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Abstract

Oxygen-free copper of >99.95% purity was processed by equal-channel angular
pressing at room temperature (RT) for up to 24 passes and then pulled to failure at RT using
strain rates from 10 to 102 s. The results show that the microstrain increases with strain at
the lower numbers of passes but decreases between 16 and 24 passes. Similar trends were
found also for the dislocation density, the Vickers microhardness and the values of the
measured yield stresses in tensile testing. X-ray diffraction measurements showed a minor
increase in the crystallite size at the high strain imposed by processing through 24 passes.
These results demonstrate the occurrence of dynamic recovery at the highest strain. In tensile
testing at a strain rate of 10 s the results gave a yield stress of ~391 MPa and an elongation
to failure of 52% which is consistent with an earlier report using Cu of much higher purity but
not consistent with an earlier report using Cu of the same purity.
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1. Introduction

For polycrystalline materials, the grain size, d, is generally considered the most
important microstructural parameter because it has a major influence on both the overall
strength and the flow properties. It is now well established that the strength of a material varies
with grain size through the Hall-Petch relationship [1,2] which states that the yield stress, oy,
IS given by the equation

oy = op + kyd 12 1)
where o is the lattice friction stress and ky is a constant associated with yielding. It follows
from eq. (1) that the strength increases when the grain size is reduced so that small grain sizes
are attractive for the production of high-strength materials for use in industrial applications.
There are numerous recent reports examining the precise significance of the Hall-Petch
relationship [3,4] and, in addition, if the grain size is reduced to less than ~10 um then the
material also has a potential for exhibiting superplastic flow properties [5] so that it becomes
viable for use in commercial superplastic forming operations [6].

In industrial practice, a refinement in grain size is generally achieved through
thermo-mechanical processing but this procedure is limited because it is not capable of
producing grain sizes smaller than a few micrometers. An alternative process was proposed in
1988 when an aluminium alloy was produced with a submicrometer grain size of ~0.3 pum using
a special processing technique based on the application of severe plastic deformation (SPD)
without incurring any significant change in the overall dimensions of the workpiece [7].
Subsequently, this type of SPD processing attracted much attention and it is now used widely
for the production of metals with submicrometer or nanometer grain sizes [8,9]. Several
different SPD processing methods are now available [10,11] but the two main processes are
equal-channel angular pressing (ECAP) and high-pressure torsion (HPT) [12]. In processing

by ECAP the sample is in the form of a rod or bar and it is pressed through a die constrained



within a channel that is bent through a sharp angle [13] whereas in processing by HPT the
sample is usually in the form of a thin disk and it is placed between massive anvils and
subjected to a high applied pressure and concurrent torsional straining [14]. Both of these
procedures are effective in producing ultrafine-grained (UFG) materials but HPT has an
advantage over ECAP because the grains are generally smaller [15,16] and there are higher
fractions of grain boundaries having high angles of misorientation [17].

Although SPD processing is effective in refining the grain size and introducing high
strength, experiments show that UFG metals generally exhibit only very limited ductilities or
elongations to failure. This very limited ductility has given rise to the so-called paradox of
strength and ductility [18] which is best summarized by the maxim that “materials may be
strong or ductile, but rarely both at once” [19,20]. Nevertheless, in the first comprehensive
analysis of strength and ductility, it was shown that there is a potential for achieving
“extraordinary combinations of high strength and high ductility” in metals processed by SPD
provided the materials are subjected to very high strains [18]. Thus, an analysis of data for a
wide range of metals processed by conventional techniques such as rolling, drawing or
extrusion showed that all of these materials exhibited combinations of low ductilities or low
yield strengths whereas two metals having nanocrystalline structures produced by extensive
SPD processing produced both good strength and good ductility. These two metals were very
high purity (99.996%) Cu processed by ECAP through 16 passes at room temperature (RT)
and pure (99.98%) Ti processed by HPT through 5 revolutions at RT where both SPD
processing methods produced grain sizes of ~100 nm and tensile testing with a strain rate of
107 s gave elongations to failure of ~51% and ~43% for Cu and Ti, respectively [18].

The general low ductility in materials with small grain sizes is due to their low strain
rate sensitivity and low rate of strain hardening where strain hardening is restricted because the
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move readily through the grains and become absorbed in the grain boundaries [21,22]. This
means that the elongations are limited for UFG structures even in metals that are inherently
ductile when having coarse grain sizes [23].

In attempts to overcome this problem, numerous strategies were developed in order to
establish processing procedures that provide good ductility in UFG materials in addition to
high strength [24-31]. Following an earlier demonstration that the ductility of Ti processed by
HPT may be improved by subjecting the material to a very short-term anneal immediately after
SPD processing [32], similar short-term anneals were effectively performed to improve the
ductilities of an Al-1% Mg alloy [33] and pure Ta [34] processed by HPT, Ti processed by
ECAP with warm rolling and drawing [35] and Ti processed by ECAP/Conform with drawing
[36].

The early demonstration that good strength and ductility may be achieved by SPD
processing to high strains was also addressed in some later investigations. Using an Al-7% Si
alloy and processing by HPT for up to 10 turns it was shown that, in agreement with the earlier
results on Cu and Ti [18], high strength and high ductility were achieved after processing
through the highest numbers of HPT revolutions [37]. By contrast, in an investigation of
commercial purity (>99.95%) Cu processed by ECAP at RT from 1 to 16 passes it was
concluded that “no increase in total elongation with an increase in the number of passes could
be measured” and when testing with a strain rate of 1.6 x 107 s! the elongation to failure after
16 passes was recorded as 10.0% [38]. This result is remarkably different from the earlier
report of an elongation of ~51% [18] despite processing by ECAP to 16 passes at the same
temperature in both experiments using identical dies with an internal channel angle of 90° and
then subsequently testing in tension at an almost identical strain rate. One difference between
these two sets of experiments is the initial purities of the samples but no evidence is at present

available to suggest any critical effect of purity on the overall ductility. Accordingly, the



present investigation was initiated both to specifically address this apparent dichotomy and, in
addition, to provide comprehensive information on the nature of flow in polycrystalline Cu
processed by ECAP to a range of different strains.

2. Experimental material and procedures

The experiments were conducted using oxygen-free (OF) copper having a commercial
purity of >99.95%. The material was initially annealed for one hour in a vacuum tube furnace
at a temperature of 600°C before processing by ECAP. Copper billets having lengths of 65
mm and diameters of 10 mm were processed by ECAP at room temperature using processing
route B¢ in which the sample is rotated about the longitudinal axis by 90° in the same direction
between each pass [39]. The billets were pressed through a solid die constrained within a
channel bent through an internal angle of ® = 110° and with an outer curvature of y = 20°
where these angles introduce a strain of ~0.76 on each separate pass [40]. To evaluate the
effect of the imposed strain, samples were pressed separately through 2, 4, 6, 8, 16, 20 and 24
passes thereby giving a maximum strain after 24 passes of ~18.2. A maximum of 24 passes
was selected because the total strain is then very similar to the total strain of ~18.4 imposed by
16 passes in the earlier experiments using an ECAP die with a channel angle of 90° [18,38].
In addition, it was impossible to impose a higher strain because there was evidence for cracking
when the billets were pressed beyond 24 passes.

The microstructures were evaluated before and after ECAP using an analytical field
emission scanning electron microscope (SEM), JEOL JSM-7001 F, at an operating voltage of
15 kV. The microstructural images were recorded using electron backscatter diffraction
(EBSD) and orientation-imaging microscopy (OIM) with OIM™ software and a TSL
orientation-imaging system was used for data collection. The EBSD patterns were collected at
a working distance of 15 mm with a sample tilt of 70° and the OIM images were plotted using

a step size of 0.05 um. High-angle grain boundaries (HAGBSs) were classified as those with



misorientations between neighbouring measuring points of >15° whereas misorientation
differences of 2° to 15° were classified as low-angle grain boundaries (LAGBS).

X-ray diffraction (XRD scans were performed using a Bruker D2 Phaser X-ray
diffractometer equipped with a copper target using Cu Ka (A = 0.15406 nm) radiation to analyse
the surfaces. The XRD patterns were recorded by performing scans covering an angular 26
range from 30° to 100° and Materials Analysis Using Dffraction (MAUD) software [41] was
used to perform the profile fitting. The crystallite sizes and microstrains were estimated using

the Rietveld method [41] and the dislocation density, o, was calculated using the

microstructural data obtained from the MAUD software with the equation [43,44]:

. 2\/5(82>1/2

o 2)

where <82>1/2 is the lattice microstrain, D, is the average crystallite size and b is the Burgers
vector. Since copper is a face-centered cubic (f.c.c.) metal that preferentially slips on the {111}

plane in the <110> direction, the Burgers vector is % where a is the lattice parameter.

Measurements of the Vickers microhardness were taken using a Future-Tech
microhardness tester, FM-300, by applying an indentation load of 100 gf and maintaining
during a dwell time of 15 s. In addition, tensile tests were conducted at RT using a Zwick
tensile testing machine and with the specimens pulled to failure at constant rates of cross-head
displacement using initial strain rates of 1.0 x 10?2, 1.0 x 10%and 1.0 x 10*s™. To ensure
reproducibility in measurements of the elongations to failure, four specimens were cut from
each ECAP billet with gauge lengths of 4 mm and cross-sections of 3.0 x 2.0 mm?2.

3. Experimental results
3.1 Microstructural evolution
The microstructures of the initial annealed and ECAP-processed copper samples were

examined by EBSD as shown in the OIM images in Fig. 1 where the colours correspond to the



different grain orientations as represented by the unit triangle on the left, PD is the pressing
direction and the OIM was conducted on the longitudinal planes of the processed billets. The
distributions of the grain boundary misorientation angles are shown for these samples in Fig.
2. Average grain sizes were determined for each sample from the average spacing between the
HAGB:S.

Inspection of Fig. 1(a) shows that the initial annealed sample contains relatively large
grains with an average size of ~24 um and from Fig. 2(a) there are ~88% HAGBs, ~12%
LAGBs and the distribution shows there is a high fraction (>17%) of twin boundaries. After 2
passes in Figs 1(b) and 2(b), the microstructure contains reasonably large and elongated grains
with an average size of ~14 um and with ~64% HAGBs and ~36% LAGBSs. Increasing to 4
passes, the microstructure contained a mixture of small grains and elongated grains, the average
grain size was reduced to ~4.4 um and the percentage of HAGBs increased to ~74%. After 8
passes in Fig. 1(d) and 2(d), there were both equiaxed and elongated grains with an average
size of ~2.9 um and the fraction of HAGBs further increased to ~76%. With increasing strain
to 16 passes in Fig. 1(e), the microstructure became reasonably equiaxed with an average size
of ~1.3 um and ~80% HAGBs in Fig. 2(e). Finally, after the maximum of 24 ECAP passes in
Fig. 1(f) the microstructure was homogenous with well-defined boundaries, there was a
uniform array of equiaxed grains of average size ~0.6 um and with ~88% HAGB: in Fig. 2(f).
It is concluded from these results that a homogeneous UFG microstructure may be achieved in
oxygen-free copper by processing to high strains and it is noted that the average grain size
decreases and the fraction of HAGBSs increases with increasing numbers of ECAP passes.

Fig. 3(a) shows the estimated crystallite sizes and microstrain values obtained from
analyses of the X-ray diffraction data with the very small error bars calculated using the MAUD
software. There was an initial decrease in the crystallite size with increasing strain from a

value of ~194 nm after 2 passes to ~111 nm after 16 passes and then an increase to ~134 nm



after 24 passes. It is readily apparent that the crystallite sizes determined by XRD are
significantly smaller than the average grain sizes measured by EBSD. This difference is well-
established in materials science [45,46] and it arises because XRD measures the mean size of
the domains which scatter X-rays coherently whereas EBSD measures a grain size based on
the average separation between the HAGBs [47]. The microstrain characterizes the
concentration of crystallite defects in the copper samples and it is evident from Fig. 3(a) that
the microstrain increases with increasing strain up to 16 passes but then decreases to 24 passes.
The dislocation density was calculated from the X-ray data using eg. (2) and the results are
given in Fig. 3(b). It is readily apparent that the dislocation density and microstrain display
similar variations with the numbers of ECAP passes. Thus, the dislocation density was ~3.9 x
102 m2 in the initial annealed condition but increased to a maximum of ~4.0 x 10 m after
16 passes and then decreased to ~2.2 x 10 m™ after 24 passes. This decrease after higher
numbers of passes provides evidence for the occurrence of some dynamic recovery after 16
passes of ECAP and this is consistent with data reported for pure Cu processed by simple shear
extrusion (SSE) through 12 passes where the dislocation density increased from 1 to 8 passes
and then decreased [48].

The evolution in microhardness with numbers of ECAP passes is shown in Fig. 4 where
each value is the average recorded on the longitudinal planes of the ECAP billets for each
processing condition. Thus, the hardness was initially Hv ~ 41 in the annealed condition but
increased abruptly to Hv ~ 105 after 2 passes, gradually further increased to Hv ~ 120 after 16
passes and then decreased to Hv ~112 after 24 passes. This variation in microhardness
reasonably matches the variation in the dislocation density in Fig. 3(b) with a peak value after
16 passes and then a decrease up to 24 passes. These microhardness values are also consistent

with the occurrence of dynamic recovery when processing beyond 16 passes.



3.2 The strength and ductility behaviour after ECAP

Plots of the engineering stress against the engineering strain are shown in Fig. 5 for
tests conducted at RT with initial strain rates of 1.0 x 102, 1.0 x 103 and 1.0 x 10*s? where
the lower dashed lines denote the initial annealed condition. The values of the yield stresses
(YS) were taken as the 0.2% strain offsets and these values and the associated elongations to
failure (EL) are summarized in Table 1. It is apparent from Table 1 that the initial annealed
copper exhibits a low yield stress of ~90 MPa when testing at 1.0 x 102 st and the elongation
to failure was then ~95% which is typical of coarse-grained metals. The strength increased
significantly to ~371 MPa after 2 passes but the elongation then decreased to ~38%. Thereafter,
the YS reached a maximum of ~430 MPa after 16 passes and then decreased to ~410 MPa after
24 passes. Throughout these tests the measured elongations to failure increased slightly with
increasing numbers of passes, ultimately reaching ~43% after 24 passes. The same general
trends of increasing Y'S to 16 passes and then a decrease in YS at 24 passes, together with an
increasing elongation to failure with increasing strain up to 24 passes, were recorded also at
the other two testing strain rates.
3.3 Measures of the uniform elongations after ECAP

The uniform elongation is defined formally as the elongation occurring at the point of
maximum load, immediately before the onset of necking in tensile testing. The uniform
elongations were investigated in this investigation and Table 2 provides a comprehensive
summary of the ultimate tensile stress (UTS) and uniform elongation (UEL) for the oxygen-
free Cu specimens processed by ECAP over a range of strain rates for various numbers of
passes. Thus, the UTS increased gradually with increasing strain at all strain rates from 2 to
16 passes and then decreased slightly at 24 passes. By contrast, the uniform elongation

increased with increasing strain from 2 to 24 passes at all three strain rates. These results show



that the variation of the UTS is similar to the YS and the variation of the uniform elongation is
similar to the elongation to failure at all testing strain rates.
3.4 Strain rate sensitivity and the work-hardening rate

The strain rate sensitivity, m, is defined as
dlno
N (azns)g )

where o is the true stress, & is the strain rate and ¢ is the true strain.

The values of the strain rate sensitivity were calculated for the copper samples tested at
RT at strain rates from 102 to 10 s* and the results are shown in Fig. 6 where the lower broken
line denotes the initial annealed sample. It is readily apparent that the values of m are generally
higher for the ECAP samples than for the annealed samples but these values are not sufficient
to delay the onset of necking. In addition, the values of m increase at slower strain rates
reaching maximum values of ~0.021 and ~0.028 after 16 and 24 passes, respectively.

In order to evaluate the onset of localized deformation during tensile testing, the work-

hardening rate, ® , was calculated from the relationship [49]:

oo
o~(% @

Using eq. (4), Fig. 7 shows the calculated work-hardening rate as a function of true
strain where it is apparent that the sample processed through 24 passes has a higher work-
hardening rate at any selected strain by comparison with samples processed through smaller
numbers of passes. This result demonstrates that there is a greater uniformity in elongation
with increasing numbers of passes.

4. Discussion
4.1 The Hall-Petch relationship
It is well-established that reducing the grain size increases the strength of

polycrystalline materials as described by the Hall-Petch relationship shown in eq. (1) [1,2].



However, softening behaviour may occur when the grains are reduced below a certain critical
size so that the deformation mechanism changes from a dislocation activity to a grain boundary
related process [50-52]. In order to obtain a better understanding of the Hall-Petch relationship
for oxygen-free copper, the yield stress was plotted as a function of the inverse of the square
root of the average grain size as shown in Fig. 8. This conventional Hall-Petch plot is clearly
not linear over the total range of grain sizes used in this investigation but instead it is consistent
with eq. (1) over the range of d"*2 <880 m™? but there is a decrease at smaller grain sizes where
d 2 >880 m™/2 thereby giving a negative value for the yielding constant ky in eq. (1). These
results show a transition from strengthening to softening and the occurrence of an inverse Hall-
Petch effect at grain sizes smaller than ~1 um where this value is very high compared with the
transition grain size of ~12 nm estimated for copper from molecular dynamic simulations [53-
55].
4.2 Strengthening mechanisms for the ECAP process

The present experiments provide clear evidence for a simultaneous increase in strength
and ductility of oxygen-free copper after processing by ECAP for up to 24 passes at RT as
documented in Fig. 5. The increase in elongation is associated with a drop in strength occurring
at a certain strain level in the ECAP processing which corresponds to the occurrence of
softening. This is contrary to several earlier SPD studies on copper where there was an increase
in strength with increasing strain but ultimately the values appeared to reach a reasonable
steady-state plateau without the occurrence of any softening: similar behaviour was reported
from investigations using either ECAP [56-59] or HPT [58,60-65]. Nevertheless, the strain
softening observed in this study at the highest level of strain, corresponding to the maximum
of 24 passes, is consistent with the reduction in dislocation density after large numbers of
passes as shown in Fig. 3(b) and the corresponding increase in the crystallite size as shown in

Fig. 3(a). The softening is also consistent with results for high purity Cu processed by ECAP
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at RT using a die with a channel angle of 90° where there was a peak in strength after 8 passes
[66].

Two strengthening mechanisms contribute to the strength of oxygen-free Cu: grain
boundary strengthening, ocg, and dislocation strengthening, cdis. Thus, the total strength is a
combination of these strengthening mechanisms with the assumption that each mechanism
operates independently so that [67-71]

0 = 0y + ogg + 0Ogis (5)

Grain boundary strengthening arises from the Hall-Petch relationship as given in eq.
(1) whereas dislocation strengthening is described by the Taylor equation as [72]

Oais = aMGbp'/? (6)
where « is a numerical factor depending on the arrangement of dislocations, M is the Taylor
factor having value of ~3 for uniaxial tensile deformation in the full-constraint model [73-75]
and G is the shear modulus.

In practice, the dislocation density and the yield strength generally show similar
evolutions as a function of strain when processing by ECAP [76] and the saturation yield
strength is related to the maximum dislocation density through the Taylor equation for a range
of metals processed by f.c.c. [77]. The dislocation density increases while the crystallite size
decreases with strain during the deformation process [76,78] as shown in Fig. 3 but the strength
may be reduced by a lower dislocation density [30]. Combining egs. (1) and (7), it follows
that the yield stress may be expressed as

o = o+ aMGbp*/? + ky,d~/? (")

The estimated yield stress is plotted with respect to the number of passes in Fig. 9 and
it is apparent that the overall trend has similarities to the values of the Vickers microhardness
in Fig. 4 so that both grain boundary strengthening and dislocation strengthening contribute to

the overall strengthening of the oxygen-free copper during ECAP. Thus, the observed
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softening after 24 passes of ECAP shown in Fig. 9 is related both to the decrease in the
dislocation density and the concurrent increase in the crystallite size.
4.3 Examining the paradox of strength and ductility

The present investigation was conducted to provide a comprehensive evaluation of the
mechanical properties of pure oxygen-free Cu processed by ECAP with the overall objective
of making a direct comparison with earlier data by Valiev et al. [18] and Dalla Torre et al. [38]
where there was a very clear discrepancy between the elongations to failure recorded after
processing to the same high strain.

Basically, the results from the present investigation are generally consistent with other
data but they also reveal additional features that were not reported in earlier experiments. For
example, the results show that the microstrain increases with strain at lower numbers of passes
but decreases between 16 and 24 passes as in Fig. 3(a). This trend is similar to the dislocation
density in Fig. 3(b), the measurements of the Vickers microhardness in Fig. 4 and the values
of the yield stress documented in Table 1. There is also a minor increase in the crystallite size
at the highest strain as determined from XRD and shown in Fig. 3(a). All of these results are
consistent with the occurrence of dynamic recovery at the highest strain imposed by the ECAP
processing.

Table 3 provides a direct comparison of the present results with the data reported earlier
by Valiev et al. [18] and Dalla Torre et al. [38] where the strain rate sensitivity for the latter
investigation was taken from earlier experiments conducted on the same material but using
strain rate jump tests in compression [79]. These two earlier experiments showed a marked
inconsistency because they both processed pure Cu by ECAP under similar conditions to the
same imposed strain of ~18.4 and yet Valiev et al. [18] recorded a tensile elongation of 51%
whereas, testing in tension under almost identical conditions, Dalla Torre et al. [38] recorded

an elongation of only 10%. The precise experimental conditions are summarized in the top
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two lines of Table 3 and the present results are given in the bottom line. A possible significant
difference between the two earlier investigations was the use of Cu having purities of either
99.996% [18] or >99.95% [38]. The present investigation used a material of >99.95% purity
which was similar to Dalla Torre et al. [38] and yet the results in this investigation confirmed
the earlier data of Valiev et al. [18] conducted using the very high purity material. The present
results demonstrate, therefore, that the purity level of Cu has no significant effect on the
measured elongations to failure. An alternative possibility is that the differences in the
measured elongations may arise because of the use of tensile samples having different gauge
lengths and cross-sectional areas. Further investigation will be required in order to examine
this possibility.

The present investigation used a die with a channel angle of 110° instead of 90° but the
maximum number of passes was adjusted so that all three sets of experiments experienced
similar total strains. Thus, the calculated strains were ~18.4 after 16 passes using a 90° die
[18,38] and ~18.2 after 24 passes in the present experiments using a 110° die. This approach
is reasonable because earlier experiments showed that it was acceptable to compare results
from samples processed in ECAP dies having different channel angles provided the imposed
strain was maintained reasonably similar [80,81]. The earlier examination of channel angles
in ECAP showed also that smaller grain sizes were achieved by imposing a number of
reasonably large strains in ECAP rather than by achieving the same strain cumulatively by
imposing a larger number of smaller strains [80]. This conclusion is directly consistent with
the present results where Valiev et al. [18] used an ECAP die with @ = 90° and reported a grain
size of ~400 nm whereas the present investigation used a die with a channel angle of ® = 110°
and obtained a grain size of ~600 nm.

A detailed comparison of the results in Table 3 show that the present data are in

excellent agreement with the earlier results of Valiev et al. [18]. Specifically, under the same
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tensile testing conditions the measured values of the yield stress were ~391 MPa in the present
experiments and ~400 MPa in the earlier investigation [18] and, for the same tensile testing
conditions, the elongations to failure were 52% in these experiments and 51% in the
investigation by Valiev et al. [18]. There is an apparent difference in the values of m between
these two investigations but this difference should be investigated by conducting additional
detailed experiments using strain rate jump testing. Nevertheless, it is important to note that
recent experiments on the Al-Mg system using HPT processing showed that the value of m
increases over at least the range from 20 to 100 turns [82] and therefore a reasonably high value
of m may be anticipated after processing by ECAP to a high strain.

The conventional plot of yield stress versus elongation to failure, which was first
produced in defining the paradox of strength and ductility, is shown in Fig. 10 [18]. In this
diagram, conventional metals generally exhibit either high strength or high ductility so that
their datum points lie within the shaded area shown below the line at the lower left of the
diagram. In Fig. 10 the numbers against the lines contained in the shaded area for Al and Cu
denote the strains imposed in rolling and the original plot also included datum points for other
materials such as Co, Mg and Ti. It was also shown by Valiev et al. [18] that Ti processed by
HPT for 10 turns and Cu processed by ECAP through 16 passes using a die with a channel
angle of ® = 90° exhibited the solid square points which lie outside of the conventional shaded
area. These two points are labelled nano Ti and nano Cu in Fig. 10 and the plot also includes,
as shown by the solid circular point, the result for Cu processed by ECAP to a similar total
strain in the present investigation. Thus, the present result is in excellent agreement with the
earlier result reported by Valiev et al. [18] for pure Cu.

Finally, it should be noted that the line in Fig. 10 separating conventional materials
from the points exhibiting excellent strength and ductility is drawn arbitrarily in the diagram

so that the position of the line is not well defined. It has been shown that a similar but more
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realistic diagram may be presented by plotting the normalized yield stress, given by the
measured yield stress divided by the yield stress for the as-cast material, YS/Y Sas-cast, against a
normalized elongation to failure where the elongation is divided by the value of the elongation
to failure for the as-cast condition, efail/€fail-as-cast [37,83]. Plotting in this format, it follows that
the line where YS/Y Sas-cast = 1 lies horizontally, the line for &fil/fail-as-cast = 1 lies vertically and
exceptional materials will lie in the quadrant at upper right which may be labelled the region
of “High strength-High ductility”. This approach represents an interesting development which
is discussed in other reports [83-85].

5. Summary and conclusions

1. Tests were conducted to determine the characteristics of the flow properties, and
especially the values of the yield stress and ductility, in oxygen-free copper of >99.95% purity
processed by ECAP at RT for up to 24 passes and then pulled to failure at RT using strain rates
from 10 to 102 s,

2. The results show that the microstrain, the dislocation density, the Vickers
microhardness and the values of the yield stresses all increase with strain at the lower numbers
of ECAP passes but decrease at the highest imposed strains between 16 and 24 passes. There
was also a minor increase in the crystallite size between 16 and 24 passes. These results are
consistent with the occurrence of dynamic recovery at the highest strain.

3. Tensile testing at RT is important because earlier published data gave conflicting
results for the measured elongations to failure after high imposed strains. Taking an imposed
strain of about 18, the present results gave an elongation to failure of 52% when testing at a
strain rate of 10° s which is very similar to an earlier report using Cu of much higher purity.
This result confirms the potential for achieving good ductility by processing samples by ECAP

to high total strains.
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Figure captions:

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

OIM images of oxygen-free copper processed by ECAP for up to 24 passes at room
temperature.

Distributions of proportions of grain boundary misorientation angles for oxygen-free
copper processed by ECAP for up to 24 passes at room temperature.

(a) Crystallite size and microstrain and (b) dislocation density plotted as a function of
numbers of ECAP passes.

Vickers microhardness of oxygen-free Cu processed by ECAP for up to 24 passes
plotted as a function of numbers of passes.

Curves of engineering stress—engineering strain for oxygen-free copper processed by
ECAP at room temperature and tested in tension using strain rates of (a) 1.0 x 102 s,
(b) 1.0 x 103 sand (c) 1.0 x 10 s,

Flow stress-strain rate curves showing the calculated values of the strain rate
sensitivities for oxygen-free Cu processed by ECAP at room temperature.

Work hardening rate as a function of true strain for oxygen-free copper processed by
ECAP for up to 24 passes.

Evolution of yield stress as a function of the average grain size for oxygen-free copper
processed by ECAP at room temperature.

Estimated yield stress plotted against number of passes for oxygen-free copper
processed by ECAP at room temperature.

Fig. 10 The conventional paradox of strength and ductility diagram: almost all UFG metals lie

in the shaded area below the curve where data are shown for Al and Cu, the numbers
against the lines denote the strains imposed in cold rolling and the results plot the yield
stress against the elongation to failure; also shown are points for nano Ti processed
by HPT for 10 turns [18] and two points for nano Cu after processing by ECAP to
strains of 18.4 [18] and 18.2, respectively.
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Table captions:

Table 1 Values of yield strength (YS) and total elongation to failure (EL) for specimens pulled
in tension through various numbers of ECAP passes at strain rates from 10 to 10*
st

Table 2 Values of UTS and uniform elongation (UEL) for specimens pulled in tension through
various numbers of ECAP passes at strain rates from 102 to 10 s,

Table 3 Experimental data from three different investigations of pure Cu.
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(a) Annealed

(e)

Fig. 1 OIM images of oxygen-free copper processed by ECAP for up to 24 passes at room
temperature.
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copper processed by ECAP for up to 24 passes at room temperature.



()

500 T T ———7 7 ———— 40
Oxygen-free Cu (99.95%)
o ECAP:Route B, RT
o]
400
430

300

200

o 0\5\0—’/0 {10
100

—O— Crystallite size
©— Microstrain

Crystallite size [nm]
3
[,-01] urensouiony

O(P n n L L 1 n L L L 1 L n n L 1 n n L L 1 L n n n 1 L n n L 0
0 5 10 15 20 25 30
Number of passes
(b)
5e+14“"l""|""|"‘I""I""
- Oxygen-free Cu (99.95%) 1
ECAP: Route B, RT i
se+1a | -
E
%’ 3e+14 | .
& L
[}
o
o L
2 2e+1a 1
© L
(%]
o
2 [
9 1e+14 il
0 1 1 1 1 1 1 1 n 1 1 i 1 1 1 1 2 2 2 1 1 1 1 1 1 1 1 1 i 1
0 5 10 15 20 25 30
Number of passes

Fig. 3 (a) Crystallite size and microstrain and (b) dislocation density plotted as a function of
numbers of ECAP passes.



140 T T
[ Oxygen-free Cu (99.95%)
I ECAP: RT, Route Bc, 110°

120 |

100 |

Vickers microhardness (Hv)
g 3

40¢€

20 [ 1 1 1 1 1
0 2 4 8 16 24

Number of passes

Fig. 4 Vickers microhardness of oxygen-free Cu processed by ECAP for up to 24 passes plotted

as a function of numbers of passes.



~~
QD
=~

500 T T T
Number of passes |
e Annealed
2 4
= 4
o 8 ]
= 16
% 24
[
=
«w b NN 9
o T T —~—
c B
kS |
[
[0
£
= ]
&
100 | 1
Oxygen-free Cu 99.95%
ECAP: RT, B, ¢=110° ]
Strain Rate: 1.0x 102 s
0 L 1 1
0.0 0.2 0.4 0.6 08
Engineering strain
500 T T T T T T T
Number of passes
S - Annealed
2
= 400 4 k
a 8
§ 16
" 24
o 300 7
=
n
@ | N N
£ T
S 200 ]
2 N
£
[=2]
[
w
100 | b
Oxygen-free Cu 99.95%
ECAP: RT, B;, 6=110°
Strain Rate: 1.0 x 107 s
0 L 1 . 1 \ 1 .
0.0 0.2 04 0.6 08
Engineering strain
500 T T

Engineering stress (MPa)

100 |

Oxygen-free Cu 99.95%
ECAP:RT, B, ¢ =110°

Strain Rate: 1.0x 10 s™
L

0

Number of passes

Annealed
2

4

8

16

24

0.0 0.2 0.4 0.6

Engineering strain

08



Fig. 5 Engineering stress—engineering strain curves of oxygen-free copper processed by ECAP at
room temperature and tested in tension using strain rates of: (a) 1.0x102 s, (b) 1.0x10° st and
(c) 1.0x10* s,
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Fig. 6 Flow stress-strain rate curves showing the calculated values of the strain rate sensitivities
for oxygen-free Cu processed by ECAP at room temperature.
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denote the strains imposed in cold rolling and the results plot the yield stress against the elongation
to failure; also shown are points for nano Ti processed by HPT for 10 turns [18] and two points
for nano Cu after processing by ECAP to strains of 18.4 [18] and 18.2, respectively.



Table 1

Values of vield strength (YS) and total elongation to failure (EL) for specimens pulled in tension through various numbers

of ECAP passes at strain rates from 102 to 10 s

§=10x10?%s? §=10x103s? §=10x10%s?
No. of passes | YS (0.2%) | EL(%) | YS(0.2%) | EL(%) | YS(0.2%) | EL(%)
(MPa) (MPa) (MPa)
0 (Annealed) 05 95+6 110+ 6 100+4 933 104 +8
2 3714 385 365+ 11 43+ 6 349+ 6 44 +4
4 386 £ 2 40+ 3 386 £5 41+3 3985 47+ 3
8 447 £ 3 41+2 405+1 44 + 2 408 £4 49+5
16 4301 42+ 4 422 +£3 43+5 412 £5 533
24 4105 43+3 3917 524 3733 555




Table 2

Values of UTS and uniform elongation (UEL) for specimens pulled in tension through various numbers

of ECAP passes at strain rates from 102 to 10* s%.

§=10x10?%s? §=10x103s? §=10x10%s?
No. of passes | UTS (MPa) | UEL (%) | UTS(MPa) | UEL (%) | UTS (MPa) | UEL (%)
2 381+5 14+04 3827 1.7+£0.7 3755 1.7+£0.7
4 408 £5 2.3+0.2 411 +£5 19+0.3 404 £ 2 14+0.3
8 450+ 2 1.5+0.6 434 £ 2 2.2+0.3 418 £3 1.7+£0.2
16 456 £ 4 24+05 447 £5 24+04 426 £ 1 24 +£0.3
24 450+ 5 2604 437 £ 3 3.3x0.3 415+6 28+04




Table 3

Experimental data from three different investigations of pure Cu.

ECAP conditions Tensile testing conditions
Purity | Temp. | @ N g d (nm) &(sh Temp. | YS (MPa) | Elongation m Reference
99.996% | RT 90° | 16 | 18.4 | ~400 103 RT ~400 51% 0.14 Valiev et al. [18]
>09.95% | RT 90° 16 18.4 ~180 1.6 x 103 RT ~345 10% 0.022% | Dalla Torre et al.
[38]
>99.95% | RT 110° | 24 18.2 ~600 103 RT ~391 52% 0.028 | This investigation

tValue of m determined for this material using strain rate jJump tests in compression instead of testing in tension [79].




