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SUMMARY
Dislocation microstructures formed during drawing of copper to strains up to 7, at
deformation temperatures between 77 and 473K, have been investigated, together with
their relationship to the resulting mechanical properties. The changes in microstructure
and tensile flow stress are explained by dynamic recovery and recrystallization processes;
correlations 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

deformation temperatures between 77 and 473K, have been investigated, together with
their reiationship to the resulting mechanical properties. The changes in microstructure
and tensile flow stress are explained by dynamic recovery and recrystallization processes;
correlations of mechanical properties are made with parameters describing the dis-

location microstructure. ,
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1. INTRODUCTION

The microstructure of metals deformed to low strains (less than about 209,) consists of a
fairly uniform network of tangled dislocations. At higher strains, the dislocation arrangement
changes to a more open network in which regions of high dislocation density surround regions
of much lower dislocation density. This dislocation cell structure is characterisic of a recovered
metal in stage 111 hardening.

1.1 Cell Formation

The reason for cell formation has been treated theoretically by Holt [1], who showed that
the driving force for cell formation arises from a reduction in the total elastic energy of the
dislocations when they cluster 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 mobility of dislocations. Holt investigated the stability of a
uniformly dense distribution of dislocations with respect to spatial fluctuations in dislocation
density. (For convenience, he used an idealised distribution of parallel screw dislocations.) The
elastic energy of dislocations in an array consists of two main components: (a) their self energy,
and (b) their interaction energy with other members of the array. The total self energy is
independent of the dislocation density if the total number of dislocations remains constant;
thus, the only 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 dislocations in the immediate neighbourhood. This assumption enables
the interaction energy to be calculated in terms of a small, cyclic perturbation of dislocation-
density (Ap), which has the form

Ap o A(B).exp B(B).t.cos (B-R)

where 4(B) and B(B) are functions of the dislocation distribution, R is the position in the crystal,
B is the wave number of the perturbation and ¢ is time. The interaction energy is minimized by
growth of the dislocation density fluctuation to a characteristic wavelength. Since B(B) occurs
exponentially in the equation for Ap, those fluctuations in the dislocation distribution which
maximize B(B) grow fastest, become dominant, and therefore determine the scale of the
dislocation-density modulation. An expression for the perturbation wavelength (A) that maximizes
B(B) can be derived in which A oc p=0'5 where p is the dislocation density and A is found to be
of the same magnitude as the 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
configuration to be reached.

1.2 Flow-Stress Relationships
An extension of the expressions introduced in the previous section, using the relationship:

o=0a.G.b.p"%
yields:

o G.b.d 10
where:

o = flow stress,

a = constant,

G = shear modulus,




b = Burgers vector,
p = dislocation density,
d = cell size:

thereby relating flow stress to the size of dislocation cells.

Earlier relationships linking 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 o oc d" where n = —}. There is,
however, some uncertainty as to the value of the exponent and the conditions under which a
conversion from grain size to cell size can be made [4, 5]. When considering flow stress as a
function of cell size, several workers [l,6] support n= —1}, whereas in similar metals, n —= —1
is supported by other workers [7, 8].

A comprehensive study of Cu alloys by Hutchison and Pascoe [9] showed that a range of
n values can be measured; however, at the 959, confidence level, n = —1 for Cu and its alloys.
More recent work, using aluminium [10], indicated a change in the value of the exponent
depending on the type of dislocation structure controlling the flow stress and the misfit angle
between 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 microstructure during
drawing at different temperatures 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 explained in terms of these processes and correlations made
with parameters describing the dislocation substructure.

2. EXPERIMENTAL

High conductivity (oxygen-free) copper (>99:999,) wires were drawn from annealed
5-7 mm diameter rod to various diameters down to 0-18 mm, i.e. strains (g) of up to 7. The
drawing speed was 8-7 mm/s and the strains per pass were 0-25 plus or minus 0:01 for total
strains less than 4-7, 0- 16 plus or minus 0-02 for strains from 4-8 to 64, and 0-25 plus or minus
0-02 for strains from 6-4 to 7. Colloidal graphite was used as a dry lubricant. The temperatures
of drawing were obtained as follows:

(i) Liquid nitrogen bath (77K),

(ii) Dry-ice (CO,) in alcohol (196K),

(iii) Room temperature (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 copper electroplated to 3 mm diameter. The discs were then
profiled, by jet electropolishing both sides, using 109, nitric acid in water at 293K and at a
potential of 150V. The profiled discs were electropolished to perforation using 309, HNO, 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
electroplating; 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 EM200 electron microscope
operating at 100kV.

Specimens, approximately 60 mm long, were prepared for mechanical testing by painting a
40 mm gauge length with a stopping-off medium before building up each end with electroplated
copper, for gripping 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 Microstructure

Electron microscopy of transverse sections of wires showed that, at strains greater than
approximately 0-5, all wires contained dislocation cells. At low strains, the microstructure
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consisted of very poorly defined areas of low dislocation density, in a matrix of slightly higher
dislocation density. As the strain increased, the low dislocation density areas became more defined :
and the structure became more clearly cellular, with loose dislocation tangles forming the original -
cell walls. At a strain of approximately 1-8, for temperatures of drawing from 196 to 373K,

the structure consisted of large areas of well-defined cells. These cells were formed by walls of

dislocation tangles of higher dislocation density (Figures 1, 2, 3).

At higher strains, the cell walls became more precisely defined and the dislocation tangles
reduced in width. The rate at which these changes occurred with strain was a function of
temperature, e.g. at 196 and 293K, there were still areas of cells formed by arrays of loose forest
tangles at strains of 3-1, whereas at 373K this type of cell system was last observed at a strain
of about |-1. Wires drawn at 473K (Figure 4) contained similar dislocation tangles, but in not
such regular arrays as tangles formed at lower temperatures. Nevertheless, the walls, though
of a higher dislocation density, still had dislocations trailing out of them into the cell body.

At all temperatures 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 high density of twins (Figure 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.

Longitudinal sections of wires and sheet deformed at 293 and 473K showed that the cells were
elongated in the direction of deformation (Figure 6).

At 473K, the microstructure exhibited a general cell structure (Figure 4) somewhat different
from that observed at lower temperatures. At all strains investigated (from 0-6 to 6-2), there
existed two quite distinct types of boundary. The first was similar to those mentioned previously,
and consisted of loose dislocation tangles forming a cell boundary with dislocations trailing
into the cell. The second type of boundary was of a much sharper character and appeared to be
a higher angle boundary than those for walls composed of dislocation tangles: the walls also had
fewer single dislocations trailing from them. This second type of wall is very similar to a grain
boundary formed during recrystallization, but on a much smaller scale than usual. The sharp
boundaries formed a general grain-type structure inside which dislocation tangles formed smaller
cells. Even though the overall structure observed at 473K was not generally found at lower
temperatures, there was evidence that the second type of boundary did occur at lower temper-
atures. For example, at 196K for strains above 3, there were regions in which the second type
of narrow boundary was present and bounded cells within which, either very few dislocations
were observed, or else cells formed by dislocation tangles occurred (Figure 1(d)). At 293 and 373K
similar cell structures were found (Figures 2(¢), 3(d)).

3.2 Stability of Microstructure |

The stability of the dislocation structure of the deformed state is of particular importance
when preparing specimens from deformed material [11, 12]. To investigate the structural stability,
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-situ heating of thin foils of wire, deformed at temperatures between 196 and 473K, 3
showed that the dislocation structure was surprisingly stable until a certain temperature was 1
reached, after which recrystallization rapidly 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 little
change in the overall dislocation substructure, thereby indicating that, in foils at least. one can
be fairly confident that large-scale dislocation movement, which is a thermally activated process, ;
does not occur after foil preparation.

Annealing bulk specimens for 1 hour at temperatures below 600K also caused little
observable change in dislocation cell structure. Above 600K cell disintegration was seen to occur,
although it would seem, by subgrain coalescence [13] (Figure 7) rather than by grain-boundary
migration.

o i ettt e e

3.3 Cell Size

As previously mentioned, the cell size is considered to be an important parameter to be ..
correlated with the mechanical properties of metals, viz. flow stress and hardness. In this work,
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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
manually were, for the 196, 293 and 373K specimens, compared with those measured using a
Quantimet Image Analysing Computer; in most instances, the two results were the same within
experimental error. At 373K, however, the manually estimated values were consistently below
the Quantimet values by approximately 20°,, probably due to a systematic error. The variation
of cell sizes with the strain and temperature of deformation (Figure 8) show that, as the strain
increases, there is a decrease in cell size, though it appears that the cell size approaches some
limiting value and is fairly constant above a strain of 2. The limiting cell sizes for temperatures
from 196 to 373K are seen to lie between approximately 0-19 and 024 um. For a deformation
temperature of 473K, however, the cell size decreased initially but then increased again after a
strain of approximately 3. Another feature to note is that, at any given strain, the cell size does
not follow a simple relationship with temperature of deformation, e.g. the cell sizes at 373K lie
between those for 196K and 293K.

3.4 Cell Size v. Flow 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 ultimate tensile stress (U.T.S.) of
wires measured at the temperature of deformation or lower. The respective values of d and U.T.S.
were obtained from the smoothed curves of best fit through the appropriate d v. strain and U.T.S.
v. strain curves, as shown in Figures 8 and 9. The fit that is most often attempted of these data is:

o= aggtk.d"

where oy is the flow stress of a single crystal or a specimen having a very large cell size (assuming
that most of the hardening is governed by the existence of dislocation tangles and cell formation),
k and n are constants. Previous work [14] indicates that the flow stress at low strains, for
recrystallized copper, is relatively independent of deformation temperature and is approximately
7 MPa at a strain of 0017, rising to approximately 17-5 MPa at a strain of 0-067. That o is
relatively small is also shown by Hutchison and Pascoe [15]. Flow-stress/cell-size relationships
may be obtained in two ways: either by plotting log o v. log d, from which a direct measurement
of n may be obtained (provided oy is negligible) or, by plotting ¢ v. d" (assuming various values
of n) and obtaining a straight line of best fit through a low value of o¢. Both of these plots were
made: the log o v. log d curves are shown in Figure 10. At 196, 293 and 373K, the results could
lie partly on straight lines for strains greater than 1. (The strain of 1 is probably 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 temperature of deformation, were —0-62
at 196K and —0-11 at 293K. Various o v. d" curves are plotted in Figure 11 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 (7) different
from the deformation temperature (7;). For Ty = 293K, there was a decrease in n as T decreased,
from n= —0-11 at T= 293K, to n= —0-28 at T = 77K; also for Ty = 373K, n= —0-15
at T = 373K and decreased to —0-33 at T = 77K. For T; = 196K, however, there was no
change in n within experimental error.

For Ty = 196 and 293K and for the lower cell sizes (i.e. higher strains), there was also some
indication that the gradient on the log o v. log d plot was becoming larger in magnitude.

3.5 Internal Cell Diameter

The results obtained using the Quantimet gave an estimate of the area of the cross-section
of the wire occupied by dislocation walls and tangles. In the first instance, the ratio of A./A40 was
obtained, where A, is the area of tangles and Ay 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 d;.

Using the above definitions, the total area of dislocation-free regions is (40— Aw), and the
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total number of cells per detecting frame is
44¢/ nd?, approximately
and,
di (1 Aw/ A9)?%d, again approximately.

The values of A4, 44 for various deformation temperatures were obtained as a function of
strain and are shown in Figure 12; also shown are the standard deviations for each point, and a
smooth curve through the points. As seen above, the calculated value of @; depends on the measured
values of d and 4, Ao, the latter quantity having a relatively large error. Therefore, the value of
d; 1s calculated both from actual measured values of  and 4., 49 and also values taken from the
smoothed curves of Figures 12 and 8. Both these values were plotted as a function of deformation
and incorporated in Figure 8, which shows that &; tended to approach a limiting value more
rapidly than d.

Only at 293K is there a wide enough range of d; to allow a fully defined log o v. log d,
relationship (Figure 10(b)). However, at 196K a relationship between log o and log d; is found
thatis quaiitatively similar to that at 293K, though over a narrower range of d; values (Figure 10(a)).
It 1s seen that d; 1s relatively constant at 0-175 - 0-01 m while the flow stress (o) changes from
approximately 470 to 600 MPa.

The ratio of the area of cell interior (4.) to the area of dislocation tangles (4,) was also
calculated. Figure 13 shows that this rato increased fairly linearly with increasing deformation,
for deformation temperatures between 196 and 373K, though for 293K a smooth curve was a
more accurate fit to the points. When 4. 4, is plotted against flow stress (Figure 14), it is seen that
at 293K the flow stress entered a region of low work-hardening rate, but the cell walls continued
to refine. A similar constant flow stress was reached for the deformation temperature of 373K,
but not quite so clearly: however, at 196K the flow stress and 4. 4. continued to vary almost
linearly.

4. DISCUSSION

4.1 Dynamic Recovery and Recrystallization

At all temperatures, it is seen that, upon deformation by drawing, the initially annealed,
equiaxed copper rod (grain size 28-2 am) rapidly acquires dislocation tangles that delineate cells
of lower dislocation density. As deformation continues, these cells refine and become much more
definite. The strain at which the cell becomes clearly defined depends on the temperature of
deformation: and decreases as the temperature increases. This dependence is characteristic of a
thermally activated recovery process, in which dislocations are able to move sufficiently easily
and rapidly that a cellular structure forms, as predicted theoretically by Holt [1]. and shown
experimentally by others [6, 16]. Even though the recovered structure predominates, the second
type of cell boundary (section 3.1) observed (Figure 4), appears to be associated with much higher
angular misorientations between neighbours. This higher misorientation is shown by the greater
contrast between neighbouring cells than that at lower strains (e.g. Figure 2(b) ¢.f. Figure 2(i) and
Figure l(a) c.f. Figure 1(¢)) and also by selected-area diffraction. The structure of the boundary
is also different, in that the dislocation density appears much higher than for the boundaries which
first appear at lower strains.

The definition of recovery. polygonization and recrystallization has been discussed by many
writers [17, 18, 19, 20]. In the absence of further evidence, arbitrary definitions, e.g. that mis-
orientation between grains of greater than 5§ degrees indicates recrystallization, have been used.
Recrystallization occurring during deformation is often referred to as dynamic recrystallization.
Much work has been done on highly deformed copper and nickel, though usually at elevated
temperatures and by torsion [21, 22, 23]. These torsion experiments were usually performed in
such a way that the metal was quenched to a lower temperature, either immediately before or just
after cessation of deformation. Microstructures observed after such procedures show [24] a well-
developed network of fine equiaxed grains subdivided by cell walls. These new, equiaxed grains
are thought to arise by a process of dynamic recrystallization, in which new grains form during
deformation, out of a collection of dislocation cells.




An important difference between the shape of grains found in copper deformed at 1073K by
torsion and the cells or grains in copper deformed at 196 10 473K by drawing, is that the former
are equiaxed, while the latter are elongated (Figure 6). The fact that the drawn grains are
elongated need not, however, preclude them from forming by a recrystallization process. A high-
voltage electron microscopy study of rolled copper by Ray er al. [25] showed that new grains,
formed during heating, tend to develop as colonies, or strings, of recrystallized grains. If a
recrystallization process is occurring during drawing, the new cells or gramns need not be equiaxed
(as they would tend to be if produced by thermal annealing) but could be elongated along the wire,
as has been observed with cells in extruded aluminium rods [22]. The elongated grains apparently
occur because of the way in which the wire is deformed. Just prior to the wire entering the die,
most of the internal energy is in the form of thermal energy (approximately 3RT), plus the stored
deformation energy obtained during the previous passes. During drawing, the wire diameter is
reduced, work 1s done on the inetal and the internal energy rises. In high stacking-fault-energy
metals such as aluminium, the activation energy for recovery processes is sufliciently low that
dynamic recovery occurs during the deformation, thereby maintaining the cellular microstructure.
For lower stacking-fault-energy metals such as copper, the activation energy for recrystallization
is stmilar to that for recovery, and may even be lower [26]. This result leads to the explanation that
dynamic recrystallization can produce the microstructures formed during hot working.

In the higher internal energy regions of the wire, there will be certain drawing conditions of
temperature, strain rate and stored deformation energy. at which the metal may reduce its energy
by dynamic recrystathization, rather than by dynamic recovery. The metal rod. or wire, effectively
sees an internal energy “hot spot’™ passing along 1ts length, similar to that during the hot zone
technique of single-crystal growing. The passage of this high energy region along the wire could
produce highly elongated new grains as shown in Figure 6.

The changes in internal energy observed during thermal annealing of copper and aluminium [27]
indicate that, in copper, over 90", of stored deformation energy is not released until recrystallization
occurs, whereas, in alummium up to 30" of the stored energy is released during the recovery stage.
These figures show that more stored energy is available in copper, than in aluminium, to add to
the existing thermal energy, thereby assisting recrystalhization during deformation at lower
temperatures in copper than in aluminium.

The possibility of dynamic recrystallization and dynamic recovery occurring together allows
an explanation for the two types of boundary observed in the electron micrographs (Figures
1. 2, 3, 4). Here, the sharply defined boundaries are attributed to dynamic recrystallization and
the loose dislocation-tangle boundaries to dynamic recovery. Recrystallization is also more
iikely as the temperature increases, thus explaining the increasing incidence of the sharp boundaries
as deformation temperature is increased. Recrystallization considerations could also explain the
increasing fraction of 100 texture in copper. at a given strain, with increasing deformation
temperature [28]. The 100 texture arises from the well-documented [29, 30] property of fuace-
centred-metals to recrystallize into the cube orientation.

Further evidence consistent with dynamic recrystalhization occurring is provided by the tenale
stress-strain curves of the drawn wires, especially at 373 and 473K [31] (Figure 9). During drawing,
the wire initially continues to work-harden up to a certain strain, but for cach drawing strain
increment thereafter the wire softens. The total strain at which the flow stress starts to fall decreases
as drawing temperature increases. Analogous decreases in flow stress during torison and extrusion
of aluminium, nickel and copper have been explained in terms of dynamic recrystallization [21, 23].

The strain to reach peak flow stress is expected to approximate closely the critical strain at
which the stored energy is sufficiently high for the metal to recrystallize during deformation.
As deformation proceeds. so also does recrystallization and. due to the requirement of compati-
bility of strains between adjacent regions, the overall flow stress is now an average over the
specimen of all regions, ranging from newly recrystallized grains (with very low flow stress),
through to deformed grains and cells (intermediate flow stress), to highly deformed cells that are just
about to recrystallize (maximum flow stress). Eventually a constant equilibrium flow stress is
approached. The result of this sequence of events is consistent with microstructural observations
(¢.g. Figure 4) where the recrystallized grains contain regions of high dislocation density, together
with a regular array of loose walled cells. Here, recrystallization could not have occurred after
drawing. since the cell structure inside the deformed grains would have been lost during recrystal-
lization and replaced by unstrained new grains and annealing twins.
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These results are consistent with the interpretation that, during deformat
wire drawing, there is a close competition between dynamic recovery and dynami 1o
and these related processes occur concurrently. Even at 196K, there 1s evidence (1 o0
grains formed by dynamic recrystallization, though the bulk of the microsirucie
cells formed by dynamic recovery. Evidence of dynamic recrystallization
temperatures as low as 196K has not previously been reported, nor has the el
the dynamically recrystallized grains (length-to-diameter ratio greater thas |
although recrystallization has been suggested after drawing at 293K [17]

4.2 Cell Size and Dislocation Density

That copper and other metals approach a limiting cell size as deforma
(Figure 8) has also been shown by other workers [6]. A constant cell size independos
deformation can be achieved in at least two ways. The first is one in which the 1o
once been formed, maintain their identity and slide over each other during deformation
in a bundle (much akin to superplastic deformation theories). This pracess is like!
activation energy to enable sliding to occur, since the boundaries are very “roup
with normal grain boundaries. The temperatures are also too low for the necesar 00
occur as with normal grain boundary sliding (e.g. during superplastic deformasion: 11
process, leading to constant cell size, is one in which a highly dislocated structurn
during deformation and then dynamically recovers to form cells, as suggested by Hoo
of this mechanism is that each cell need not continue as a definite entity, from one
pass to another, but becomes part of a general tangle of dislocations which dynamical
to the cell structure. Holt concludes that the cell diameter () is given by the wavelengt
modulation of the dislocation density (p), and that A is proportional to p ¥ *. A haw
of his derivation is that the dislocation mobility is sufficient for the lowest energ:
to be approached, i.e. that the processes of dynamic recovery can proceed and theret
the dislocation structure.

From the results of cell size v. strain (Figure 8). it can be concluded that. <ince
cell size is reached at 196K, 293K and 373K, the dislocations are mobile enoug!
softening processes to occur. The additional cross-sectional density of dislocations e
accommodate a strain of 025 (per wire drawing pass) is at least 10" m m” and can be mu
e.g. when the expansion of dislocation loops is hindered by barriers or dislocat
In copper, if the average dislocation moved through the tangle a distance of | m 1
dislocation density would be approximately 2.10'7 m/m?. However. after heavy ¢!
the dislocation density saturates in the region of 10 m/m? in most metals [32] Thu
that the limiting dislocation density is probably a more relevant parameter in deformed o
the limiting cell size, especially if recovery processes are operating. It is therefore ke
a high dislocation density has been obtained, the number of dislocations availabic
dynamically is relatively independent of the temperature and or total stram. in whi!
modulation wavelength (1) and cell size (d) will also be relatively independent of temper.
total strain. Such independence of increased dislocation density with temperature o
would explain why the cell sizes at 196, 293 and 373K come to a similar value (0 °
over a wide range of true strain, especially as shown for 196 and 293K (Figure )

4.3 Flow-Stress Relationships

The variations of flow stress with mean linear intercept dimension (M I |
diameter of a cell measured from the centre of the dislocation wall) and the diamen
dislocation-free zone (d;) (Figure 10) for 196 to 373K, can be divided into three repin

(i) low strain (unformed cells and/or large cell size)

(i) medium strain (well-formed cells)

(iii) high strain (well-formed) cells).

Region (i), occurring for strains below I, has a gradient on the log o v. log M L I cur
greater than the gradient in region (ii). This difference is probably due to the presence of L
dislocation tangles and the poor formation of cells at low strains. As strain increases and
become better defined, an approach to a linear relationship is observed. This linear refaron
is consistent with a Hall-Petch type relationship although only at 196K is the gradien




same magnitude as previously found [4, 6], i.e. n approximately - 0-6. For deformation at 293
and 373K, the gradient of the linear part of the curve is much lower (n approximately —0-1 to
—0-3, depending on the temperature of testing). The lower magnitude of n at higher deformation
temperatures could be due to the competing processes of dynamic recovery and recrystallization.
The latter process will form cells or new grains of lower flow stress, thus causing the average flow
stress to be lower. The lower flow stress will be due not only to any lower dislocation density in
the new grains, but also to the tendency for recrystallization to form a <100 texture along the
wire axis [28]. The grains of <100 - orientation have a lower flow stress than the cells or sub-grains
of 111 texture, which is the second component of the duplex texture produced during drawing
of copper. (The dependence of n 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 higher temperatures, or
the increased “transparency’ of these walls to other dislocations at higher temperatures, especially
if penetration is a thermally activated process.)

The third region of interest in the log o v. log M.L.1. curve occurs when the limiting cell size
has been reached and the flow stress continues to change. At 196 and 293K, the flow stress
increases, but at 373 and 473K the flow stress decreases (at 373K, this decrease is not seen in
Figure 10(c) but is shown in Figure 9). The continued change in flow stress at limiting cell size is
thought to be due to the continuing formation of texture with continued deformation [28, 31, 33].
At 196 and 293K, the increasing <111 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 <111
orientations, 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
(Figure 8(d)).

4.4 Changes in Thickness of Cell Walls

A decreasing fraction of the specimen is occupied by dislocation walls and tangles 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 tangles (4,,) has reached a limiting fraction of the
total area (Ap), even at quite high strains, although the curve is monotonically decreasing with
increasing strain. These changes indicate that, since the cell size M.L.1. has remained relatively
constant over this strain interval, the cell walls must be refining and becoming thinner 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 (A4./4.) with increasing strain (Figure 13). The linear, or near
linear, relation of A4./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 Figure 8. The internal diameter tends
to a limiting value in a way similar to the M.L.I. The limiting value of the internal diameter (d;)
occurs at a lower strain than for the M.L.1.; in fact, at 196 and 373K, d; is almost constant at all
strains investigated. The plot of log o v. log d; (Figure 10) therefore indicates that the flow
stress is much less dependent on d; than on the overall M.L.I. The three regions of the
log o v. log M.L.1L., indicated in Section 4.3, also occur in log o v. log d; plots, and the same
reasons apply for their occurrence.

5. CONCLUSIONS

It has been shown that the dislocation cells, which presumably result from a need to
minimize total dislocation free energy, reach a limiting size that is relatively independent of
strain and deformation temperature. This limiting size may be governed by the limiting dislocation
density observed in most heavily deformed metals. Although the cell size remains relatively
constant at high strains, the morphology of both the cell walls and cell interiors continues to
change, in that the volume of dislocation walls decreases and the cell interiors become increasingly
free of dislocations. The rate at which these changes occur increases at the deformation tem-
perature increases.

No single 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 shown
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to be related to low stress (o) by o o p A (1)

At medinm strainy, distocation cells torm, of a size (f) related to dislocation density, and a
power relationship o o™ can be determined; here # iy not a universal constant but vanies with
both temperature of deformation and testing, probably due to the imcreasing efltect of the two
types of cell sub-pram boundaries tormimg the microstructure. 1 proposed that one (ype ot
boundary torms by dynanie recoverny processes, which predominate at lower temperatures,
whereas the other type forms by dynamne recevstalhization processes, which predomimate at highet
deformation temperatures

A high straims, the fow stress s found to merease despite the constant cell size The increase
tatcomtant temperature) ivaseribed to the mereasing influence of texture on mechanical properties
This changing texture could alse have some imfluence on m values, a tact which does not seem (o
have been considered by ather workers




(e) Total strain 6.2
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| FIG. 2 Dislocation microstructure in copper deformed at 293K. Transverse section.




(a) Total strain 0.77 (b) Total strain 1.1

(d) Total strain 2.8

L J

10 um

(e) Total strain 3.04

Fig. 3 Dislocation microstructure in copper deformed at 373K. Transverse section.




(a) Total strain 0.6 (b} Total strain 3.6

10m

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

Both micrographs show the two types of boundary described in section
3.1, viz. those formed by (a) dislocation tangles and (b) sharper higher angle boundaries.
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Fig. 5  Dislocation microstructure in copper deformed at 77K, showing area of heavy
deformation twinning. Transverse section, total strain is 1.1
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Fig. 6 Logitudinal section of copper wire drawn at 473K, to a total strain of 6.2, showing highly
elongated nature of the cells.




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.
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Fig. 8 Mean linear intercept 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 shown are the results obtained using the Quantimet, together with standard deviations.

The diameter of the dislocation-free cell interior (d ) calculated as described in section 3.5 is shown
in {(a), (b) and (c).

Fully shaded points: d; obtained from smoothed curves of d vs. ¢ (this Figure) and Figure 12.
Unshaded points: d obtained from direct analysis of electron micrographs.

Half-shaded points: d obtained 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 (o) v. cell size (d) (logarithmic scale) for copper tested at temperatures equal

to or less than the deformation temperature.
The internal ce!l diameter (d i) 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 i) are obtained from direct analysis of electron
micrographs.

Half-shaded points: cell dimensions (d, di) are obtained from Ouantimet analysis of

electron micrographs.
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(b) Temperature of deformation 293K, (Total Strain indicated on points)

0 @ @ ¢ measured at 293K vs. d,
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(c) Temperature of deformation 373K,

o e o measured at 373K vs. d,

- o measured at 293K vs. d,

A o measured at 77K vs. d,

v ¥ ¢ measured at 373K vs. d;
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Fig. 10 cont.

(d) Temperature of deformation 473K

o ® o measured at 473K vs. d,

® ¢ measured at 293K vs. d.




S A Se———

S——

S —

Flow-stress o (MPa)

600

500

400

100

d”" (um™")

Fig. 11 Flow stress (o) as a function of cell size (d) where various
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(b) Temperature of deformation 293K
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Fig. 12  The ratio of dislocation wall area (Aw) to total cross sectional area
(Ao) of copper wires as a function of total drawing strain (¢).
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(b) Temperature of drawing 293K
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(c) Temperature of drawing 373K. 3
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Fig. 13 The ratio of area of dislocation-free-regions (A ) to dislocation wall area (A,)

as a function of total drawing strain (e) for three temperatures of drawing.
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Unshaded points: Ac/Aw obtained using experimental results shown in Figure 12.
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