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Abstract

Several pure metals exhibit softening when imparting large strains at room temperature. This study
investigates the nature of this strain softening. Torque measurements during high-pressure torsion
using ring specimens, which appear to be more suitable than disk specimens for the evaluation of
the strain response on the in situ flow stress, suggest that the softening in aluminum occurs mainly
by dynamic recrystallization and recovery, whereas no appreciable dynamic softening occurs in
copper. The softening in aluminum is associated with decreasing the dislocation density and
increasing the grain size and missorientation angles, whereas copper exhibits ultrafine grains of
higher dislocation density and few nanotwins. A significant static recrystallization is detected in
HPT-processed pure copper by argon irradiation during ion milling.
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1. Introduction

High-pressure torsion (HPT) is a typical process of severe plastic deformation (SPD) [1,2],
which is mainly used for grain refinement [3-5] and phase transformation [6,7]. Application of HPT
has shown that, in many metals and alloys, a steady level of hardness is reached following the initial
increase with straining [2-4]. However, in high-purity Al, the hardness initially increases with
increasing strain and, after reaching a maximum, decreases to a constant level [8-12]. This behavior
was also reported in pure Al processed by equal-channel angular pressing (ECAP) [13-15], but was
not observed in commercially-pure Al when processed by HPT [16] and ECAP [17].

A hardness behavior similar to pure Al was reported in metals with low melting
temperatures such as Zn [18] and Mg [19]. Several papers reported a hardness peak in pure Cu
processed by HPT [20,21] and ECAP [22-24], whereas the hardness peak for Cu was not reported in
several other papers using HPT [25-28] and ECAP [29-32]. The current authors showed that Cu
exhibits a hardness behavior similar to Al after HPT at a homologous temperature corresponding to
room temperature of Al and successively keeping the samples at the same homologous temperature
after HPT [33].

The unusual softening of pure Cu at large strains was first attributed to dynamic
recrystallization [22] or recovery [23]. However, Schafler [21] and Wetscher et al. [34] found that
no peak appears in Cu when in-situ flow stress of a disk specimen is examined during HPT by
torque measurements. Detailed measurements showed that a static softening in Cu results in a
hardness maximum, a hardness minimum followed by a steady state [35]. Kilmametov et al. [36]
confirmed the occurrence of a static relaxation in Cu after HPT using high-energy synchrotron light.
Takayama et al. [37] showed the significance of static recrystallization in ultrafine-grained Cu.

The softening of pure Al at large strains was attributed to its large stacking fault energy
(SFE) and easy dynamic recovery [8] or to its high homologous temperature and easy
recrystallization [33]. Kuo and Rigney [38] confirmed the occurrence of the recrystallization in pure
Al severely deformed by sliding. A recent report indicated that the contribution of dynamic
softening (recrystallization and recovery) becomes more significant as the homologous temperature
and SFE increase [18]. Earlier papers reported the occurrence of a torque peak and a strain
softening in Al disks deformed by large torsional strains at elevated temperatures (T > 300 “C) [39].
However, Bachmaier et al. [40] examined the in-situ flow stress of several disk specimens of pure
Al and Al alloys by torque measurements at room temperature, but they reported no torque peak
during the process. Despite these reports, there has been no direct evidence to show whether the
softening in Al and Cu at large strains and room temperature occurs during (dynamic) or after
(static) the process.

In this study, pure Al and Cu are processed by HPT and any possible occurrence of
softening is examined with respect to strain during and after HPT by torque and microhardness
measurements including transmission electron microscopy (TEM).

2. Experimental Materials and Procedures
The experiments were conducted using pure (99.99%) Al and Cu sheets, of which purities



match the ones used in the earlier reports for Al [8-12,18,33] and Cu [18,26,35]. The sheets were
cut to disks with 10 mm diameter and rings with inner and outer diameters of 14 mm and 20 mm
with 0.8 mm thickness. The Al and Cu specimens were annealed before HPT at 773 K and 873 K
for 1 hour, respectively. The HPT was conducted on disks and rings using facilities illustrated in
Refs. [9,26], for 0.25-5 turns at room temperature under a pressure of 1 GPa. The rotation speeds
were selected as 0.2 and 0.5 rpm for the rings and disks, respectively, to reduce the temperature rise
during HPT. It should be noted that, because the applied pressure of 1 GPa is rather low, a slippage
between the sample and anvil may occur during HPT, especially for the Cu disks. However, the
fraction of slippage, s, is not very significant (s < 0.25) [41].

The disks and rings were first evaluated by torque measurements during HPT using strain
gauges placed on the upper anvil as described in Ref. [42]. To examine the reproducibility, each
torque measurement was repeated several times on different samples processed at the same HPT
conditions. Second, the samples were polished to a mirror-like surface and Vickers microhardness
was measured along the radii at 4 different radial directions with an applied load of 50 g for Al and
200 g for Cu. Third, 3mm disks were cut from 3.5 mm away from the disk center and thinned with
an electro-chemical polisher using the solutions given in Ref. [18] and further examined by TEM.

3. Results and Discussion

The hardness values are plotted against the shear strain, y (y =22rN/h, r: distance from
disk or ring center, N: number of turns, h: thickness of disk or ring [1]), in Fig. 1 for (a) Al and (b)
Cu. The hardness of Al initially increases to a maximum, decreases with a further increase in y and
reaches a steady-state level. For Cu, the hardness increases with increasing y but levels off without
taking a peak.

TEM micrographs and corresponding selected-area electron diffraction (SAED) patterns
are shown in Fig. 2 for Al where (a-c) were taken from a disk after 0.25 turns which correspond to
the hardness maximum, and (d) was taken from a disk after 5 turns which corresponds to the steady
state. Dark-field and bright-field images in (2) and (b) shows that grains are separated by low angles
of missorientations with an average grain size of ~0.8 um. Examination of the microstructure using
a higher magnification in (c) reveals that dislocations are visible within many grains and especially
near the grain boundaries. The grain size at the steady state is fairly increased to ~1.9 um and grains
are separated by high angles of missorientations in (d). Earlier experiments using electron
back-scatter diffraction analysis confirmed the presence of low-angle grain boundaries at the
hardness peak and of high-angle grain boundaries at the steady state [10]. Although grains
containing high dislocation density are locally visible within the microstructures as marked A, few
dislocations are visible within most of the grains with the grain boundaries well-defined in (d). It is
noted that the grains with high-angle grain boundaries which have substructures but few dislocation
within them as marked B in (d) are typical of grains after dynamic recrystallization or recovery
[43].
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Figure 1. Microhardness plotted against shear strain for (a) Al and (b) Cu disks and rings processed
after various turns.

TEM micrographs are shown in Fig. 3 for Cu after processing a disk for 5 turns which
correspond to the steady state. Bright-field image in (a) shows that most grains contain many
dislocations with ill-defined grain boundaries with an average grain size of ~0.4 um. The ring
pattern recorded from an area of ~6.2 um diameter using SAED analysis in (a) also indicates that
the grains are small and separated by high angles of misorientations. Examination of the
microstructure in a higher magnification using weak beam technique, as shown in (b), reveals that
several dislocations (10-30) are visible within interior of many grains. Although the dislocation
density in Cu is clearly higher than that in Al, the dislocation density appears to be less than the
estimated values by X-ray diffraction analyses [21] as all dislocations may not be detected using the
weak beam technique. The dislocation density was estimated 1.8x10" m? in SPD-processed Al [44]
and 4.4x10™ m? in SPD-processed Cu [21] by X-ray diffraction analyses. Examination of lattice



images in (c) and (d) clearly shows that the {111}<110> edge dislocation are present in the interior
of many grains. Close examination of the microstructure indicates that the deformation nanotwins
are also visible within a few grains as in (e). The presence of grains with a few dislocations within
the grains as marked C in (a) suggests that dynamic recrystallization has taken place partially in Cu
[26]. It should be noted that the HPT-processed Cu may exhibit a significant static softening by
slight heating or irradiation. An example is shown in () when the sample after TEM for an image in
(a-e) was now subjected to ion milling for 15 min using Ar ions with 4.5 keV energy for surface
cleaning and repeated observation. Many large grains with large twins but no dislocations and no
substructures appear as marked D in (f), which resemble a typical microstructural feature after static
recrystallization [35]. Since this kind of large grains was never found after electropolishing, it turns
out that a significant static recrystallization occurs by Ar irradiation during ion milling. It should be
noted that the application of ion milling using Ar ions with a lower energy as 3 keV for 60 min also
resulted in an appreciable dynamic recovery and smoothening the grain boundaries. These
observations lead to an important suggestion that the ultrafine-grained materials should be handled
very carefully before the evaluation.

Figure 2. TEM micrographs and SAED patterns for Al disks after (a-c) 0.25 turns and (d) 10 turns,
where (b) is dark-field image of (a) taken with diffracted beams indicated by arrow in SAED
pattern.
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Figure 3. TEM micrograph of Cu disk after 5 turns. (a) bright-field image and corresponding SAED

pattern, (b) bright-field image taken by weak beam technique and corresponding SAED pattern, (c)

lattice image with edge dislocation marked T, (d) reconstructed lattice images of square region of

(c) processed by inverse fast Furrier transform from {111} beams, (e) high resolution image of

nanotwin, (f) bright-field image after further processing of TEM foil by ion milling at 4.5 keV, 30
pA for 15 min.

The torque-strain curves are shown in Fig. 4 for (a) Al and (b) Cu using both disks and
rings. The average shear strain for N turns in HPT was calculated as y = 27N (r = 3.5 mm, h = 0.8
mm) for the disks and y = 67N (r = 8.5 mm, h = 0.8 mm) for the rings. Figure 4 shows that the
torque for the disks in both Al and Cu increases with increasing y at an early stage of straining but



levels off with further straining without taking a peak. Although this behavior is the same for the
ring of Cu, it is different for the ring of Al where the torque exhibits a peak with straining.
Considering such differences in the torque behavior, the disk sample may not be sensitive enough
for the evaluation of the strain response on the flow stress. This is because there is a significant
strain gradient in the disks, and thus, the measured torque does not represent the outcome along a
single straining path but due to combined straining paths from the center to the edge of the disk.
Therefore, a peak may not be detected for the disk even if a softening occurs. For instance, the
difference between yat r = 0.1 mm (close to disk center) and r =5 mm (disk periphery) is as high as
5000%. However, the difference between y in the inner (r = 7 mm) and outer (r = 10 mm) periphery
of the rings is only 30%. It is then apparent from Fig. 4 that a torque peak appears in Al but no peak
appears in Cu, indicating that a dynamic softening must have taken place during HPT processing of
Al. However, a comparision between the magnitude of the torque and hardness peaks a suggest that
the contribution of static softening in the hardness decrease of HPT-processed Al can not be negated
as disussed in [18].
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Figure 4. Torque plotted against shear strain for (a) Al and (b) Cu using disks processed for 5 turns
and rings processed for 0.75 and 2 turns.



A question naturally arises: why a dynamic softening occurs in pure Al at room
temperature but no appreciable dynamic softening occurs in pure Cu. The differences can be
attributed to the dislocation mobility affected by (i) crystal structure, (ii) purity, (iii) homologous
temperature, and (iv) SFE. For the crystal structure, Al and Cu are both based on fcc so that this
should not be the reason for the difference. The effect of purity should be neglected because the
purity level is as high as 99.99% in both metals. However, there are appreciable differences in the
homologous temperature and the SFE between the two metals: the homologous temperature is 0.32
for Al and 0.22 for Cu and the SFE is 166 mJ/m? for Al and 36 mJ/m? for Cu [33]. On the one hand,
the dislocations cross-slip and climb become easier when the homologous temperature is higher. On
the other hand, the larger SFE promotes faster cross-slip and increases the dislocation mobility.
Therefore, the dislocations moves easier and thus the microstructure and resultant softening evolve
much faster in Al than in Cu. This fast evolution even proceeds dynamically during HPT, thus
creating a dynamic softening in the torque measurement. It should be noted that the smaller grain
size in Cu must be due to its low homologous temperature [18] and the presence of deformation
nanotwins in Cu, although their density is low, must be due to the low SFE [45].

4. Conclusions

1. The current study introduces the torque measurements during HPT using ring specimens as a
unique tool to investigate the dynamic behavior of materials during severe plastic
deformation.

2.  Torque measurements presented a direct evidence showing that the softening of pure Al at
large strains is mainly due to dynamic recrystallization and recovery.

3. Although the presence of a few grains with less dislocation suggested that dynamic softening
takes place partially in pure Cu, no appreciable dynamic softening in pure Cu was detected
within the sensitivity limit of torque measurements.

4.  Severely-deformed pure Cu exhibited a high sensitivity to static softening and a significant
static recrystallization was detected in HPT-processed pure Cu by Ar irradiation during ion
milling.
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