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A B S T R A C T

Generation and healing of pores in metals under loading or during processing have long been important research
topics, and their mechanisms are still debatable. In recent years, unexpected percolating networks of pores
acting as ultra-fast diffusion paths were found in ultrafine-grained metals processed by severe plastic de-
formation. Herein, we conducted a systematic study of the mechanisms of generation and healing of pores in
ultrahigh-purity copper (99.9995 wt%) during high-pressure torsion (HPT). In addition to a solid Cu disk, the
disk with holes that were drilled before processing, resulting in nominal initial porosity of 4.48%, was processed
by HPT. After HPT, the percolating porosities of 0.07 ± 0.01% and 0.04 ± 0.01% were found in the solid disk,
and in the disk with pre-fabricated holes, respectively. Thus, higher initial porosity resulted in lower percolating
porosity in the HPT-processed disk. Systemic characterization using scanning electron microscopy revealed that
in both cases shear bands and ultra-fine grains are located in the regions with induced and healed pores. We
discussed the mechanisms of porosity evolution in both cases. In the end, to verify the possibility of pores
nucleation and growth by vacancy agglomeration, vacancy diffusivity during HPT processing was estimated.
This work sheds a new light on the mechanisms of pores nucleation and evolution during severe plastic de-
formation.

1. Introduction

Generation and healing of pores in metals under loading or during
processing have long been important research topics in physical and
mechanical metallurgy. Evolution of pores or voids in bulk metallic
materials has been extensively studied for better control of the ductile
failure during plastic deformation [1]. It has been generally accepted
that the generation of voids and their growth and coalescence are
caused by high stress triaxiality under hydrostatic tension, i.e. the high
value of the ratio of the mean stress to the equivalent stress [2,3]. On
the contrary, hydrostatic pressure is essential for elimination of pre-
existing voids. Studies have shown that porosity in as-cast metallic
materials resulting from solidification can be eliminated by me-
talworking processes such as forging, rolling, etc. [4,5]. Evolution and
healing of pre-existing porosity under plastic deformation has been
studied using metal samples with artificially drilled holes [6]. It was
found that hydrostatic pressure and shear strain enhance the collapse

and closure of pores and formation of sound bonding of the internal
surfaces after they are brought into intimate atomic contact [6–9].

Hydrostatic pressure and shear strain are two indispensable features
in most severe plastic deformation (SPD) techniques for producing ul-
trafine-grained metallic materials [10,11]. Moreover, the combination
of ultrahigh hydrostatic pressure and simple shear allows consolidation
of particulate materials to nearly full densification by eliminating
porosity and building strong inter-particulate metallic bonding [12,13].
However, recent studies revealed that unexpected percolating porosity -
a network of interconnected internal cavities, can be induced in bulk
solid metallic samples during SPD processing, such as equal-channel
angular pressing (ECAP) and high-pressure torsion (HPT) [14–19]. This
is surprizing, since a combination of high hydrostatic pressure and
shear deformation imposed by SPD should supposedly lead to reduction
of porosity. Therefore, one can conclude that the SPD processing may
lead to two opposite impacts on the porosity evolution, i.e. simulta-
neous generation and healing of pores.
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The percolating porosity induced by SPD was previously uncovered
and quantified using radiotracer diffusion measurements [14,15]. Di-
rect characterization of the pores in pure materials, regarding to their
specific locations, morphologies and their effects on surrounding mi-
crostructures has not been systematically conducted. In addition, to the
best knowledge of the authors, the efficiency of HPT in healing of pre-
existing porosity has never been addressed.

To study both generation and healing of porosity during HPT pro-
cess, two ultra-high purity copper disks, one in its bulk form and the
other one with artificially drilled holes for introducing a pre-existing
porosity were processed and characterized. Using electron microscopy
characterization, the mechanisms of porosity generation and healing
are analyzed. In the end, porosity formation is discussed in terms of
accelerated vacancy diffusion during HPT.

2. Materials and Methods

Two high purity (99.9995 wt% or 5N5) Cu disks were processed by
HPT at room temperature. One Cu disk of 10mm in diameter and
0.7 mm in thickness was solid (in what follows “Cu disk”), while the
other Cu disk of the same purity and dimensions had seven cylindrical
holes of 0.8 mm in diameter drilled through the thickness (in what
follows, “Cu-Holes disk”). One hole was located at the center and other
six were located about 2.5mm away from the center and 60° away from
each other. Seven holes resulted in a porosity of 4.48%. The schematic
illustration of the material and processing scheme is shown in Fig. 1.
The HPT processing (5 anvil rotations at a rotation rate of 1 revolution
per minute) was carried out under compressive pressure of 5 GPa in a
Bridgman anvil-type unit with a quasi-constrained die using a custom-
built computer controlled HPT device (W. Klement GmbH, Lang, Aus-
tria). After processing, the thickness of the disks decreased from 0.7 mm
to ~0.4 mm and the diameter expanded from 10mm to ~12mm.

The microstructure characterization was conducted on the cross-
section area of the disks. In what follows we assigned the labels normal
direction (ND), shearing direction (SD), and transverse direction (TD)
to the disk normal, to the in-plane direction in the cross-section or-
thogonal to ND, and to the out-of-cross-section direction, respectively
(see Fig. 1). It should be noted, however, that the true shearing and
transverse directions (SD′ and TD′) are the tangential and radial di-
rections which change with respect to the location of the characterized
regions. After processing, the disk was cut 3mm away from its center
and conventional sandwich specimens were made by gluing two Cu
plates with similar sizes on each side of the sample, see Fig. 1. It is
worth noting that after HPT 5 rotations under the pressure of 5 GPa, the
microstructure of Cu samples of conventional purity should be homo-
geneous throughout the sample, both in radial and axial directions
[20]. Epoxy was used to glue the two halves together and the curing
was conducted on a hot plate at 120 °C for 20min. Conventional

grinding using SiC paper down to 4000 grit and final mechanical pol-
ishing using 50 nm Al2O3 suspension were conducted. Final electro-
polishing was carried out at room temperature in 14M phosphoric acid
by applying electric potential of 1.2 V. Time of about 2min was suffi-
cient to remove the damaged surface layer and reveal the grains. After
electropolishing the samples were rinsed with distilled water. High
resolution scanning electron microscopy (HRSEM) and electron back-
scattered diffraction (EBSD) measurements were carried out using a
Zeiss Ultra Plus SEM equipped with a Bruker EBSD detector. Three SEM
imaging detectors were used to collect images for obtaining different
information, namely a conventional secondary electron (SE) detector,
an in-lens secondary electron detector, and a backscattered electron
(BSE) detector. SEM in-lens images exhibit lower topographic and
atomic number contrasts, but allow identification of pores with a better
resolution than SEM-SE and BSE images [21]. Therefore, the volume
fraction of pores was calculated based on the images acquired using in-
lens detector. Focused ion beam (FIB) regular cross-section milling was
carried out using a FEI Helios NanoLab DualBeam G3. For calculation of
average grain size, twins and subgrains defined by the low-angle grain
boundaries (LAGBs) with misorientation angle below 15° were not ac-
counted for as individual grains. Moreover, average grain size was
calculated based on area weight fraction, instead of number fraction.

3. Results

We characterized the distribution, morphologies, arrangement, and
volume fractions of the pores in the as-cast material, in the HPT-pro-
cessed Cu disk as well in the Cu-Holes disk. We also determined the
grain size distribution and crystallographic orientations of the grains,
paying special attention to the regions in the vicinity of induced pores
and pre-existing holes.

3.1. Porosity Evolution

The grain boundaries (GBs) in the as-cast Cu sample (with the
average grain size around 300 μm, see Ref. [22]) are decorated with
small pores, as shown in Fig. 2(a, b). These pores have an average size
of 3.52 ± 1.49 μm and make up 0.07 ± 0.01 vol% in the cross-section
area. The volume fraction of the pore areas was determined by seg-
mentation using ImageJ software. The threshold value was adjusted
carefully in each image to ensure accuracy and the uncertainty in each
measurement was about 0.01%. One representative segmented image is
shown in Fig. 2(c). The formation of pores due to vacancy annihilation
at the GBs during solidification is well-documented [23]. The micro-
meter dimensions of the pores are probably related to the high mobility
of the vacancies owing to the extremely low impurity level. At melting
temperature, the vacancy concentration is around 10−4, which exceeds
by at least factor of 20 the concentration of impurities in the studied

Fig. 1. Schematic illustration of the specimens and processing route. Note the difference between the coordinate systems (ND, SD, TD) and (ND′, SD′, TD′).
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material.
The overall view of the cross-section of the Cu disk after HPT is

shown in Fig. 3(a). The lateral out-flow of the material at the upper
surface is clearly seen. The porosity of 0.07 ± 0.01% was determined
by checking the whole cross-section area using high magnification SEM
images. Approximately 78% and 16% of pores were generated within
50 μm from the lower and upper external surface, respectively. This is
consistent with the results of radiotracer diffusion measurement in the
ECAP processed Cu, where the ultrafast diffusion paths penetrated to
the depth of about 30 μm from the surface [24,25]. Apart from the
regions near external surfaces, the central area in the cross-section
exhibited only insignificant porosity (the remaining 6% of all pores).
This means that HPT induced porosities were not homogeneously dis-
tributed through the thickness of the disk. This difference was a direct
result of heterogeneous plastic flow which could be affected by various
processing parameters such as disk thickness, die geometry, friction
condition between anvils and disk, applied pressure, strain rate, and
misalignment of the axes of anvils [26–32].

In Fig. 3(b), the porosities near the lower external surface are
classified into two groups with respect to their locations and
morphologies, and presented with higher magnification in Fig. 3(c, d).
The Fig. 3(c) shows the pores formed at a distance of about 50 μm from
the bottom surface, which are arranged in the form of a band 3–5 μm
wide and longer than 100 μm. The pores within the band have nearly
rounded shape with low aspect ratio, c.f. 0.17 ± 0.05 μm in normal

direction (ND) and 0.24 ± 0.11 μm in shearing direction (SD). The
Fig. 3(d) shows pores formed close to the bottom surface, which are
arranged in the form of a band of about 20 μm in width. Their average
lengths along the ND and SD are 0.22 ± 0.09 μm and 2.46 ± 1.97 μm,
respectively. These elongated pores could be formed by growth of the
single pores and/or their coalescence, and the band could be formed by
shear band slip movement. One important feature shared by these two
regions is the co-existence of ultrafine grains (UFGs) with the pores
within the bands. To check the length of the pores in transversal di-
rection (TD), a trench was cut using FIB, and the corresponding SEM
image is shown in Fig. 3(e). One pore was found propagating parallel to
the external surface with a length of 0.67 μm in TD. This observation is
similar to the pores found in the work of Ribbe et al. and again proves
the existence of the network of porosity [14].

The microstructure in the central region (Fig. 3f) is more homo-
genous and has a lower porosity than the one close to external surfaces.
In an enlarged view in Fig. 3(g), it can be seen that the pores have
rounded shape and smaller dimensions, with average lengths of
0.07 ± 0.03 μm and 0.08 ± 0.03 μm in ND and SD, respectively. In
contrast to the region near external surfaces, no extensive grain re-
finement and shear band was found around these pores. Therefore, they
were supposed to be induced during unloading/recovery stage and
caused by vacancy agglomeration along grain boundaries or triple
junctions [15]. Indeed, Schafler's study showed that in the unloading
stage, the vacancy concentration dropped to half of the value achieved

Fig. 2. The SEM-SE image (a) showing the cross-section of the Cu disk cut from as-cast material, (b) pores located at the GBs were pointed out and (c) the
segmentation of the voids is demonstrated.

Fig. 3. SEM-SE image (a) showing the overall cross-section view of the HPT-processed Cu disk, SEM-SE image (b) and SEM-BSE images (c, d) showing the formation
of porosity and ultrafine grain clusters near the bottom surface, BSE image (e) showing the cross-section view of the pores by FIB milling, insert demonstrates where
the trench was cut, BSE images (f, g) showing few porosities and micro-sized grains in the central area. Dashed boxes in (b, f) showing the locations of (c, d, and g).
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during HPT [33]. This amount of vacancies could agglomerate into
voids. In summary, the pores found near the external surfaces had high
aspect ratios and co-existed with UFG clusters, while the ones in the
central regions had nearly rounded shape and were not associated with
the regions of refined grains.

From the cross-section view of the HPT-processed Cu-Holes disk in
Fig. 4(a), no micrometer-sized residual pores were found, indicating the
pre-existing porosities – seven 0.8mm diameter holes – were closed up
during the processing. In fact, the porosity decreased dramatically from
4.48% to 0.04 ± 0.01% after the HPT process, based on the calculation
using high resolution SEM images. In addition to the diminishment of
the holes, another outstanding feature is that no significant lateral out-
flow of material was observed. This means that due to the existence of
the pre-existing internal pores, materials tended to flow inwards to
close the holes during HPT, rather than outwards. With closer ob-
servation in Fig. 4(b), most of the area is free of any pores. The pores in
the vicinity of the external surface have similar morphologies to the
ones in Fig. 3(b), but are fewer in number and are concentrated in a
narrower band than their counterparts in the Cu disk. Therefore, the
HPT process healed the disk with holes by eliminating the internal
surfaces.

To find the healed regions of the pre-existing holes, we employed
the SEM imaging in the SE mode. Fig. 4(c–f) demonstrate that SE
images are suitable for tracking the healed areas of pre-existing holes
(pointed by yellow arrows) by distinguishing the grooves from the
matrix, but at the same time they exaggerate the size of the true pores.
The grooves shown in Fig. 4(e, f) as topography features were in-
troduced by electro-polishing and they can only originate from the
healed pre-existing holes. Indeed, during the HPT processing, the holes
were compressed and stretched due to the extensive hydrostatic pres-
sure and torsional deformation. The pre-existing holes' surfaces were
brought into contact, stretched and aligned parallel to the normal plane
with increasing shear straining. During formation of intimate contact
between two internal surfaces large shear strain gradients or even strain
discontinuity could develop in the contact region. These strain gra-
dients are known to promote the nucleation of new grains with the
orientation very different from that of surrounding matrix [34]. During
electro-polishing, the regions of former holes composed of fine grains

with high volume fraction of grain boundaries exhibit higher etching
rate than the surrounding coarser-grained matrix, thus leading to the
formation of the grooves visible in the SE mode of SEM. A closer look in
Fig. 4(f, g) confirms the ultrafine size of grains in the groove region. At
last, by milling a trench besides a pore located on a groove, several
individual pores with widths ranging from 40 to 80 nm were found,
Fig. 4(h). These pores were supposed to be residual porosities resulting
from relative sliding and incomplete closing of the internal surfaces of
the pre-existing holes.

The calculated porosities in the as-cast material, in the HPT-pro-
cessed Cu disk as well as in the Cu-Holes disk were 0.07 ± 0.01%,
0.07 ± 0.01% and 0.04 ± 0.01%, respectively. Therefore, one can
conclude that by introducing pre-existing holes, the generation of per-
colating porosity near the external surfaces was suppressed. This is
probably because the Cu-Holes disk is “softer” than the Cu disk and as a
result the slippage and sliding in its the near-surface regions is lower,
resulting in fewer pores.

3.2. Microstructure Evolution

In the previous section, SEM-BSE images in Figs. 3 and 4 revealed
the co-existence of pores and ultrafine grains within the narrow bands
embedded in the matrix of micrometer-sized grains. EBSD measurement
was carried out to gain a deeper understanding of the UFGs and por-
osities evolution.

Fig. 5 shows EBSD maps of two regions in the HPT-processed Cu
disk, having pores embedded in UFGs. One map was acquired near
(around 20 μm away from) the external surface (Fig. 5a–d), while the
other one was taken about 50 μm away from the external surface
(Fig. 5e–h). Elongated (Fig. 5a) and nearly round pores (Fig. 5e) were
observed in two regions, in agreement with observations in Fig. 3(d, c).
By separating the micrometer-sized grains (Fig. 5b, f) and UFGs (Fig. 5c,
g), it can be shown that the grain size and crystallography are similar in
both regions. The average size of the micrometer-sized grains is about
5 μm, and they contain annealing twins. It should be noted that de-
formation twinning of ultrapure Cu during the HPT processing is highly
improbable, because the stacking fault energy of 5N5 Cu is moderate
and large plastic strains can be fully accommodated by dislocation glide

Fig. 4. SEM-SE image (a) showing the overall cross-section view of the HPT-processed Cu-Holes disk, (b) showing the pores, (c, d) demonstrating the comparison
between the information collected by in-lens and SE detectors for porosity imaging, SE image (e, f) showing the topography features used for distinguishing grooves,
SEM-BSE image (g) showing the same area as (f) to highlight the ultrafine grains in a groove, BSE image (h) showing the cross-section view of the pores prepared by
FIB milling, insert demonstrates where the trench was cut.
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and cross-slip at room temperature [35]. Moreover, the processing was
conducted with a moderate strain rate, which is too low for activating
the deformation twinning [36]. Therefore, the observed twins can only
be annealing twins which could be formed during storage at room
temperature and/or sample preparation stage (20min at 120 °C). The
UFGs in the near-surface and more internal regions have average sizes
of 323 nm and 458 nm, respectively, and nearly all grain boundaries are
high angle grain boundaries (HAGBs). It is worth noting that the
average grain size of the UFGs is about the steady-state grain size
achievable in 5N5 pure Cu under HPT [37]. The smaller size and nar-
rower size distribution of the UFGs in the region closer to the external
surface can be attributed to higher localization of the shear strain due to
contact sliding. Finally, by calculating the texture and plotting the
(111) pole figures of the UFGs, it can be found that the preferred or-
ientation deviated from simple shear texture due to the shear band slip
movement. The bimodal microstructure is clearly not due to abnormal
grain growth since the UFG grains were only found in the regions with
the induced voids or the vanished pre-existing holes. Therefore, we can
conclude that the UFG regions exhibit higher thermal stability and
lower grain boundary mobility than the matrix.

The observed pores and UFGs inside of the shear bands were pos-
sibly caused by the slippage and sliding between the Cu disk's external
surfaces and the anvils [10,38]. It has been found in several studies that
dry sliding could cause grain refinement, void nucleation and shear
band formation [39–42]. Fig. 6 shows the plausible mechanism for the
evolution of porosity and microstructure. At the beginning of the de-
formation (Fig. 6b), the as-cast coarse grains were refined to submicron
size and the as-cast porosity was diminished. Simultaneously, high
strain gradients due to the sliding and slippage between the anvils and
Cu disk external surfaces result in high strain gradients and accelerated
vacancy generation in the near-surface layers. These vacancies ag-
glomerate into clusters and pores and trigger the formation of shear
band as a sign of plastic instability, (Fig. 6c). Finally, during the time

elapsed between the HPT processing and sample characterization, the
recrystallization and twinning occurred in the regions in the matrix but
the UFGs inside the shear bands did not coarsen (Fig. 6d). The higher
stability of the grains inside the shear bands as compared to those in the
matrix can only be explained by vacancy- and pores-induced stabili-
zation mechanisms [43,44]. Due to the extremely low concentration of
foreign solutes, less than 0.0005%, the solute drag effect on the GB
motion can be neglected. One hypothesis could be that, grains in the
shear bands underwent higher extent of lattice rotation than the grains
located far from external surfaces [45]. During lattice rotation, excess
dislocations and vacancies were annihilated and agglomerated at the
grain boundaries. Therefore, higher amount of vacancies was generated
for nucleation of pores and concomitant slowing down of grain
boundary migration.

The EBSD measurements were conducted on two regions in HPT
processed Cu-Holes disk to characterize the groove (pre-existing pore)
areas with UFGs. One of the regions exhibit perfect porosity closure and
is free of voids in the groove (Fig. 7a–d), the other one has residual
voids embedded in the UFGs in the groove (Fig. 7e–h). A comparison of
the average grain size and embedded twins inside of the micrometer-
sized grains between these two regions did not reveal any significant
differences. The average sizes of the UFGs were 539 nm (Fig. 7c) and
511 nm (Fig. 7g). Moreover, the UFGs' preferred orientations aligned
very closely to the ideal simple shear orientations [46,47] and they
were quite similar as well (seen Fig. 7d, h).

UFGs and simple shear texture were observed in the healed pre-
existing hole area. This is believed to be caused by relative sliding be-
tween the internal surfaces of the pre-existing holes during HPT. The
plausible microstructure evolution is schematically illustrated in Fig. 8.
At the beginning of the processing, with the hydrostatic pressure and
torsional strain, the pre-existing holes collapsed, and their internal
surfaces were stretched (Fig. 8b). With higher straining, the pore was
further elongated towards the shearing direction. At the same time, the

Fig. 5. EBSD measurements of two regions in HPT-processed Cu disk, 20 μm (a–d) and 50 μm (e–h) away from external surface. SEM images showing the topography
features of measured area (a, e), orientation images of micrometer-sized grains (b, f), orientation images of UFGs (c, g), and (111) PF of the UFGs (d, h) with
maximum intensity labelled. High-angle grain boundaries (HAGBs) and twin boundaries (TBs) are shown in the orientation maps. The legend for orientation maps is
shown in (b).

Fig. 6. Schematic illustration of the mechanism of porosity generation and microstructure evolution.
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fragmentation of pore and establishing of intimate atomic contact in
some locations between internal surfaces of the hole has occurred
(Fig. 8c). In the end, based on the porosity measurement, nearly all
internal surfaces were brought into atomic contact and aligned in shear
direction, (Fig. 8d). The internal friction between the internal surfaces
prior to atomic contact formation has resulted in increased strain gra-
dients and high strain localization, similarly to the situation in the near-
surface regions. This, in turn, resulted in increased vacancy production
in the regions of pre-existing holes. During the storage at room tem-
perature and/or sample preparation stage, the static recrystallization
and twinning occurred in the matrix while the UFGs did not coarsen
due to possible vacancy-induced stabilization mechanism (Fig. 8e).

4. Discussion

Most of the studies of porosity generation during plastic deforma-
tion were performed employing uniaxial tensile tests of metallic spe-
cimens towards ductile failure [48,49]. According to Noell et al.'s recent
study [48], excess vacancies would agglomerate and cause nucleation
of voids at the cell block boundaries. In this loading condition, ex-
tensive UFGs would not form because, without hydrostatic pressure, the
formation of voids, shear bands and fractures occur earlier than the
rearrangement of dislocation substructures (or fragmentation of mi-
crobands).

With increasing stress towards ultimate tensile strength, vacancies
are generated from movement of jogged screw dislocations and anni-
hilation of edge dislocations dipoles [48,50,51]. The deformation-in-
duced vacancies, on one hand, will impede the movement of disloca-
tions and contribute to strain hardening; on the other hand, they will
induce climb and annihilation of edge dislocations and lead to strain
softening [52]. Indeed, the rearrangement of geometrically necessary
dislocations (GNDs) to more energy favourable low angle tilt

boundaries (LATBs) will require the climb of dislocations to different
glide planes [23], for which a high concentration of mobile vacancies is
needed. Therefore, one can conclude that, under plastic deformation,
vacancies are produced and contribute to the transition of GNDs to
LATBs. Under tensile loading with hydrostatic tension component, the
rate of vacancy agglomeration at GNDs or dislocation cell block
boundaries leading to pores formation is high. In contrast, during SPD
processing with hydrostatic compressive pressure, GNDs are able to
evolve to LATBs and HAGBs with assistance of vacancy annihilation.
Therefore, vacancy diffusion plays a critical role in the generation of
porosity.

A number of experimental work using residual electrical resistivity,
X-ray line profile analysis, and positron annihilation lifetime spectro-
scopy have proved that SPD processes such as HPT and ECAP induce
high vacancy concentration that is very close to the equilibrium va-
cancy concentration at the melting point of respective material
[52–56]. Here we will assume that the steady-state concentration of
vacancies during HPT processing, cVst, is equal to the equilibrium va-
cancy concentration at the melting temperature of Cu, cV(Tm),
(Tm=1358 K):

⎜ ⎟= = ⋅ ⎛
⎝

−
− ⎞

⎠
c c T g

H T S
RT

( ) exp
( )

V
st

V m
V
M

m V
M

m (1)

where g is a degeneracy factor which means the internal degrees of
freedom of point defect [57]. Here g=1 is chosen for monovacancies
based on Freysoldt et al.'s work [57]. HV

F and SVF denote the formation
enthalpy and formation entropy of a monovacancy, and their values
were chosen to be 99.4 kJmol−1 and 1.49 · 10−23 J K−1, respectively. It
should be noted here that these values were obtained from Neumann
et al.'s work [58], and they were tested to be the most accurate ones
among other measured values by Andersson and Simak using first-
principles approach [59]. With these data, the calculated equilibrium

Fig. 7. EBSD measurements of two regions in HPT processed Cu-Holes disk, all pre-existing holes in the region were closed (a–d) and some residual pores existed
(e–h). SEM images showing the topography features of measured area (a, e), orientation images of micro-sized grains (b, f), orientation images of UFGs (c, g), and
(111) PF of the UFGs (d, h) with maximum intensity labelled. HAGBs and TBs are shown in the orientation maps. Orientation maps use the same legend in Fig. 5.

Fig. 8. Schematic illustration of the mechanism of porosity healing and microstructure evolution.
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vacancy concentration at the melting point is cV(Tm)= 4.43 · 10−4,
which is comparable to the vacancy fraction at melting temperature for
pure Cu, 2.1 · 10−4, from electrical resistivity measurements [60,61],
and close to the value, 4.2 · 10−4, measured from HPT processes pure
Cu using differential scanning calorimetry and X-ray Bragg profile
analysis [52]. It should be noted that our assumption cVst= cV(Tm) is
based on a reasonable hypothesis that the equilibrium vacancy con-
centration at the melting point of a metal is a maximum concentration
it can sustain [62]. Exceeding this concentration of vacancies leads
either to melting or to amorphization.

In addition to intensive vacancy generation during HPT, the diffu-
sivity of vacancies can also be significantly increased by the SPD.
Indeed, the systematic studies of several Cu-and Al-based alloys by
Straumal et al. [63–69] demonstrated that HPT causes acceleration of
mass-transfer and enhancement of diffusivity in excess of what would
be expected based on increased vacancy concentration. We will esti-
mate the diffusivity of vacancies during the HPT processing based on a
typical size of a pore, R=0.1 μm, achieved after HPT in both samples.
The growth of pore during HPT is a result of a competition between the
two dynamic processes: absorption of the excess vacancies by the pore
leading to its growth, and pore closure caused by shear strain leading to
the decrease of its size. We will disregard the latter process which is
difficult to treat quantitatively, thus giving the lower bound for the
diffusivity of the vacancies. The net vacancy production during HPT, P
(the number of vacancies created in the unit volume during 1 s), can be
expressed as

= −P P KcV0 (2)

where P0 is the net vacancy production due to plastic shear during HPT,
and the second term on the right-hand side (RHS) of Eq. (2) describes
the rate of vacancies annihilation due to the abundance of internal
vacancy sinks (cV and K being the instant vacancy concentration and
the annihilation constant, respectively). The parameters P0 and K are
related: they determine the steady-state vacancy concentration, cVst

achievable during HPT: P0= KcVst. With this relationship in mind, the
Eq. (2) can be re-written in the following form:

= −P K c c( )V
st

V (3)

Once the plastic deformation stops, the constant K determines the
kinetics of vacancy concentration relaxation towards its equilibrium
value. It can be loosely associated with the reciprocal time needed for
the vacancy to reach a nearby sink:

≈K D
d

V
2 (4)

where Dv and d are the vacancy diffusion coefficient and the distance
between the nearest vacancy sinks, respectively. In severely deformed
metals the edge dislocations represent the most potent vacancy sinks
and sources [70], and keeping the maximum dislocation density
achievable during HPT in mind, we will assume d≈ 50 nm. Then, the
diffusion equation for vacancies taking into account their production by
plastic shear and annihilation at the internal sinks and at the surface of
the growing pore can be written in the following form:

⎜ ⎟

∂
∂

= ⎛
⎝

∂
∂

+ ∂
∂

⎞
⎠

+ −c
t

D c
r r

c
r

K c c2 ( )V
v

V V
V V

2

2
0

(5)

where r is the distance from the center of the growing pore. The Eq. (5)
has to be solved with the following boundary conditions:

= ≈ → ∞ ≈c r R t c r t c( , ) 0; ( , )V V V
st (6)

For solving the Eq. (5) we will employ the quasi steady-state ap-
proximation customary in the theory of phase transformations: ∂cV/
∂t≈ 0. Taking into account the relationship Eq. (4), the Eq. (5) is then
transformed into the ordinary differential equation:

+ +
−

=d c
dr r

dc
dr

c c
d

2 0V V V
st

V
2

2 2 (7)

With the boundary conditions (6), its solution is

= ⎛
⎝

− ⎛
⎝

− ⎞
⎠

⎞
⎠

c c R
r

R r
d

1 expV V
st

(8)

The rate of the pore growth can be determined from the Stefan
condition:

=
=

dR
dt

D dc
drV

V

r R (9)

Substituting the Eqs. (8) into (9) and solving the resulting ordinary
differential equation yields the following solution for the pore radius:

− − +
+

=d R R d R d
R d

D c t( ) ln V V
st

0
2

0 (10)

where R0= R(t=0). Assuming R0≪ d, R=100 nm, d=50 nm, and
cVst=4.43×10−4 yields DV≈ 1.7×10−14m2/s for the vacancies
diffusivity during the HPT treatment (at room temperature). It should
be emphasized that this value represents the lower bound for vacancy
diffusivity, since we neglected the pore closure caused by shear strain.
This value has to be compared with the vacancy diffusivity from the
extrapolated Arrhenius relationship

⎜ ⎟= ⎛
⎝

− ⎞
⎠

D T D
ΔH
RT

( ) expV V
V
M

0

(11)

where DV
0 denotes the pre-exponential factor and ΔHV

M is the activa-
tion enthalpy of vacancy migration. Their values are 0.13·10−4 m2 s−1

and 98.8 kJ mol−1, respectively [58]. Due to the small activation vo-
lume for vacancy migration we will neglect the contribution of hy-
drostatic pressure [71]. At room temperature (T=300 K),
DV(T=300K)≈ 8×10−23m2/s. Thus, the vacancy diffusivity during
HPT estimated from the kinetics of pore growth is by more than eight
orders of magnitude higher than that estimated from the Arrhenius
relationship at room temperature. This increased diffusivity of va-
cancies is related to the high density of dislocations, since the diffusion
along the dislocation core (dislocation pipe diffusion) is several orders
of magnitude faster than that in the bulk [72]. Yet the mere pipe dif-
fusion along the static dislocation would not suffice to justify the eight
orders of magnitude difference in diffusivities [72]. We believe that
during HPT any given vacancy comes into a close proximity of gliding
dislocations and/or moving GBs, which may either drag it in the di-
rection of their motion, or provide it with an accelerated diffusion path.
Since this process is random in nature and is repeated a number of
times, it accelerates the random walk-type movement of the vacancy,
which can be formally described by the increased vacancy diffusivity.

5. Conclusions

We have systematically studied the generation and healing of por-
osity during the HPT processing of ultra-high purity copper. The for-
mation of deformation-induced pores was discussed in terms of increase
of vacancy concentration caused by HPT, and accelerated vacancy
diffusion. From the result of our study, the following conclusions can be
drawn:

1. In the solid Cu disk, the porosity generated by HPT
(0.07 ± 0.01 vol%) was close to the initial porosity of the as-cast
sample (0.07 ± 0.01%). The major part of the pores was located
near the external surfaces of the disk, whereas in the as-cast sample
the pores were homogeneously distributed at the grain boundaries
through the whole specimen. The pores were embedded in the bands
of ultrafine grains of approx. 500 nm in diameter, whereas the
pores-free areas of the sample exhibited recrystallized micro-
structure with coarser grains. We proposed that the observed
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porosity was caused by high strain gradients due to relative sliding
between anvils and external surfaces, and concomitant accelerated
vacancy generation and formation of new ultrafine grains.

2. In the Cu disk with the pre-fabricated holes the porosity decreased
from 4.48% to 0.04 ± 0.01% after the HPT processing. Most of the
internal surfaces were closed, bonded and embedded in the bands of
ultrafine grains with occasional pores. Thus, the “weak” areas of the
material associated with the pre-existing holes transformed into the
strongest areas of the sample.

3. Ultrafine grains inside of shear bands with pores exhibited higher
thermal stability than the surrounding matrix. We attributed this
enhanced thermal stability to the drag effect of excess vacancies and
pores on the grain boundary motion.

4. We estimated the diffusivity of the vacancies which could lead to
pores formation during the HPT processing at room temperature.
The obtained diffusivity was by more than eight orders of magnitude
higher than the diffusivity extrapolated to room temperature using
the Arrhenius relationship obtained at elevated temperatures for the
coarse-grain Cu. We attributed the accelerated, “ballistic” move-
ments of the vacancies to the dislocation and grain boundary drag
effects.
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