing was the same as the temp erature of deformation , were —0~62
at 196K and — 0~ I I  at 293K. Various a v . d~ curves are plotted in Figure I I :  the appropriate n
for best fit agreed with that  obtained using log-log curves.

The exponent n also varied if the flow stress was measured at a temperature (T) diffe rent
from the deformation temperature (Td). For T,, = 293K , there was a decrease i n n  as Tdecreased ,
from n =  — O I l  at T = 2 9 3 K , to ,i=  — 0 28 at T = 7 7 K ;  also for 7 1=373K , n =  —0 15
at T = 373K and decreased to — 0 ~33 at T : 77K . For Ti = 196K, however , there was no
change in a within experimental error.

For Td = 196 and 293K and for the lower cell sizes (i.e. hi gher strains), there was also some
indication that the gradient on the log a v . log 1 plot was becoming larger in magnitude.

3.5 Internal Cell Diameter

The results obtained using the Quant imet gave an estimate of the area of the cross-section
of the wire occupied by dislocation walls and tang les. In the first instance , the ratio of A,, JA 0 was
obtained , where A,, is the area of tang les and A0 is the area of the detecting frame of the
Quantimet.  It should be noted that the cell diameter d (as discussed above) is a mean linear
intercept value , which includes the dislocation wall thickness (w) together with the diameter of
the dislocation-free area of a cell d1.

Using the above definitions , the total area of dislocation-free reg ions is (A n  - .4,, ). and the

4 
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total number of cells per detecting frame is

4A0 n ’d2 . approx imatel y

and.

d~ ( I -1 , ‘ 4 , )‘ ‘I! . again appro xi flia t el y’

The al u ~s of I , .1 for ar io u s  deformati on temperatur es were obt ained as a functi on of
strain and are shown in Fi gure 12 j lso shown are the standard de v ia t ions  for each point , and a
smooth curse through the t o i n t s .  .\~ ~~~ above, the calculated v alue  o f !, depends on the measured
va lues of~ d and .1 , ~~~ the lat ter  qu an t i t ~ ha v ing  a relat ively large error. i ’herefore. the value of

is calculated both from actual  measured va lues of ,I and 4 ,, i i >  and also alu e ’. t aken from the
smoothed curves of Figures 12 and S. Both these values were plotted as a function of deformation
and incorporated in l ’ igur e S. vs hich ‘(toss tha t  d, tended to approach a l i m i t i n g  va lu e  more
rapi dl~ than ~I.

Only at 29~ K is there a wide enoug h range of d, to allow a fu l l y  defined log i . log d 1
relation ship (Fi gure lf~b)) . H ow ever , at 196K a re la t ionsh ip  betwee n log ‘ and log d , is  found
tha t  is qua l i t a t i ve l y  s imi lar  to tha t  .11 293K . thoug h over a narrower range o f !, values (Figure I ( ~iz ) ) .
It is seen that  d , is r e l a t i v e l y  constant at 0 I “S  0 ‘0 1 pm whi l e  the flow stress (“ )  changes from
appro x imat ely  470 to 6(X) M Pa.

The ra t io  of the area of ’ cell in ter ior  1.1 to the area ot ’ di slocati on tang les ‘I ,, ) vs as also
calculated. Figure 13 shows that  th i s  rat io increased fa ir l y  l inearl y w i t h  increasing deformatio n.
for deformation temperatures between 196 and P3K . though for 293K a smooth cur v e w as  a
more accurat e lit to the points . When .1 , 4 ,, is p lotted agains t  flow stress (Figure 14) . it  is seen that
at 293K the flow stress entered a reg ion of low work-hardening  rate , hut the cell w a l l s  continued
to reline. ..~~ sim i lar  constant flow stress vs as reached for the deformati on temperatur e of 373K ,
hut not qui te  so clearl y : however , at 196K the flow stres s and .4~ .4,, . continued to sa r y  almost
l inearl y .

4. f l lS (L ’SSION

4.1 Dynamic Recosery and Recrystallization

.\t all temper ature s . it is  seen tha t , upon deformation by draw ing.  the i n i t i a l l y  annealed .
equiaxed copper rod (gr a in  s ize 2 5 2  p m ) rap idl~ acquir e s di slocation tang les tha t  delineate cells
of lower dislocation dens i t y  As deformation continues . thes e cells ref ine and become much more
definite. The str ain at w hich the cell becomes clearly defined depends on the temperatur e of
deformation : and decreases as the temperature  inercases . This dependenc e is characteristic of a
the rmal l y  activated recs ’very process. in vs hich dislocations are able to move sufl Icientl y easil y ’
and rap idl y that  a cellular s t ructure  forms , as predicted the oreti call y by Holt [I] .  and shown
experimental l y by other s [6. 16). E v e n  though the recovered structure predominates , the second
t y p e  of cell boundar y ( sec t ion 3 . 1 )  observed (Figure 4) . app ears to he associated w i t h  much hi gher
angular  rn i so r t en ta t io ns  between nei ghbours. This hi gher mis or ient at ion is  shown by the greater
contrast between nei ghbouring cell s t h a n  tha t  at low er s t r a ins  (e.g. I ’i gur e 2(h) c.f ’. Fi gure 2(1) and
Figure 1(u) c t ’. Figure 1(e)) and also h~ selected-area diffr acti on . The structure of the boundary
is also different , in that  the dislocation densi t y  appears much hi gher than for the boundaries which
fir s t  appear at lower s t r a in s .

The definit i on of r ccosery . p l ygon i ia t  ion and recry st a l l i za t ion  has been discussed by man y ’
writers  [ 17 . 18. 19 . 20]. In the absence of . further  evidence , arbi t rary  def ini t ions . e.g. that  mis-
or ientat i on between grains of ’ greater than  ~ degrees indicates recry stall iz ation , ha v e been used.
Recr y stal l i z at ion occurring during deformation is often referred to as dynamic  recrystal l izat ion.
Much work has been done on hi ghly deformed copper and nickel , though u su all~ at elevated
temperatures and by torsion [21 . 22 . 23 1. These torsion exp er iment s  were u sua l ly  pert’orrned in
such a ssay that  the metal w a s  quenched to a lower temperature . eith er immediatel y before or jus t
after cessation of deformation. ~vlicro slruc tur es observed after such procedures show 124 1 a well-
developed network of fine cquiaxed grains subdivided by cell w a l l s .  These new . equiaxed grains
are thought to arise by a process of ’ dy nami c  r ecry s t , i l l i ,a t i on . in which ness gr a in s  f’orm dur ing
deformation , out of a collect ,on of di s loc at ~on cell s .
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An important  difference between the shape of ’ grains found in copper deformed at lO”3 K by’
torsion and the cells or grains in copper deformed at 196 t o 473K by dr aw ing,  is that the former
are equiaxed . whi le  the la t ter  are elongated (E :igure 6) The fact t h a t  the d rawn gra ins  are
elongated need not. hovsev er , preclude them from forming by a reL’ry s t a l l i z at ion process A hi gh-
voltage electron rn icr osc op % s t u d y  of ’ rolled coppe r by Ra y t i  a!. l2~ j showed th ~t t new g r a i n s .
formed dur ing  h ea t in g .  tend to develop as co l onies , or s t r ings , of recr y stal l i , ed grains . If a
recry s t a l l i za t io n  process is occurr ing du r i n g  d r aw i i t g .  the new cells or gr a i n s  need not he equi a sed
t . l s  the~ would t end it ’  be if ’ produced by t he rm a l  ann ea l iu g  h ut could )‘e e lo i i g a i e t )  a l on g the  wi re .
as has bee n observed vs i t l t  cells in extruded a l u m i n i u m  rods 122 1. I lie e longated gr a i n s  app are~ t l ~
occur becau se of ’ t h e  vs a~ in vs In ch the vs ire is deformed. Jus t  prior to the vs ire en te r ing  the  die .
most of ’ t he in ter n . i !  t’n e r g s  is in the  form t~~ ther mal e n e r g y  ( app ro s in ia t c l ~ ~RI ’ ) . p lu s  th e  stored
~lef ’t ’ rnu t i t ’n  cr i e r g \  ob t a ined  d u r i n g  the prey ioUs passes . l ) u r i n g  d i .t s s  i i ig . th e vs ire d iameter  is
r edus’etf . w , ‘i k is do ne on the  ,,i: ’t ,i l nid th e i n t e r n a l  e i i e r g y  rises , l i t  h igh s t a c k i n g — f a u l t _ e n e r g y
rne t .ils such , i s  a l u m i n i u m , t he , i c i i v , t t t t ’ i t  enc ig ~ f o r  rec overs  processes is su f f i c i en t l y  low t h a t
dv nan i i ~ i i ’ e t v e i  occurs d u r i n g  t h e  dcf ’orni ai ion . thereb y  m a i n t a i n i n g  the c e l lu l a r  n t i c ros t ruc t u r e .
I or lowe r s t a c k i n g - f a u l t  -enc r g\  met a ls  such .Is copper . t he a c t i v  a t io n  encrg ~ for r ecry st a l l i z a t i o n
i s  s i t i i i l . t r  10 tha t  fo r  recover y , a nd may ev en he !owcr [2 (t ) .  I h i s  r e su l t  leads to th e exp lana t ion  tha t
dy i t . t  itt ic recry st~ l hi at  ion can produce the  ni icrost r uct tire s formed 1 u ri t ig It ot vs ork I ng.

I t t  the hig her i n t e r n a l  energ \  l eg ions  of th e  vs ire , there vs i l l  he certain d r a w i n g  cond i t ions  of .

temperature.  str , i I I I  r , i tc  and stored def ’, ’rn i a t i o n ener gy . ;i i vs In ch the  rnc t , i l  m ay  reduc e i t ’ . cn erg~
by dy n amic  recr y s t a l l i z a t i on , r a ther  t han  h’. ~~ n amic  iCc t ’\ c i >  I he meta l  rod , or vs ire.  ef i ’ec iiv e ly
sees an in te rna l  en cr g~ ‘‘hot spot ’’ p. i s s i i i g  . t l ’ i i e  i t s  l e n g t h .  s i m i l . i r  to t h a t  s l u r i r i g  t he  h o t  /one
techni que of ’ s ing le-cry st , I l  ~r 1 ’vs i i e . I ti e t .iss ,t g e  I t h i s  h i g h  energ y region a long th e  wi re  could
produce hig h l y elongated nevs g r a i n s  as sh ow n in  I i i ’ure ‘

Thech an ges in in te rna l  energ~ observed d u r i n g  t h e r m a l  annea l ing  ~‘f ’coppcr and a l u m i n i u m  [
~~

)
indica te tha t , in copper . over  ‘H) , , ‘f ’ s t , ’ i L ’,l de f ’o r m .i i i o n  en ei gy Is not released u n t i l  recrv~ta l l i i a t i o n
occurs . vs he rea s . in a l u m i  i i i  urn up to ~‘f) . ,  of the  stored c u d  g\  i s  released d u r i n g  the  recov cry stage.
These fi g ures s l i , ’ss t ha t  more stored encr g~ i s  as . i i l a h l e  ri copper , th an in a l u m i n i u m , t o  ad d to
the e x i s t i n g  th er mal  ~‘ uieu  g~ . th er eh~ I s s u s t i n g  l e e r y  s t a l l i i a t i o n  d u r i n g  def ’er m at i on  at lower
temp eratures  in copper  t h a n  in . i l u m i n i u n t .

I h e  p o s s ih i l i ’v  of ~ly namic recr y s t . i l l i i a t io n  and dy n a m i c  rcees cry occurr ing toge ther  al lo y s s
an cx pb tia t ion i ~e 1w t ’ t ‘~ pes 1 h~ tu nda ry obsers ed ui t lie elect ron ni icrogr ii pI t s ( I gu res
I . 2 . 3. 4) . h ere , the  sl ir p l y d efine ,)  houn d. i r i e s  are i t i r i b u t e d  to d y n am i c  r e c r y s t a l l i z i t t i o t i  and
the  loose s f i s l o c i i i o n ’ i . i u t g lc ho un d , ir ie s  to d~ i i am ic  rec over y , Rec r y s t a l l i za t ion  is also more
likel y as the temperature  incre a se s , t hus  expl . uning the increasing incidence of ’ t he sl arp boundarie s
as deformati on temper ature is increa sed.  Recr~ s t a l l i i a t i on  considera t ions  could also exp l ait i  the
increasing f ’r,L’t io n of 1 (X) tes t  t ire i i i  copper , at a g iv en s t r a in . vs it Ii increasing deformat ion
tempera ture  [2 S). ‘I’he 1( X ) test  u i e ari ses f rom the w e l l—documen ted  [29 . 30] propert y of face—
centred—met a ls  to recr y st a l l i ie  i i t t t ’  t lie cube or i enta  en.

Fur ther  evidence con si s t en t  w i t h  ~jy n tmuc recr~ sta ) l i i a i ion  occurring is prov id~d by the  tensile
st ress ’st  rai n curses o f t  he dra w ii ‘s i res . espe c i .ill ~ at 3 3 and 4 3 K 13 1 1 ( I  igure  ‘) ). l )u r in g  dravs ing .
the vs ire i n i t i a l l y  cont inues  to vs o rk—h a rdcn  up to a certain s t ra in . b ut f ’or each d ra w ing  s t r a in
tn cre rn ent thereafter  the vs ire sot ’te ns , I’hc t , ’t . i l  s t ra in  at vs h ich tile floss s t re ss  s t . i r t s  to fa l l  decreases
.is drawing temper atu t e  increase s . \ i t . i l og ou s  decreases in flow s t r e s s  du r ing  toi ’ison and ex t rus ion
o f a l u n i i n i u m . nickel and copper h a ve  been exp lained in terms ofd~ n amic recry s t i l l u i a t i o n  [2 1 , 2 ,1]

The s t ra in  to reach peak flo ss s t r e s s  i s  expected to appro x imate  closely th e  cri t i cal  si ra in  at
vs hich th e stored energ~ Is su f l Ic i c t i t ly  h i g h  for the meta l  to recry s t a l l u z e  d u r in g  def ’or ma t ion .
As deformation proceeds . so also does recry s ta l l i za t  on and , due to t he requi rement  of ’ compa t I—
h i h t t y  of ’ s t r a in s  hctw ccii adjacent  regions , the ov erall flow s t r es s  is now an as ci .ige over the
specimen of ’ all reg ions . rang ing from nevs I’. recr y s ta l l ized  grain s ~vs i th  ve r ~ low floss stress ) .

throug h to deformed grains  and cells )  in te rmedia te  floss s tress ) ,  to l i i g h I ~ deformed cells that  ar eju st
about to r ecry st i l l i i e  n i ax in t un i  tlovs stre ss),  I v e n t u a l l y  a ~‘on s i . in t  e q u i l ih r i t t m flow stress is
approached. The result  of t h i s  sequence of events  us consis t et it  vs i t h  n i icr o s t rnctur a l  observations
(e.g. Figure 4) where the r ccry st all i i ed grain s cotl ta in r egion s of h i gh dislocation densit y , togeth er
vs it h a regular arra y of ’ loose walled cells . I lere. recr y st il  l i / a t  ion could not ha v e occurred after
draw ing .  since the cell st ruct tire in s i de ‘ re de formed gr , i i ns  vs ould hav e  been lost du r i ng  r ecry s t a t —
l i za t  ion and rep laced by un str .i i t t c d ness r ’r a u it s and anne a l i  i i g twins .
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These results are consistent w i th  the interpretat ion that , dur ing  del ‘ r r 4 .  .tiit ~ f -

wire drawing, there is a close competition between dynamic reco very and a ,n an ~~ ~~~~~~
and these related processes occur concurrently.  Even at 196K , t here is esi ,tcn ~c
grains formed by dynamic  recrystall ization , thoug h the bulk  , f  the  mI~ r , ,s i r u~ u~
cells formed by d yn a m i c  recover ’ . Evidence of dynamic r e cr y st , , lhi ia t i ,~ii i i

temperature s is low as 196K has not p r e v i o us l y  been repor t ed. nor  l i .  t h ~ ~ h. ti~~j c

the dy n ~1.nicall y recry stalli z ed grain s ( len gth- to-diameter  r a t i o  g i e . i u u i  i t ~~~ i 
-

al thoug h recrys ta l l iza t ion  has been suggested after d r a w i n g  at 2’~~K [1 7 ]

4.2 (‘elI Size and Dislocation Density

That copper and other metal s approach a l i m i t i n g  cell si/ c  as de ’~~i mj l,
( F i gure 8 has also been shown by other workers  [6]. A constant  ccl )  s i /C  in , l t’nt ~”’
deformation can he achieved in at least t w o  w a y s .  The firs t  is one in w h i c h  thc ‘ ‘vt ~
once bee n formed , main ta in  (heir  ident i ty  and slide over each other  dur i n t i  ,~e t ’  ‘rn l .ti ‘ I

in a bundle (much ak in  to superp la st ic deformat ion theories). ‘[his prt I~es~ is ls~ —h ‘

ac t iva t i on  energy to enable s l id ing  io occur , since the boundarie s ire v e t  ‘‘ rouc.
w i t h  normal grain boundaries. The tempe ratures  are also tot) low for the nc~r~ ~.i’

occur as w i t h  normal grain boundary  s l id in g  (e.g. du r ing  superp lu st ic  deb t n i t  i , ’t  ‘ i i,~
process , leading to cons tant  cell site , I s one in which a hig hly d i s l , ’ c , t t e t f  % t t u L
during deformation and then dy namica l ly  recover s to form cells , as sugge sietl  h .  I I

of this  mechanism is tha t  each cell need not cont inue as a def in i te  e n t i t \ . I i  ‘ •nc ~~Ilr

pa ss to another , but becomes part of a general tang le of dislocations w hi ch  1 ‘l3m t~ ,i I

to  the cell s t ructure .  Holt  conclude s tha t  the cell diameter  ( d )  is g iv en by the  ~~a v r k ~i e ! t

modulat ion of the di s l ocat ion densi ty  (p) .  and tha t  ,k iv pro port ional  ~~ p ~‘, \ ~~~~
of his der ivat ion is that  the dislocati on mohi l i t >  is sufficient  fo r  the lo vse ~ t en erg.  ~ ,IBt,~~~ r

to  he approached . i.e. tha t  the processes of dynamic  reco’. cry ca n proceed and t P~ r& ~
the dislocation structure.

From the re sults  of cell v i / e  V . strain (Fi gure 8). it can be concluded t h a t .  sifl~c
cell s i /c  is reached at 196K . 293K and 373K , the dislocations are mob ile cn ’ ’uet ’ I ’ ’~ j
softening processes to  occur . T u e  add i t iona l  cross-sectional den s i t y  of d i slo~.ii i ’  ,ns nc~ c
accommodate a s t ra in  ofO ‘ 2~ (per vs ire d r a w i n g  pa ss) is at least 1flU iii m ind  L . l i I  $“ t ~I ’U ~~# I

e g .  when the expansion of dis locat ion loops iv hindered by harr ier s  or dislot.e 1 i.sn~’ic

In coppe r . if the average dislocat ion moved throug h the tang le a distance ‘ I p m 11w e’ ~
dislocation densi t y  would  be approximate l y  2. 10 17 m rn t . However .  , i t t e ~ h e. iy s tkt , .rn’ t ,~
the dislocation densi ty  saturates in the region of lO° m rn 1 in most metals  [32 ) I hu
that  the l i m i t i n g  dislocation density is pr ohabl~ a more rele v ant  parameter in ,fe! ’ inte~
the l i m i t i n g  cell s i / C ,  especially if recovery pr ccesses are operating It is t h e t e t ’  R . t ,cl~ t~~i.i

a hi gh dislocation density has been obtained , the number  of dislocat i on s , t s j f l.I~~
dynamical l y Is re la t ive l y independent  of the temperature and or to t . t l  s t ra in  in
modulat ion vsav e length (A ) and cell site ( d )  will  also he relat i v el y independent  , il ’ tcm~~ i
total s t ra in ,  Such independence of increased dislocation densi ty  w i t h  tcrn p cr . iur e  i r .

would explain y s hy the cell sizes at 196 , 293 and 373K come to a s i m i l a r  va lue  l i i
over a wide range of true strain ,  especiall y’ as shown for 196 and 293K I ~urc

4.3 Flow-Stress Relatbtnshi ps

The variat ions of flow stress wi th  mean linear intercept dimen sion i ~i i i
diameter of a cell measured from the centre of the dislocation ssal l t  and t I e  d i a rnu i t
dislocation-free zone (d , ) (Fi gure 10) for 196 to 373K. can be divided in t ”  three re~t~t~i.

( i )  low strain (unformed cells and/or large cell size)
( i i )  medium strain (well-formed cells)

( i i i )  hi gh strain (well-formed ) cells).
Region (i). occurring for st ra ins  below 1 , has a gradien t on the log i’ log \1 I I ~‘u r s~
greater than the gradient in reg ion ( i i ) .  This difference is probably due to the presence ‘‘I  hurt

dislocation tang les and the poor formation of cells at low s t r a i n s  As s train ,ncrea~~s and o~
become better defined , an approach to a linear relationship is observed Thi s  l ine ar  rc ta ti ,.nsbt ”
is consistent with a Hall-Petch type relationshi p a l thoug h onl y at 196 K is the ~. iad cn 1

7



same magnitude as previously found [4 . 6J , i. e. Pt approximatel y - O’6. For deformation at 293
and 373K . the gradient of the linear part of the curve is much lower (n approximatel y 0’ I to
-0 ’3, depending on the temp erature of te st ing ) .  The lower magnitu de of n at hi gher deformation

temperatures could be due to the competing processes of dynamic  recovery and recrystallization.
The latter pr ocess will  form cells or new grains of lower flow stress , thus  causing the average flow
stress to be lower. l’hc lower floss stress wil l  be due not only to any lower dislocation density in
the new grains , hut also to the tendency for recrystall ization to form a ‘ 100 textur e along the
wire axis [281, The grains of 100 orientation have a lower flow stress than the cells or sub-grains
of I I I  texture , which is the second component of the dup lex texture produced during drawing
of copper. (The dependence of ’, on the temperature of testing, for 293K and 373K wires , may’
also be due to the presence of the second type of boundary produced at hi gher temperatures . or
the increased “transparency ” of these walls to other dislocations at hi gher temperatures, especially
if penetration is a thermall y activated process. )

The third region of interest in the log a v . log M .L .I .  curve occurs when the l im i t i ng  cell size
has been reached and the flow stress continues to change. At 196 and 293K , the flow stress
increases , hut at 373 and 473K the flow stress decreases (at 373K . this decrease is not seen in
Fi gure I~~c) but is shown in Fi gure 9). The continued change in flow stress at l imit ing cell size is
thought to be due to the cont inuing formation of texture with continued deformation [28 , 31 , 33].
At 196 and 293K . the increasing ‘ I l l  texture tends to increase flow stress , whereas at 373 and
473K , the 100 texture increases with deformation and , as it has a lower flow stress than I l l
ori entations , causes a decreasing average flow stress. At 473K , the softening due to the . 100
texture is accompanied by softening due to the increasing cell size of the recrystallized grains
(Fi gure 8(d)).

4.4 Changes in Thickness of Cell Walls

A decreasing fraction of the specimen is occupied by dislocation walls and tang les as
deformation increases at the three temperatures for which this effect was studied ( Figure 12).
There is no evidence that the area of cell walls or tang les (A ,,.) has reached a l imit ing fraction of the
total area (AD). even at quite hig h strains , although the curve is monotonicall y decreasing with
increasing strain. These changes indicate that , since the cell size M .L .J.  has remained relativel y
constant over this  strain interval , the cell walls must be refining and becoming th inner  as the
specimen is deformed. This conclusion is reinforced by the increasing ratio of the area of the cell
interior to the area of cell walls (A r /A u )  with increasin g strain (Figure 13). The linear , or near
linear , relation of A~/ A~ with strain means that  the wall area is becoming a less significant
fraction of the total specimen cross-sectional area.

Using the ratio of wall area to the specimen area , the internal diameter of the cell can be
calculated and plotted as a function of strain as shown in Fi gure 8. The internal diameter tends
to a l imit ing value in a way similar to the M ,L , l. The l imi t ing  value of the internal diameter (d ,)
occurs at a lower strain than for the M .L . l . ;  in fact , at 196 and 373K, d~ is almost constant at all
strains investigated. The plot of log a ;‘. log il~ (Fi gure 10) therefore indicates that the flow’
stress is much less dependent on d1 than on the overall M .L .I .  The three reg ions of the
log a t’ . log M,L.l., indicated in Section 4.3, also occur in log a i’. log d, plots , and the same
reasons app l y for their occurrence.

5. CON CLUSIONS

It has been shown that  the dislocation cells , which presumabl y result from a need to
minimize total dislocation free energy, reach a l imi t ing  size that  is relativel y independent of
strain and deformation temperature. This l imi t ing  size may be governed by the l imi t ing  dislocation
density observed in most heavily deformed metals. Althoug h the cell s u e  remains re la t ive l y
constant at hi gh strains , the morp hology of both the cell walls and cell interiors continue s to
change , in that the volume of dislocation walls decreases and the cell interiors become increasingl y
free of dislocations. The rate at which these changes occur increases at the deformation tern-
perature increases.

No sing le parameter was found to determine the flow stress at all strains. At low strains . before
of’ just after dislocation cells form , the dislocation density (p) may be measured. it has been shown8
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FIG. 2 Dislocation microstructure  in copper deformed at 293K. Transverse section .
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(a) Total strain 0.6 (b )  Total strain 3.6

1 0 ii

Fig. 4 Dislocation microstructure in copper deformed at 473K, Transverse section

Both micrographs show the two types of boundary described in section
: 1 3.1, viz , those formed by (a) dislocation tangles and (b) sharper higher angie boundaries.
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Fi g. 6 Logi tud inal  section of copper wire drawn at 473K , to a total strain of 6.2 , showing hig hl y
elon gated nature of the cells. 
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Fig. 7 Transverse section of copper wire drawn at 293K to a total strain of 4.7 and annealed in
bulk at 673K for one hour , showing evidence for cell coalescence. 0 
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Fig. 8 Mean linear inte rcept cell size (d) for copper wires as a function of total drawing strain
(e). Standard deviations of the mean linear intercepts are also included .
Also show n are the cesults obtained using the Quantimet, together with standard deviations.
The diameter of the dislocation.free cell interior (d 1) calculated as described in section 3.5 is shown
in (a), (b) and (c).
Fully shaded points: d~ obt ained from smoothed curves of d vs. c (this Figure) and Figure 12.
Unshaded points: d obtai ned from direct analysis of electron micro graphs.
Half-shaded points: d obtai ned from Quantimet analysis of electron micrographs.
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(d) Temperature of drawing 473K.
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Fig. 9 Typical flow-stress curves for drawn copper wires. The flow stress
has been measured at the temperature of deformation as shown. 
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Fig. 10 Flow stress (a) v. cell size (d) (logarithmic scale) for copper tested at temperatures equal
to or less than the deformation temperature.
The internal cell diameter (di) is also included as a function of flow stress measured at the
drawing temperature.
Fully shaded points: cell dimensions (d, d~) are obtained from smoothed curves of figures 8 and 9.
Unshaded points: cell dimensions (d, d~) are obtained from direct analysis of electron
micrographs.
Half-shaded points: cell dimensions (d, d1) are obtained from Ouantimet analysis of
electron micrographs.
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(d) Temperature of deformation 473K
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Fig. 11 Flow stress (a) as a function of cell size (d) where various
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Fig. 12 The ratio of dislocation wall area (A w ) to total cross sectional area
(A 0) of copper wires as a function of total drawing strain (e) .
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(c) Temperature of drawing 373K.
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