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Abstract

High purity copper was processed by high-pressure torsion (HPT) at room
temperature and then stored at room temperature for periods of up to 6 weeks to investigate
the effect of self-annealing. Hardness measurements were recorded both at 48 h after HPT
processing and after various storage times. The results show the occurrence of recovery near
the edges of the discs after processing through 1/2 and 1 turn and this leads to a significant
drop in the measured hardness values which is accompanied by microstructural evidence for
abnormal grain growth. Conversely, there was no recovery, and therefore no hardness drops,
after processing through 5 and 10 turns. X-ray line profile analysis was used to determine the
crystallite sizes and dislocation densities at 1 h after HPT and after storage for different times.
The results show a good thermal stability in high purity Cu after processing through more
than 1 turn of HPT but care must be exercised in recording hardness measurements when
processing through only fractional or very small numbers of turns.
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1. Introduction

Equal-channel angular pressing (ECAP) and high-pressure torsion (HPT) are
currently the most efficient severe plastic deformation (SPD) techniques for producing high-
strength ultrafine-grained (UFG) and nanostructured materials [1-4]. However, the processes
are different because ECAP is not continuous whereas in HPT it is possible to achieve a very
high strain in a single operation. Furthermore, HPT is advantageous by comparison with
ECAP because it produces smaller grains [5,6] and also a higher fraction of grain boundaries
having high angles of misorientation [7]. In HPT, a very high compressive pressure is
applied to a thin disc and this generates large frictional forces so that the disc may be
subjected to torsional deformation without incurring any slippage [8]. Processing by HPT
has attracted considerable attention over the last decade because of the potential for achieving
a very high shear strain with significant grain refinement and a marked improvement in the
mechanical properties. Nevertheless, it is clear that the ability to fabricate nanocrystalline
materials for use in practical environments requires not only the development of an
exceptionally refined microstructure but also the ability to maintain this microstructure over a
significant period of time.

Many reports are now available describing the application of SPD for achieving grain
refinement in pure copper using ECAP [9-71], HPT [36,72-113] or a combination of both
procedures [36,114,115]. However, it appears that pure copper has a significant disadvantage
because of its relatively low thermal stability. There have been several investigations of the
thermal stability of copper under various annealing conditions at elevated temperatures after
processing by ECAP [27,31] and HPT [72,80,82]. In addition, there is a report of the low
temperature annealing of HPT-processed Cu at 373 K for short times up to 60 min but with

no significant variations in the measured hardness [109].



An important consideration in the production of UFG materials concerns the potential
for self-annealing when holding for long times at room temperature (RT). Thus, experiments
on a Cu wire heavily-deformed by drawing showed the occurrence of a significant decrease
in strength after RT storage for periods up to 12 months [116]. The long-term RT storage of
cryogenically-rolled copper was examined for periods up to 1.5 years and there was direct
evidence for grain boundary migration and recovery [117]. The microstructures of copper
samples processed by ECAP were examined following RT storage for a period of 8 years and
there was evidence for recrystallization [118] and recrystallization was also reported in high
purity Cu single crystals processed by ECAP and subjected to RT storage for 2 months [119].
For processing by HPT, there is a report on short term (100 h) RT self-annealing in Cu with a
continuous decrease in hardness [108]. In addition to reports on Cu, it is now well
established that there are significant drops in the hardness of high purity Ag after processing
by ECAP and holding in storage at room temperature for up to 4 months [120,121]. All of
these results demonstrate that the hardness values recorded in Cu after HPT, and possibly
also in other materials, may depend upon the time that elapses between the processing
operation and the measurements of hardness.

A comprehensive review of hardness measurements in metals processed by HPT
reveals three different trends [122]. First, most metals, including Cu, show an increasing
hardness with increasing strain until attaining a saturation plateau in the process designated
hardening without recovery. Second, pure Al shows an increase in hardness followed by a
subsequent decrease to a saturation level in the process known as softening with rapid
recovery where the recovery occurs because of the high stacking fault energy. Third, some
materials show a weakening to a saturation level after HPT processing. Although it is
generally recognized that Cu follows the conventional hardening without recovery as in

almost all metals, some very recent results suggest that self-annealing may be important.



Thus, in experiments on high purity (99.99+ wt.%) oxygen free high conductivity (OFHC)
copper it was reported that the hardness initially increased up to an equivalent strain of ~2,
decreased to a strain of ~8 and then increased again to a saturation value at a strain >22 [111].
Furthermore, these unusual results were consistent with earlier data reported for OFHC Cu in
experiments conducted at room temperature using repetitive upsetting-extrusion where the
material was subjected to repeated upsetting and extrusion [123]. Accordingly, and in order
to further investigate the significance of these results, the present investigation was initiated
to determine the precise values of the Vickers microhardness in discs processed by HPT and
then stored at room temperature for periods of up to a maximum of 6 weeks.

2. Experimental material and procedures

As in the earlier experiments [111], the experiments were conducted using a rod of
high purity OFHC copper of 99.99+ wt% purity. The chemical composition is given in Table
1. The rod was initially annealed for 1 h at 673 K and then cut into discs with diameters of
10 mm and thicknesses of ~0.8 mm. The discs were processed by HPT at RT through total
numbers of turns, N of 1/2, 1, 5 and 10. The processing was conducted using an applied
pressure of 6.0 GPa, the rotation speed was 1 rpm and the processing was conducted under
quasi-constrained conditions where there is a small amount of outflow around the edge of the
disc between the two anvils [124,125]. Following HPT, discs were stored at RT for periods
up to 6 weeks.

For measurements of the microhardness, both the HPT-processed discs and the post-
HPT stored discs were carefully ground with SiC papers in order to remove layers of ~0.1
mm thickness from the disc surfaces. The discs were then polished with 9, 6, 3 and 1
um diamond suspensions and polished to a mirror-like surface using a vibratory polisher with
0.04 um colloidal silica. The Vickers microhardness, Hv, was measured on the polished

surfaces using an FM300 microhardness tester equipped with a Vickers indenter. Each



hardness indentation was performed using a load of 200 gf and a dwell time of 15s. These
measurements were taken at positions along the disc diameters separated by incremental
distances of 0.3 mm and with the average hardness at each position estimated from four
individual points recorded around the selected position and separated by distances of 0.15
mm. These measurements gave the variations of hardness across each disc together with the
associated error bars recorded at the 95% level.

The grain structures in the HPT-processed and the post-HPT stored discs were
examined near the centre of each disc and at positions ~1.5 and ~3.5 mm from the disc
centres, respectively.  Microstructural examinations were conducted with electron
backscattered diffraction (EBSD) using an analytical field emission scanning electron
microscope (SEM) JEOL JSM-7001F at an operating voltage of 15 kV. The SEM was
equipped with imaging detectors and used a TSL orientation imaging system and OIM™
software for data collection.

The microstructures of the HPT-processed samples were evaluated using a Bruker D2
Phaser X-ray diffractometer equipped with a Cu target using Cu Ka (wavelength A = 0.15406
nm) radiation and a Ni monochromator with a 1D LYNXEYE detector. It is important to

note that the whole disc surface was analysed by X-ray diffraction (XRD) and 6 - 26 scans

were conducted from 26 = 25° to 100° with scan steps of 0.02° to record the XRD patterns.

2512 \vere calculated based on

The crystallite size, the lattice parameter and the microstrain <e
the Rietveld method [126] using Maud software for profile fitting. The XRD patterns were
recorded for the annealed Cu and after HPT processing through 1/2, 1, 5 and 10 turns and
subsequent RT storage for different periods of time.

The microhardness measurements, microstructure characterisation and XRD analysis

were performed on the Cu disc samples approximately 48 h after HPT processing and after

post-HPT RT storage for periods of 1, 2, 3 and 4 weeks.



3. Experimental results

3.1 Hardness and microstructure at 48 h after HPT processing

In the initial annealed condition, the high purity Cu had an average grain size of ~85
pm and an average Vickers microhardness of Hv ~ 41.

The evolution in hardness with increasing numbers of HPT turns is shown in Fig. 1
where the experimental points were recorded across the discs at 48 h after the HPT
processing and after 1/2 to 10 turns. Inspection shows that the results generally appear
consistent with conventional face-centred cubic (fcc) metals. After 1/2 and 1 turn the
hardness values are similar to 5 and 10 turns around the peripheries of the discs but in the
central region, within ~1.5 mm of the central point, the values are lower than at the edge.
After 5 and 10 turns the hardness values are reasonably homogeneous across the disc
diameters and the values have reached an essentially stable condition. In practice, however,
the values after 5 and 10 turns are slightly lower than the plateau hardness values recorded at
the edge after 1/2 and 1 turn and this suggests the onset of some limited structural recovery
after the higher numbers of turns. Thus, the slightly higher values at the mid-radius positions
after 1/2 turn are similar to but smaller than the higher hardness values reported at these
positions after processing for fractional numbers of a turn in high purity Al [127].

Figure 2 shows the microstructural development after 1/2 and 10 turns in different
positions on the discs at 48 h after HPT processing; the colours in Fig. 2 denote different
grain misorientations as depicted in the unit triangle, low-angle grain boundaries (LAGBSs) of
2°-15° are shown in yellow and high-angle grain boundaries (HAGBs) of >15° are marked in
black. The upper images in Fig. 2 illustrate the microstructures after 1/2 turn at the disc centre,
at 1.5 mm from the centre and at 3.5 mm from the centre, respectively. Thus, after 1/2 turn

there is a very significant grain refinement at 3.5 mm from the centre of the disc with a



measured grain size of ~0.5 um, the disc centre retains a coarse grain structure containing
subgrain networks within the coarse grains and at 1.5 mm from the centre the situation is
intermediate with grains that are larger than at the edge but smaller than at the centre. As
torsional straining is continued to 10 turns in the two lower images in Fig. 2, the
microstructures in the centre and the edge become reasonably uniform with an average grain
size in both areas of ~0.5 um. It is readily apparent from Figs 1 and 2 that there is a
microstructure gradient, and therefore a strength gradient, from the centres to the edges after
1/2 and 1 turn.
3.2 Hardness development during post-HPT RT storage

In order to obtain a comprehensive understanding of the hardness and microstructure
development during post-HPT RT storage, HPT-processed Cu discs were carefully examined
following a rigid time schedule after storage for 1, 2, 3, 4 and 6 weeks. The hardness
measurements recorded on these samples are shown in Fig. 3 for (a) 1/2, (b) 1, (c) 5 and (d)
10 turns: for each condition, separate hardness values are recorded after time periods of 48 h
and then 1, 2, 3, 4 and 6 weeks. For 1/2 turn, as shown in Fig. 3 (a), the hardness values are
lower in the centre, increase towards the edges up to ~1.5 mm from the centre and then
within this region the results remain unchanged during the storage period from 48 h to 6
weeks. However, from the position of ~1.5 mm to the edge of the disc the hardness changes
significantly from week 1 to week 6. Thus, at week 1 there is a slight hardness drop, at week
2 this drop becomes more significant, it develops further at week 3 and at week 4 the
hardness attains a reasonably stable state of relatively low hardness which remains unchanged
without any additional decrease at week 6.

These results may be summarized by noting that, for the 1/2 turn sample in the area
beyond ~1.5 mm from the disc centre, there is a significant drop in the local hardness from

the disc half-radius to the edge at 6 weeks of post-HPT RT storage such that the hardness



changes from an initial value of Hv ~ 41 before HPT, increases to Hv ~ 140 Hv within 48 h
of HPT and then drops to Hv ~ 80 after both 4 and 6 weeks of storage. In Fig. 3(b) the
measurements are plotted after 1 turn where there is a hardness drop from a position of ~1
mm from the disc centre to the half-radius position but there is no change in hardness either
at the edge of the disc or in the central area. Careful inspection of Fig. 3(b) shows no obvious
local hardness drop at 1 week, a slight local hardness drop at 2 weeks and then significant
drops at 3 to 6 weeks. The maximum local hardness drop is from Hv ~ 140 at 48 h to Hv
80 at 6 weeks, thereby demonstrating a reduction in hardness of ~43%. At even larger
numbers of turns, as with 5 and 10 turns in Fig. 3(c) and (d), there is essentially a constant
hardness throughout the period from 48 h to 6 weeks.

These results show that the measured hardness values remain constant and
independent of the storage times when the discs are processed through 5 or 10 turns whereas
after 1/2 or 1 turn there are local hardness drops during post-HPT RT storage but a low and
stable hardness is reached after 4 or more weeks of storage. Therefore, the results
demonstrate the importance of conducting HPT processing of any material to include
hardness measurements after at least some fractional numbers of turns.

3.3 Microstructure development in 1/2 turn disc during post-HPT RT storage

Since samples processed through 5 and 10 turns show constant hardness during RT
storage from 48 h to week 6 in Fig. 3, it is important to concentrate on discs showing local
hardness drops during post-HPT RT storage. Accordingly, attention was devoted primarily to
the evolution of microstructure in post-HPT storage after processing through 1/2 turn.

Figure 4 illustrates the microstructural development in 1/2 turn samples after 1, 2, 3
and 4 weeks of RT storage, where the left, centre and right columns show microstructures in
the disc centre and at 1.5 and 3.5 mm from the centre, respectively: for ease of reference, all

images are shown at the same magnification. In week 1, the microstructures are similar to



those after 48 h as shown in Fig. 2 (a)—(c) with coarser grains in the centre, very refined
grains at the edge and an intermediate grain size at the 1.5 mm position. With increasing
storage time to 2, 3 and 4 weeks, there are no significant microstructural changes in the centre
or at 1.5 mm from the centre whereas at the edge it is evident that a few grains grow to a
large size while most of the grains remain refined and similar to those observed after storage
for 48 h. These larger grains continue to grow and ultimately occupy almost two-thirds of the
observation area in a process which may be classified as abnormal grain growth. The
occurrence of this abnormal growth at the disc edge area, at 3.5 mm from the centre,
correlates well with the local drop in hardness as shown in Fig. 3(a).

The fractional numbers of grain boundaries having different misorientation angles at
3.5 mm from the disc centre are displayed in Fig. 5 for incremental angular intervals of 5°
after periods of RT storage from 48 h to 4 weeks after HPT. Generally, it is apparent that the
fraction of HAGBs increases with increasing storage time at RT and this is especially evident
for misorientation angles in the range of 55-60° where there are large numbers of >3 twin
boundaries. In order to more effectively illustrate this evolution, Fig. 6 shows the number
fractions of the sums of LAGBs, >.3 boundaries and HAGBs plotted without including the
2.3 boundaries after RT storage through different times. Thus the number fractions of
LAGBs show a slight decrease with increasing storage time whereas the number fractions of
2.3 boundaries is relatively stable between 48 h and 2 weeks but then increases in weeks 3
and 4 to reach a maximum fraction of ~14.3% after storage for 4 weeks. It is well established
that in fcc metals having low to medium stacking fault energies the most important
Coincident Site Lattice (CSL) boundary is 2.3 which is dominated by the formation of
annealing twins [128]. Based on the increase of >3 boundaries with increasing storage time

in Fig. 6 and the drop in hardness by ~43% from ~140 Hv to ~80 Hv in the 1/2 and 1 turn



samples as shown in Fig. 3(a) and (b), it is reasonable to conclude that recrystallization
occurs in high purity Cu during RT storage.
3.4 Microstructural results from X-ray line profile analysis

Using X-ray line profile analysis for materials subjected to severe plastic deformation,

the dislocation density, p, may be calculated using the relationship [129-131]

D.xb
1)

where b is the Burgers vector equal to a/+/2 for fcc metals where a is the lattice parameter,

2>1/2

D, is the crystallite size and <g is the microstrain in XRD.

Figure 7 shows the calculated microstrains and dislocation densities plotted as a
function of the numbers of turns in the HPT-processed Cu after RT storage for (a) 1h, (b) 1
week and (c) 4 weeks. It is readily apparent that immediately after HPT processing, as
denoted by storage for 1 h in Fig. 7(a), the microstrain increases with numbers of HPT
rotations from 1/2 to 1 turn but thereafter it decreases as the number of HPT rotations
increases to 5 and then 10 turns. Furthermore, the calculated dislocation densities are
consistent with the microstrains with an initial increase from ~5.7 x 10" m™ for 1/2 turn to
~6.0 x 10" m?for 1 turn and then a drop to ~2.4 x 10" m? after 5 turns and a further drop to
~1.5 x 10" m™ after 10 turns. The decrease in microstrian and dislocation density from 5 to
10 turns is consistent with the observation in Fig. 1 that the overall hardness values after 5
and 10 turns are slightly lower than the hardness value at the disc edge after 1/2 and 1 turn.
The drop in dislocation density from 5 to 10 turns indicates the occurrence of some recovery
in the 5 and 10 turns samples within 1 h of the HPT processing.

As shown in Fig. 7(b), the microstrain and dislocation density after RT storage for 1

week show a similar trend to the data after 1h after HPT processing although the dislocation



densities in the 1/2 and 1 turn samples are now lower. This matches the hardness results in
Fig. 3 where there is a slight hardness drop in the 1/2 and 1 turn samples afters 1 week of
storage. After 4 weeks of RT storage the microstrains and dislocation densities in Fig. 7(c)
show a different trend where the 1/2 turn sample gives a higher microstrain and dislocation
density than after 1 turn and thereafter there is a relatively small drop in microstrian and
dislocation density at 5 and 10 turns.

The crystallite sizes estimated from an XRD line broadening analysis are shown in
Fig. 8 after (a) 1/2 turn and (b) 10 turns for samples stored at RT for up to 4 weeks. In Fig.
8(a) there is a minor but consistent increase in the crystallite size during storage from 1 h to 4
weeks which is consistent with the microstructures in Fig. 4 where there is abnormal grain
growth during RT storage of the 1/2 turn sample. For the 10 turn sample shown in Fig. 8 (b),
the crystallite size remains essentially constant during RT storage from 48 h to 4 weeks
which is consistent with the microhardness data in Fig. 3(d).

4. Discussion
4.1 General observations on the effect of self-annealing in high purity Cu processed by HPT

Although there have been many reports documenting the microstructural evolution
and microhardness in high purity Cu processed by HPT, a careful review shows there was
only a single attempt to evaluate the occurrence of self-annealing on the measured values of
microhardness recorded after HPT processing [132]. In the latter investigation, Cu of 99.99%
and 99.99999% purity was processed by HPT either at RT or at a cryogenic temperature of
100 K and then hardness measurements were recorded after storage at RT for various periods
of time. The results showed that samples processed by HPT at 100 K exhibited a very
significant self-annealing after storage for a few hours and this self-annealing effect was
greater in the ultra-high purity 99.99999% Cu than in the 99.99% Cu. Furthermore, the self-

annealing effect was relatively minor in the two grades of Cu processed by HPT at RT such
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that there was a drop of only ~22 Hv in the 99.99% Cu after processing at RT and then
storing at RT for 4.3 years [132].

The present investigation used Cu of 99.99% purity and processed by HPT at RT.
The results are consistent with this earlier report except that the present data demonstrate
conclusively that self-annealing has a major effect at the onset of HPT processing when
samples are processed through 1/2 or 1 turn. Conversely, it is also apparent from Fig. 3(c)
and (d) that self-annealing is not significant in samples processed through 5 or more turns.
These results show, therefore, that exceptional care is required when processing high purity
Cu samples through only fractional numbers of HPT turns since, as is readily apparent from
Fig. 3(a), an exceptional drop in hardness by up to ~60 Hv may be anticipated after a wait of
several weeks when processing by HPT through up to 1 turn. It is apparent that these drops
in hardness during RT storage are not generally recognized in the many earlier reports of the
HPT processing of high purity Cu.
4.2 The occurrence of dynamic recovery during HPT processing

In order to more fully understand the hardness measurements shown in Fig. 1,
wherein the hardness values after 5 and 10 turns are lower at the disc edge than after 1/2 and
1 turn, it is necessary to examine the overall significance of hardness measurements in HPT.
It is well established that the equivalent von Mises strain, g, may be estimated in HPT using
the relationship [133-135]

oo 2Nnr
hv/3

where r and h are the radius and height (or thickness) of the disc, respectively.

()

In practice, the variation of hardness with equivalent strain is dependent upon the
nature of recovery in the material [122,136,137]. It was shown in very early experiments that,
although the individual hardness measurements in HPT tend to be scattered in a plot of the

type shown in Fig. 1, it is possible to correlate the data by plotting the individual values of Hv
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against the equivalent strain as calculated from eq. (2) [138]. In addition, this type of plot
also provides a direct measure of the saturation hardness. Accordingly, the values of the
Vickers microhardness were plotted against the equivalent strain as shown in Fig. 9 using the
individual datum points from Fig. 1 where these hardness values were obtained by averaging
the two sets of measurements recorded on either side and equidistant from the centres of the
discs.

Inspection of Fig. 9 shows two significant trends. First, pure Cu displays a curve that
initially increases rapidly, levels off above an equivalent strain of ~20 and then remains
essentially constant at a level of Hv ~ 130 Hv at equivalent strains above ~50. This result is
consistent with other reports of saturation hardness values in the HPT processing of pure Cu
of ~130 [89], ~150 [111] and ~142 [112]. Second, as shown in Fig. 9, a higher hardness of
~140 Hv is recorded in the very early stages of HPT processing, at equivalent strains <20,
where this is similar to some other results reported in the earliest stages of processing of Cu
[90,111,112]. It appears initially that the behaviour in Fig. 9 may be similar to the results
reported for high purity Al where there is softening with rapid recovery [139]. However, this
early softening is different from the softening in Al because it is well known, both from very
early experiments in HPT processing [140,141] and from more recent investigations [98,112],
that dynamic recrystallization is important in pure Cu.

The crystallite sizes calculated from an X-ray line profile analysis demonstrate that, as
shown in Fig. 8, the size is larger in the 10 turns sample (~160 nm) than in the 1/2 turn
sample (~120 nm) at 1 h after HPT processing. It is readily apparent from Fig. 2 that, after
storage at RT for 48 h, the 10 turns sample has a uniform grain structures across the disc with
and average grain size of ~0.5 um whereas after 1/2 turn there is a non-uniform grain
structure from the centre to the edge with coarse grains in the centre and a grain size of ~0.5

pum at the edge. As noted earlier, the whole disc surface was monitored in the XRD analysis
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and therefore these data should include contributions from both the disc centre and the edge
area. Since there is a grain structure gradient in the 1/2 turn sample and a uniform grain
structure in the 10 turns sample, it is reasonable to anticipate the 1/2 turn sample may exhibit
a crystallite size that is larger than in the 10 turns sample. The reason this anticipated trend is
not followed lies in the onset of easy recovery in the samples processed through large
numbers of HPT turns. Furthermore, the drop in the density of dislocations from 5 to 10
turns within 1 h after HPT processing, as shown in Fig. 7(b), suggests also the occurrence of
recovery during processing of the 5 and 10 turns samples.

4.3 The nature of self-annealing in Cu following long-term RT storage

The results from this investigation show the occurrence of a very significant self-
annealing effect in high purity Cu after 1/2 turn whereas self-annealing is less important after
1 turn and the effect is absent after 5 and 10 turns. It is evident from Fig. 4 that the self-
annealing is associated with the abnormal grain growth that occurs at ~3.5 mm from the disc
centre and leads to an array of very large grains mixed with many ultrafine-grains. A similar
report of abnormal grain growth and a mix of highly refined and very large grains was
reported earlier for high purity Al processed by ECAP through 12 passes [142].

It appears from Fig. 7 that this abnormal growth of grains is specifically associated
with a high dislocation density and, from Fig. 6, a reasonable fraction of LAGBSs.
Accordingly, it is concluded that the self-annealing effect arises from delayed recovery which
requires dislocation annihilation through the climb of edge dislocations and/or the cross-slip
of screw dislocations.

For climb, the recovery will be aided by the presence of an excess concentration of
athermally-produced vacancies that are introduced by the HPT processing but generally are
only present in high concentrations at temperatures close to the melting point [143,144]. It

was reported that HPT-deformed Cu contains a high density of dislocations and also small
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vacancy clusters which arise from the agglomeration of deformation-induced vacancies [93].
Furthermore, recent research using dilatometry measurements demonstrated the annealing out
of defects associated with the release of free volume upon linear heating of HPT-deformed
Cu [103]. Three stage (A,B,C) annealing kinetics were reported and, during annealing at
300-400 K in stage A, there was an annealing out of crystal lattice defects as well as a
relaxation of the grain boundaries [103]. These observations are consistent with the presence
in SPD-processed materials of arrays of non-equilibrium grain boundaries containing excess
grain boundary energies, long-range elastic stresses and enhanced free volumes [145].

It is well known that the probability of cross-slip is associated with the degree of
dislocation dissociation and copper has an intermediate stacking fault energy so that there is a
reasonable level of dissociation. In practice, cross-slip occurs through thermal fluctuations in
the crystalline lattice and it was shown earlier by calculation that, assuming the cross-slip
energy is equal to the constriction energy, the anticipated waiting time for cross-slip in Cu is
of a reasonable magnitude so that the occurrence of easy recovery can occur in these UFG
structures [121].

All of these results and calculations support the conclusion that recovery occurs easily
in high purity Cu after processing by HPT through fractional numbers of turns, thereby
producing grain growth and a consequent drop in the measured hardness values as recorded
in Fig. 3(a) and (b).

5.  Summary and conclusions

1. Experiments were conducted on a high purity Cu to investigate the effect of self-
annealing during storage at room temperature after processing by high-pressure torsion.

2. The results show self-annealing is important when discs of Cu are processed

through 1/2 or 1 turn. At these low strains, there is a very significant drop in the measured
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hardness values near the edges of the discs after storage at room temperature for 2 to 6 weeks.
There are no drops in hardness during similar storage of discs processed through 5 or 10 turns.

3. The crystallite sizes and dislocation densities were recorded using X-ray line
profile analysis and the microstructures were examined at selected positions and after
different storage times. The microstructures show that self-annealing after small numbers of
turns is associated with abnormal grain growth that occurs near the edges of the discs and
leads to arrays of large grains mixed with ultrafine grains.

4. Itis concluded that care is needed in recording hardness measurements in Cu in the
early stages of HPT processing because of the possibility of abnormal grain growth and
significant reductions in hardness at positions near the edges of the discs.
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Figure captions
Fig. 1 Hardness plotted against the position on the disc at 48 h after HPT processing.
Fig. 2 Microstructures of discs at 48 h after HPT processing for 1/2 turn (upper) and 10 turns
(lower): images are shown for different positions on the discs.

Fig. 3 Hardness measurements recorded along disc diameters at 48 h after HPT and after
post-HPT RT storage for different times up to 6 weeks for samples processed through
(@) 1/2, (b) 1, (c) 5 and (d) 10 turns.

Fig. 4 Microstructural evolution during post-HPT RT storage for a disc processed through 1/2
turn.

Fig. 5 The fractional numbers of grain boundary misorientation angles for different RT
storage times for the disc processed through 1/2 turn measured at 3.5 mm from the disc
centre.

Fig.6 Grain boundary character distributions for the disc processed through 1/2 turn at 3.5
mm from the disc centre showing the effect of different RT storage times.

Fig. 7 Variation of the measured microstrains and the dislocation densities determined from
XRD analysis with the numbers of turns in HPT processing during RT storage for (a) 1
h, (b) 1 week and (c) 4 weeks.

Fig. 8 Estimated crystallite sizes plotted against the time of RT storage for discs processed
through (a) 1/2 and (b) 10 turns.

Fig. 9 Values of the Vickers microhardness recorded at 48 h after HPT processing plotted as a
function of the equivalent strain for discs processed through different numbers of turns.

Table caption

Table 1 Chemical composition of OFHC copper (wt.%)
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Tablel Chemical composition of OFHC copper (wt.%)

Sample/Element Ag As Bi Cd Fe Mn | O P Pb S Sb Se Sn Te Zn Cu

OFHC Cu 0.0025 0.0005 0.0001 0.0001 0.001 0.00005 0.001 0.0005 0.0003 0.0005 0.0015 0.0004 0.0003 0.0002 0.0002 0.0001 99.99"

* Minimum guaranteed percentage of Cu



