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Interstitial free steel with ultrafine-grained (UFG) structure was prepared by high-pressure torsion (HPT).
The development of the microstructure as a function of the number of HPT turns was studied at the
centre, half-radius and periphery of the HPT-processed disks by X-ray line profile analysis (XLPA),
positron annihilation spectroscopy (PAS) and electron microscopy. The dislocation densities and the
dislocation cell sizes determined by XLPA were found to be in good agreement with those obtained by
PAS. The evolution of the dislocation density, the dislocation cell and grain sizes, the vacancy cluster size,
as well as the high-angle grain boundary (HAGB) fraction was determined as a function of the equivalent
strain. It was found that first the dislocation density saturated, then the dislocation cell size reached its
minimum value and finally the grain size got saturated. For very high strains after the saturation of grain
size the HAGB fraction further increased. The PAS investigations revealed that vacancies introduced by
severe plastic deformation agglomerated into small clusters consisting of 9e14 vacancies. The evolution
of the yield strength calculated from the microhardness as a function of strain was explained by the
development of the defect structure.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Severe plastic deformation (SPD) is an attractive method which
enables to achieve extremely strong grain refinement [1]. Bulk
ultrafine-grained (UFG) materials with grain size in the range
100e500 nm can be produced by advanced techniques based on
repeated application of SPD [2]. Because of high density of grain
boundaries UFG materials often exhibit high strength while
retaining appreciable level of ductility [3]. Among a variety of SPD-
based techniques developed so far high-pressure torsion (HPT) is
themost efficient in grain refinement [2,4]. In HPT processing a disk
shaped sample located between two anvils is subjected to
compressive pressure of several GPa and simultaneously strained
by a repeated rotating of one anvil allowing to impose high strain to
thematerial. In order to fully understand grain refinement by SPD it
is important to examine the development of microstructure during
Elsevier Ltd. All rights reserved.
HPT processing.
The strain imposed to the sample during HPT processing is not

uniform but increases from the centre of the sample (correspond-
ing to the rotation axis) towards the periphery [2,4,5]. The equiv-
alent strain of a sample subjected to N HPT revolutions can be
estimated from the relation [2].

eequiv ¼
1ffiffiffi
3

p 2p rN
h

; (1)

where h is the thickness of the deformed sample and r is the radial
distance from the centre, see Fig. 1a. Owing to the non-uniform
strain, the homogeneity of UFG structure across the HPT-
deformed sample is a very important issue which has been
extensively studied in the recent years [6e10].

Interstitial-free (IF) steels constitute an important class of steels
having carbon content less than 0.01 wt%. These steels are widely
used in automobile industry as sheet material due to their excellent
deep drawability as a result of the low content of interstitial solutes
and a particular texture in cold rolled state [11e13]. In the recent
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Fig. 1. (a) Schematic illustration of HPT-deformed specimen with thickness h. The radial distance from the centre is denoted by the symbol r. (b) Mesh used for microhardness
mapping.
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years, efforts have been made to improve the strength of this class
of steels by means of grain refinement through SPD procedures
[14,15].

The objective of this work was the investigation of microstruc-
ture development in IF steel during HPT processing. Lattice defects
play a very important role in the determination of the properties of
UFG materials since SPD introduces a high density of dislocations
[2,14,15] and also a large concentration of vacancies [16e19]. This
requires employment of techniques capable of quantitative char-
acterization of lattice defects in UFG materials.

The X-ray line-profile analysis (XLPA) [20] allows determining
the mean crystallite size and the lattice strain. Since in UFG mate-
rials prepared by SPD the lattice distortions are primarily caused by
dislocations, the mean dislocation density can be obtained by XLPA.
The XLPA technique has been frequently employed for character-
ization of UFG structure in a variety of materials [14,15,21,22]. In
particular, the Convolutional Multiple Whole Profile (CMWP)
fitting method [20,23] become very popular for the analysis of X-
ray diffraction patterns and determination of the crystallite size and
the mean dislocation density.

The positron annihilation spectroscopy (PAS) [24] is a well-
developed non-destructive technique with a high sensitivity to
open-volume defects, e.g. vacancies, dislocations and vacancy
clusters, and has been successfully utilized for defects studies of
UFG materials [18,19,25e27]. The PAS studies revealed that in
addition to dislocations SPD introduces also a high concentration of
vacancies which agglomerate into small vacancy clusters [19,28].
The concentration of defects can be calculated from PAS parameters
using a suitable trapping model. So called simple trapping model
(STM) [29] is usually employed for the analysis of PAS data. How-
ever, STM is based on the assumption that defects are distributed
uniformly, i.e. positron trapping rates are constant in the whole
sample. This is, however, often not the case for dislocations in UFG
materials prepared by SPD since cellular dislocation structure is
formed in metals with medium to high stacking fault energy (e.g.
Fe, Cu and Al) subjected to plastic deformation [30e32]. Grains
separated by geometrically necessary grain boundaries comprise of
dislocation cells delineated by dislocation walls (incidental dislo-
cation boundaries) [33,34]. In the cell interiors the dislocation
density is low, while the dislocation walls exhibit very high density
of dislocations [35,36]. Non-uniform spatial distribution of dislo-
cations leads to spatially dependent positron trapping rate since
the probability for positron trapping at dislocation walls is much
higher than in the cell interiors. A so called diffusion trapping
model (DTM) [26,37] was developed to describe properly the
kinetic of positron trapping in UFG materials. The UFG sample is
divided into spherical shape almost dislocation-free cells with a
diameter d and dislocation walls containing very high density of
dislocations. Positrons thermalized inside the dislocation walls are
very quickly trapped at dislocations there. Positrons thermalized
inside the cell interiorsmay reach dislocationwalls by diffusion and
be trapped there as well. This is taken into account in DTM by so-
lution of the positron diffusion-annihilation equation [38]. Analysis
of PAS data in the frame of DTM enables to determine important
microstructural features of the UFG material: the average size of
dislocation cells d, the volume fraction h of dislocation walls, and
the dislocation density in the dislocation walls rD,wall. The mean
dislocation density can be then obtained as

rD ¼ rD,wall h.

The DTM has been successfully applied for microstructure in-
vestigations of UFG Cu prepared by HPT [26], UFG Al [27] processed
by equal channel angular pressing and also for characterization of
sub-surface damage in machined steels [39].

The size of dislocation cells determined by DTM is expected to
be comparable to the mean crystallite size (mean size of coherently
scattering domains) provided by XLPA. Hence, both XLPA and PAS
are non-destructive techniques capable of determination of
important structural parameters of UFG materials, namely the size
of dislocation cells and the dislocation density. But a systematic
study involving both XLPA and PAS is still missing in the literature.
Such a study is highly desirable not only to verify the consistence of
the models used by these two techniques but also to extend the
range of accessible dislocation densities and cell dimensions using
the combination of these two techniques. On one hand, PAS is more
sensitive to dislocations and enables to determine the dislocation
density even below the sensitivity threshold of XLPA. On the other
hand, XLPA provides reliable estimation of dislocation density in
samples containing very high number of dislocations which causes
saturated trapping of positrons. A comparative XLPA and PAS study
of the development of UFG structure in IF steels subjected to HPT
processing was performed in the present work.

PAS and XLPA spectroscopic techniques were supported by
direct observations of UFG structure by means of electron micro-
scopy. Microhardness testing was employed to correlate the
development of microstructure with variations of mechanical
properties. Inhomogeneities of the microstructure of HPT-
deformed specimens were mapped by microhardness and also by
spatially resolved PAS. As it was demonstrated in Ref. [10] these
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techniques are sensitive to different aspects of microstructure and
provide complementary information about the development of
UFG structure during HPT processing. While microhardness map-
ping is sensitive to dislocation density and grain size, PAS mapping
reflects spatial distribution of dislocations and deformation-
induced vacancies.

2. Experimental

2.1. Samples

IF steel with a composition of 0.0026 wt% C, 0.096 wt% Mn,
0.045 wt% Al, and 0.041 wt% Ti was provided by the Pohang Steel
Company (POSCO), Korea. The as-received material was homoge-
nized at 700

�
C for 2 h and furnace cooled.

For HPT deformation, disks with the thickness of 1 mm and the
radius of 5 mm were cut from the homogenized billet using a
diamond saw. A series of specimens with different number of turns
N ¼ 1/4, 1/2, 1, 3 and 5 was processed by HPT at room temperature
using the pressure of 2.5 GPa. Additionally, a specimen which was
only pressed under the same pressure of 2.5 GPa but without tor-
sion straining was also prepared. This sample is denoted N ¼ 0.

2.2. Electron microscopy

Microstructure of steel samples was investigated by high reso-
lution scanning electron microscope FEI Quanta 200 FEG operated
at 10 kV using backscattered electrons. For final surface treatment
polishing in a Colloidal silica solution, containing 40 nm particles,
for 30 s was used. Employing channelling contrast revealed the
grain structure. Electron back-scatter diffraction (EBSD) was used to
investigate the details of microstructure evolution in HPT disk
specimens. The area examined by EBSD was approximately
100 � 100 mm2 and the step size was set as 100 nm. EBSD in-
vestigations were performed at the centre (r ¼ 0), at the half radius
(r ¼ 2.5 mm) and at the periphery (r ¼ 4 mm) of individual disk
specimens.

2.3. Microhardness testing

Automatic microhardness tester Qness Q10a was utilized for
Vickers microhardness (HV) mapping (the applied load of 500 g
and the holding time of 10 s were used). Homogeneity of HPT-
deformed samples was mapped using a regular network of in-
dents consisting of concentric circles with the radius step of
0.25 mm and the tangential distance of 0.25 mm along each circle,
see Fig. 1b. HV map on each specimen consisted of 1100 indents.

2.4. PAS

PAS investigations were performed using a 22NaCO3 positron
source with the activity of z1 MBq. The source spot was carefully
deposited on a 2 mm thick mylar foil so that the spot diameter was
smaller than 1 mm.

A digital spectrometer [40] with time resolution of 145 ps
(FWHM of the resolution function) was employed for positron
lifetime (LT) spectroscopy. At least 107 positron annihilation events
were collected in each LT spectrum which was subsequently
decomposed into exponential components by a maximum likeli-
hood code [41]. A well annealed a-Fe reference sample character-
ized by a single component LT spectrum with lifetime of
(107.5 ± 0.4) ps was used to determine the source contribution to
the LT spectra. It consisted of two components with lifetimes
(368± 1) ps and (1.5± 0.1) ns and corresponding relative intensities
(9.5 ± 0.2) and (1.2 ± 0.2) %, respectively. These contributions come
from positrons annihilated in the 22NaCO3 source spot and the
covering mylar foils and were always subtracted from the spectra.

Mapping of the lateral distribution of defects in the HPT-
deformed samples was performed by means of spatially resolved
Doppler-broadening (DB) spectroscopy [19]. Spatially resolved DB
measurements were performed by positioning the positron source
spot at various radial distances from the centre of the sample disk
using an x-y moving stage. The uncertainty in position of the
positron sourcewasz0.1mm. The DB of annihilation radiationwas
measured by a high purity germanium (HPGe) detector with energy
resolution of 1.30 keV at 511 keV. At least 5 � 105 counts were
accumulated in the annihilation peak in each spectrum. The DB of
the annihilation peak was evaluated using the line shape S
parameter. The central region for calculation of the S parameterwas
chosen symmetrically around the 511 keV annihilation peak from
510.07 to 511.93 keV. All S values presented in this work were
normalized to the S parameter S0 ¼ 0.5026(5) measured in the well
annealed a-Fe reference specimen.

2.5. XLPA

The microstructure of the HPT-processed IF steel samples was
studied by XLPA along the radius of the sample disks. The X-ray line
profiles were measured by a high-resolution diffractometer with
CoKa1 radiation (wavelength: l¼ 0.1789 nm). The line profiles were
evaluated by CMWP fitting method [20,23]. In this procedure, the
diffraction pattern is fitted by the sum of a background spline and
the convolution of the instrumental pattern and the theoretical line
profiles related to the crystallite size and dislocations. Because of
the UFG microstructure of the studied samples, the physical
broadening of the profiles was much larger than the instrumental
broadening, therefore instrumental correction was not applied in
the evaluation. The theoretical profile functions used in this fitting
procedure are calculated on the basis of a model of the micro-
structure, where the crystallites have spherical shape and log-
normal size distribution.

The following parameters of the microstructure were obtained
from CMWP fitting procedure: the area-weighted mean crystallite
size d, the mean dislocation density rD, the parameter q describing
the edge/screw character of dislocations and the dislocation
arrangement parameter M. The value of d is calculated as d ¼ m
exp(2.5 s2), wherem is the median and s2 is the variance of the log-
normal crystallite size distribution.

3. Ab-initio calculations of positron lifetimes

Density functional theory was employed for calculations of the
lifetimes of positrons trapped at various point defects in bcc Fe
lattice. Positron density was calculated within the so-called stan-
dard scheme [42] employing the atomic superimposition (ATSUP)
method [43]. The electronepositron correlation was treated using
the local density approximation (LDA) according to the parame-
trization by Boro�nski and Nieminen [44]. The calculations were
performed in 128 Fe atom based supercells. Point defects (vacancies
and vacancy clusters) were modelled simply by removing the cor-
responding number of atoms from the supercell.

4. Results

4.1. Microstructure evolution from electron microscopy

The development of UFG structure was studied in IF steel
samples subjected to various number of HPT revolutions. SEM
micrographs of IF steel subjected to 1 (left panels) and 5 (right
panels) HPT revolutions are presented in Fig. 2. The first row, i.e.



Fig. 2. SEM micrographs (back scattered electrons e channelling contrast) displaying the microstructure in different parts of HPT-deformed specimens subjected to 1 and 5 HPT
turns. Left panels N ¼ 1: (a) centre r ¼ 0, (c) half radius r ¼ 2.5 mm, (e) periphery r ¼ 4 mm; right panels N ¼ 5: (b) centre r ¼ 0, (d) half radius r ¼ 2.5 mm, (f) periphery r ¼ 4 mm.
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Fig. 2a,b, shows the centre of the sample disk (r ¼ 0); the second
row, i.e. Fig. 2c,d, shows the half radius of the sample (r ¼ 2.5 mm);
and the last row, i.e. Fig. 2e,f shows the microstructure at the pe-
riphery (r¼ 4mm). Obviously the grains in the centre of the sample
are coarser than those in the half radius and at the periphery. This
difference remains clearly visible even after 5 HPT revolutions.

Fig. 3 shows EBSD map of IF steels deformed by 1 (Fig. 3a,c,e)
and 5 HPT (Fig. 3b,d,f) revolutions. The microstructure in the centre
of the specimen subjected to 1 HPT revolution (Fig. 3a) has a
bimodal character consisting mostly of bands of elongated grains
and subgrains. Fine grains/subgrains with the size below 1 mm co-
exist with coarse grains with the diameter above 5 mm. This testifies
that grain fragmentation has already started even in the central
region of the sample disk but original large grains are still present
in the microstructure. On the other hand, refined equiaxed grain
structure with the mean grain size around 0.5 mm is clearly seen at
the periphery (Fig. 3e). Further HPT straining up to 5 turns did not
result in additional decrease of the grain size at the periphery
(Fig. 3f). However, at the half radius (Fig. 3d) and in the centre
(Fig. 3b) the grains were further refined.

Grain size distributions determined by EBSD in the samples
subjected to various numbers of HPT turns are presented in
Fig. 4aee. For each sample the grain size distribution was deter-
mined in the centre of the sample disk (r ¼ 0), at the half-radius
(r ¼ 2.5 mm) and at the periphery (r ¼ 4 mm). For all samples
studied the grain size distribution has approximately a log-normal
shape. Best fits of grain size histograms by a log-normal distribution
are plotted by solid lines in the figure. The samples deformed by 1/4
and 1/2 HPT revolutions exhibit rather broad size distribution of
grain sizes and still contain a considerable fraction of coarse grains



Fig. 3. EBSD maps of HPT specimens deformed by one revolution (N ¼ 1), left panels and by 5 revolutions (N ¼ 5), right panels. The samples were examined in the centre (r ¼ 0),
half-radius (r ¼ 2.5 mm) and at the periphery (r ¼ 4 mm): (a) N ¼ 1, centre, (b) N ¼ 5, centre, (c) N ¼ 1, half-radius, (d) N ¼ 5, half-radius, (e) N ¼ 1, periphery and (f) N ¼ 5, periphery.
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with a diameter larger than 5 mm. With increasing strain the grain
size distribution becomes sharp indicating that the microstructure
consists of refined grains most of themwith a size below 1 mm. The
narrowing of grain size distribution occurs first at the periphery
(after 1 HPT revolution, see Fig. 4c) then also at the half-radius
(after 3 HPT revolutions, see Fig. 4d) and finally in the centre.
One can see in Fig. 4d that the grain size distribution at the half-
radius becomes practically the same as at the periphery after 3
HPT turns. Nevertheless, the grain size distribution in the centre is
still broader than at the half-radius and at the periphery even after
5 HPT turns, see Fig. 4e. The development of the mean grain size D
(i.e. the mean value of the grain size distribution determined by
EBSD) is plotted in Fig. 4f. The dependence of the mean grain size
on the number of HPT revolutions can be well described by an
exponential decaying function. At the beginning of HPT straining
the mean grain size strongly decreases due to substantial grain
refinement by SPD. The grain refinement becomes saturated and
the mean grain size becomes D z 0.5 mm first at the periphery
(after a single HPT turn) and then at the half-radius (after 3 HPT
revolutions). In the centre the grain refinement seems to be satu-
rated after 3 HPT turns as well, but the mean grain size is slightly
higher (Dz 0.6 mm) than at the half-radius and the periphery. This



Fig. 4. Grain size distributions of specimens subjected to various number N of HPT revolutions determined by EBSD: N ¼ 1/4 (a), N ¼ 1/2 (b), N ¼ 1 (c), N ¼ 3 (d), N ¼ 5 (e). For each
sample the grain size was determined in the centre of the sample disk (r ¼ 0), at the half-radius (r ¼ 2.5 mm) and at the periphery (r ¼ 4 mm). The solid lines show fits of the
experimental histograms by a log-normal distribution. The last panel (f) shows the mean grain size as a function of the number of HPT revolutions.

Fig. 5. The fraction of HAGBs (missorientation > 15�) determined by EBSD in the
centre, half-radius and periphery of the sample disk plotted as a function of the
number of HPT revolutions.
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is due to broader grain size distribution in the centre containing
still a considerable portion of grains with the size higher than 1 mm.

The fractions of high angle grain boundaries (HAGBs) with
misorientation of neighbouring grains higher than 15� was deter-
mined by EBSD and are plotted in Fig. 5 as a function of the number
of HPT turns. The fraction of HAGBs significantly increases with
increasing the number of HPT revolutions. This increase is the most
rapid at the periphery subjected to the highest strain while at the
half-radius and in the centre it is more gradual. After sufficient
number of HPT revolutions HAGBs represent the dominating type
of grain boundaries. In the sample deformed by 5 HPT turns the
fraction of HAGBs is approximately 80% at the periphery and the
half-radius.

4.1.1. X-ray diffraction
Fig. 6 shows an example of X-ray diffraction patternmeasured in

the centre of the IF steel sample subjected to 3 HPT revolutions. The
theoretical function obtained by CMWP fitting is plotted in Fig. 6 by
a solid line. The size of the X-ray beam spot on the sample surface
was about 2 � 0.2 mm2. As the longer dimension of the beam spot
(2 mm) was smaller than the radius of the disks (5 mm) only by a
factor of 2.5, the microstructure could not be studied in the region
near the periphery of the samples. Therefore, XLPA measurements



Fig. 6. An example of X-ray diffraction pattern for the IF steel sample deformed by 3
HPT turns. The diffraction pattern was measured in the centre of the sample disk. The
open circles and the solid line represent the measured data and the theoretical curves
obtained by CMWP fitting, respectively. The intensity is plotted in logarithmic scale.
The inset shows a part of the diffractogram in larger magnification. In the inset the
intensity is plotted in linear scale and the difference between the measured and the
fitted patterns is shown at the bottom.

Fig. 8. The mean crystallite size d determined by XLPA (circles) and by PAS (triangles)
in the centre (full symbols) and at the half-radius (open symbols) of the IF steel
samples deformed by various numbers of HPT revolutions.

Fig. 9. The development of the mean dislocation density rD during HPT processing.
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were carried out only in the centre (r ¼ 0) and the half-radius
(r ¼ 2.5 mm) of the disks as shown schematically in Fig. 7.

The development of the mean crystallite size d with increasing
the number of HPT revolutions is plotted in Fig. 8. The mean crys-
tallite size was determined by XLPA in the centre of the sample disk
and at the half radius. One can see in the figure that the mean
crystallite size at the half radius becomes saturated at the value
d z 87 nm already at the beginning of HPT straining. In the centre
d gradually decreases with increasing the number of HPT revolu-
tions and becomes saturated after ~3 HPT revolutions.

The mean dislocation densities rD determined by XLPA in the
centre and at the half-radius of HPT deformed samples are plotted
in Fig. 9. The dislocation density rD was found to strongly increase
with increasing the number of HPT turns. At the half-radius rD
becomes saturated atz 8 � 1014 m�2 already after 1/4 HPT revo-
lution. In the central region the increase of rD is gentler and its
Fig. 7. Schematic depiction of the position of X-ray beam spot on HPT-deformed
sample disk. The X-ray diffraction measurements were performed in the centre of
the sample disk (r ¼ 0) and at the half radius (r ¼ 2.5 mm). The size the beam spot was
2 � 0.2 mm2.

The mean dislocation density was determined by XLPA (circles) and by PAS (triangles)
in the centre (full symbols) and at the half-radius (open symbols) of HPT-deformed
sample disk.
saturation occurs only in samples deformed by more than a single
HPT turn.

The screw/edge character of dislocations was evaluated using
XLPA. The theoretical values of the parameter q for the most
commonpure edge and screw dislocations in bcc structurewith the
Burgers vector 1/2 < 111> and the slip plane {110} are 1.28 and 2.67,
respectively [45]. For a dislocation structure having mixed char-
acter the value of q is between these limiting cases. For the material
which was only pressed without any torsional rotation (N ¼ 0), the
experimental values of q at both the centre and the half-radius
obtained from the CMWP fitting are between 1.8 and 1.9. These
values are close to the arithmetic average of the theoretical values
for pure edge and screw dislocations. Hence, the character of dis-
locations in the sample N ¼ 0 is mixed and the fraction of screw
dislocations is fscrewz 0.6. At the same time, the samples torsioned
by HPT (N > 0) exhibit lower q values between 1.4 and 1.6, indi-
cating that the dislocation structure has rather edge character and
fscrew decreased to z 0.2. The behaviour of the dislocation



Fig. 10. The dislocation arrangement parameter M plotted as a function of the number
of HPT revolutions. The M parameter was determined by XLPA in the centre (full
symbols) and at the half-radius (open symbols) of HPT deformed sample disk.
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arrangement parameter M during HPT processing is shown in
Fig. 10. In the centre M first decreases with increasing the number
of HPT revolutions up to 1 turn, then it gradually increases for 3 and
5 revolutions. The reduction of M indicates that the dislocations
formed during HPT are rearranged into low energy configurations
(e.g. LAGBs or dipoles). When the dislocation density saturates, M
starts to increase again. This can be explained by the easier anni-
hilation of dislocations in dipoles. The newly formed dislocations
replace the annihilated dislocations. Similar trend can be observed
at the half-radius region, but since saturation of dislocation density
occurs earlier the increase of M starts already after 1/4 HPT
revolution.

4.2. Positron annihilation spectroscopy

The LT studies of IF steel specimens deformed by HPT were
performed in the centre of the sample disk (r ¼ 0) and at the half-
radius region (r ¼ 2.5 mm). Fig. 11a shows the lifetimes of the
exponential components resolved in LT spectra as a function of the
Fig. 11. Results of LT investigations of IF steels deformed by HPT: lifetimes of exponential com
revolutions. Data measured in the centre of the sample disk (r ¼ 0) and at the half-radius
number of HPT revolutions. The development of relative intensities
of these components is shown in Fig. 11b. The sample which was
only pressed (N ¼ 0) exhibits two-component LT spectrum. The
shorter component with lifetime t1 can be attributed to free posi-
trons while the longer component with lifetime t2 z 155 ps comes
from positrons trapped at defects. The lifetime t2 falls into the
range reported for positron trapped at dislocations in Fe [46] and
steels [47e49]. It has to be mentioned that the dislocation line itself
represents only a shallow positron trap unable to confine positron
at room temperature. According to generally accepted model pro-
posed by Smedskjaer et al. [50] positron trapping at dislocations is a
two-state process. Once a positron arrives at the core of a disloca-
tion, it diffuses quickly along the dislocation line until it finds a
vacancy attached to the dislocation or a jog at the dislocationwhere
it is finally trapped and annihilated [50e52]. A vacancy is attracted
to the compressed region around dislocation line and is squeezed
by the compressive elastic field produced by the dislocation. As a
consequence, the lifetimes of positrons trapped at dislocations are
usually slightly shorter than those for isolated vacancies. Since
atomic relaxations around edge and screw dislocation differ the
positron lifetimes for edge and screw dislocations differ as well.
Detailed LT investigations of deformed Fe performed by Park et al.
[46] revealed that the lifetime of positrons trapped at screw dis-
locations is tscrew ¼ 142 ps, while that for edge dislocations is
tedge ¼ 165 ps. Hence, the lifetime t2 z 155 ps measured here for
HPT deformed IF steels can be attributed to positrons trapped at a
mixture of screw and edge dislocations. The fraction of screw dis-
locations fscrew can be estimated from the lifetime t2 using the
relation

fscrewz
tedge � t2

tedge � tscrew
: (2)

Using Eq. (2) one can estimate the fraction of screw dislocations
fscrew z 0.4, i.e. dislocations in HPT-deformed IF steels have mainly
edge character. Note, that similar result was obtained by XLPA in-
vestigations. During HPT straining the lifetime t2 remains approx-
imately constant which testifies that dislocation character remains
approximately the same.

The LT spectra of samples strained by HPT (N > 0) contain an
additional long-lived component with lifetime t3 gradually
increasing with the number of HPT turns from z340 to z 380 ps.
These lifetime values correspond to larger point defects, namely
ponents (a) and their relative intensities (b) plotted as a function of the number of HPT
(r ¼ 2.5 mm) are plotted by full and open symbols, respectively.



Fig. 12. Calculated lifetimes of positrons trapped in vacancy clusters of various sizes in
bcc Fe lattice.
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vacancy clusters formed by agglomeration of deformation-induced
vacancies [28]. Since vacancies in Fe are mobile at room tempera-
ture [53], vacancies introduced by SPD either disappear by diffusion
to sinks at grain boundaries or are bound to dislocations or
agglomerate with other vacancies forming vacancy clusters which
are more stable and survive in the sample at room temperature.
Agglomeration of deformation-induced vacancies into clusters is
supported by the fact that during movement of jogs at screw dis-
locations or climbing of edge dislocations vacancies are introduced
in chains and thereby can merge together relatively easily.

It should be mentioned that in addition to vacancies interstitials
were most probably also formed by stress-induced motion of jogs
at screw dislocations and climbing of edge dislocations despite the
fact that the formation energy of an interstitial in bcc Fe lattice is
about four times higher than that for a vacancy [54]. Deformation-
induced interstitials may also agglomerate and form interstitial
clusters or interstitial loops. However these interstitial defects are
not detectable by positron annihilation spectroscopy since they
contain no free volume and repel positrons.

Ab-initio theoretical modelling was employed to determine the
average size of vacancy clusters in HPT deformed IF steels. Fig. 12
shows the calculated lifetimes for positrons trapped at vacancy
clusters of various sizes in bcc Fe lattice, i.e. vacancy clusters con-
sisting of various numbers of vacancies. For small vacancy clusters
the lifetime of trapped positrons strongly increases with increasing
the cluster size while for larger clusters the lifetime gradually sat-
urates. From comparison of the experimental lifetime t3 with
theoretical calculations one can conclude that the vacancy clusters
in IF steel deformed by 1/4 HPT turn consist on average of 9 va-
cancies. With increasing the number of HPT revolutions the average
size of vacancy clusters grows up to 14 vacancies.

From inspection of Fig. 11b it becomes clear that the intensity I3
of the vacancy cluster component gradually increases at the
expense of the intensity I1 of the free positron component testifying
the rising concentration of vacancy clusters. The increase of the
concentration of vacancy clusters at the half-radius region is faster
than in the centre region due to higher strain. The density of dis-
locations increases as well, mainly in the beginning of HPT straining
leading to an increase of the intensity I2. When the density of de-
fects becomes so high that practically all positrons are annihilated
from a trapped state (so called saturated trapping), the free posi-
tron component cannot be resolved in LT spectrum anymore, i.e.
I1 ¼ 0. One can see in Fig. 11b that it happened at the half-radius
region after a single HPT revolution while in the centre the in-
crease of defect density is slower and the saturated trapping
occurred after 3 HPT turns.

The mean crystallite size d and the mean dislocation density rD
were determined from LT data using DTM and are plotted as a
function of the number of HPT turns in Figs. 8 and 9, respectively.
One can see in the figures that both d and rD determined by PAS are
in a very good agreement with the values obtained by XLPA. Note
that DTM can be applied for the determination of d and rD only
when the free positron component was resolved in LT spectrum, i.e.
only when saturated positron trapping did not occur.

Results of DB mapping are presented in Fig. 13. The de-
pendencies of the S-parameter on the radial distance r from the
centre of the samples subjected to various numbers of HPT revo-
lutions are plotted in Fig. 13a. The S-parameter values strongly in-
crease with increasing strain and saturate after a single HPT
revolution. In the samples deformed by 1/4, 1/2 and 1 HPT turn one
can see a gradual increase of S from the centre towards periphery of
the sample disk. The development of the S-parameter in the centre,
at the half-radius and at the periphery is plotted in Fig.13b. A strong
increase of S at the beginning of HPT straining followed by satu-
ration after a single HPT revolution is clearly seen in this figure. The
S-parameter values in the centre are slightly lower than those at the
half-radius and the latter values are lower than S values at the
periphery except that of the sample deformed by 5 HPT revolutions,
where the S parameter becomes practically uniform across the
whole sample. This behaviour of the S-parameter is in accordance
with the results of LT studies.

4.3. Microhardness

The homogeneity of UFG structure was also studied by HV
testing. Fig. 14 shows colour coded maps of HV distributions across
the IF steel sample disk subjected to various number of HPT revo-
lutions. One can see in the figure that HV distribution has axial
symmetry with respect to the centre of the sample disk. The radial
dependence of HV was constructed for each sample by averaging
the HV valuesmeasured at the same distance from the centre and is
plotted in Fig. 15. The sample N ¼ 0 exhibits almost uniform dis-
tribution of HV across thewhole sample disk. HV is slightly lowered
in the centre and an apparent increase of HV was observed at the
edge due to out-flow of material pressed between the anvils in the
semi-constrained design. This hardness variation along the disk
radius is in agreement with recent finite element modelling cal-
culations [55]. HPT straining (N > 0) leads to a remarkable hard-
ening reflected by an increase of HV values, see Fig. 14bef. The
increase of HV is most pronounced at the periphery where HV is
almost saturated already after a single HPT revolution, see Fig. 15. In
the regions closer to the centre of the sample, HV increases more
gradually. This is obviously due to a non-uniform strain increase
from the centre of the sample towards the periphery according to
Eq. (1). As a consequence the HV profiles across the samples
deformed by 1/4, 1/2 and 1 HPT revolutions become strongly non-
uniform, see Fig. 14b,c,d and Fig. 15. In samples deformed by more
than 1 HPT revolution HV becomes saturated not only at the pe-
riphery but also at smaller distances from the centre, i.e. the region
of saturated HV gradually extends from the periphery towards the
centre, see Figs. 14e,f and 15. The centre of the sample disk, how-
ever, exhibits remarkably lower HV even after 5 HPT revolutions,
see Figs. 14f and 15.

5. Discussion

The development of the mean grain size D determined from
EBSD experiments with increasing equivalent strain calculated



Fig. 13. Results of DB mapping of IF steels deformed by HPT: the dependence of the S-parameter on the radial distance r from the centre of the sample disk (a); the development of
the S-parameter in the centre, at the half radius and at the periphery with increasing number of HPT revolutions (b). Note that S values at the half radius (r ¼ 2.5 mm) were
calculated as the arithmetic average of the S parameters measured at the radial distances r ¼ 2 and 3 mm.

Fig. 14. Colour coded HV maps of IF steel disks subjected to various number of HPT revolutions. The sample N ¼ 0 was only pressed between the anvils of the HPT machine without
any rotation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Dependences of HV on the radial distance r from the centre of sample disks
deformed by HPT using various numbers of turns.

Fig. 17. The mean crystallite size d in the centre (full symbols) and at the half-radius
(open symbols) of the sample disk determined by XLPA (circles) and PAS (triangles)
plotted as a function of the equivalent strain.
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from Eq. (1) is plotted in Fig. 16. From inspection of Fig. 16 it be-
comes clear that the mean grain size decreases approximately
linearly with logarithm of the equivalent strain and becomes
saturated atDz 0.58 mm in the samples subjected to the equivalent
strain eequiv> 15. Hence, the dependence of the mean grain size D
on the equivalent strain eequiv can be expressed as

D½m m� ¼
�
aD � bD log eequiv for eequiv � 15

0:58 for eequiv >15 : (3)

The coefficients aD¼ (4.1 ± 0.2) mm and bD¼ (2.98 ± 0.08) mm
were obtained by linear regression of the data in Fig. 16.

Themean size of dislocation cells d determined by XLPA and PAS
is plotted in Fig. 17 as a function of the equivalent strain eequiv. The
figure includes data for all regions where both the cell size d and the
dislocation density rD were determined by PAS or XLPA, i.e. in the
centre and at the half-radius regions of the samples subjected to
various number of HPT revolutions. Note that for eequiv> 10 satu-
rated positron trapping at defects takes place and d cannot be
determined by PAS anymore. From the inspection of Fig. 17 it be-
comes clear that there is an excellent agreement between the
d values determined by PAS and XLPA. The mean crystallite size
d decreases with increasing strain and becomes saturated at
d z 87 nm for eequiv> 10.
Fig. 16. The mean grain size determined by EBSD in the centre, at the half-radius and
at the periphery of the sample disk plotted as a function of the equivalent strain.
Fig. 18 shows the mean dislocation density rD plotted as a
function of the equivalent strain eequiv. There is again an excellent
agreement between the rD values determined by PAS and XLPA.
One can see in the figure that rD first increases with eequiv and be-
comes saturated at rD z 8 � 1014 m�2 for eequiv� 3. The depen-
dence of rD on the equivalent strain can be well described by a
function exponentially rising to saturation
Fig. 18. The mean dislocation density rD in the centre (full symbols) and at the half-
radius (open symbols) of the sample disk determined by XLPA (circles) and PAS (tri-
angles) plotted as a function of the equivalent strain.



Fig. 19. The development of microhardness with increasing equivalent strain. The
equivalent strains where saturation of the dislocation density and the grain size occur
are indicated by arrows.
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rD ¼ ar
�
1� exp

�� breequiv
��
; (4)

which is plotted in Fig. 18 by a solid line. The coefficients ar ¼
(8.0 ± 0.4)� 1014 m�2 and br ¼ (1.5 ± 0.2) led to the best agreement
of Eq. (4) with the experimental data.

Overviewing the evolution of the different microstructure fea-
tures, it can be concluded that first the dislocation density saturates
(eequiv z 3), then the dislocation cell size reaches its minimum
value (eequiv z 10), finally the grain size gets saturated (eequiv z 15)
with increasing the equivalent strain.

In Fe bcc lattice screw dislocation core is dissociated into a non-
planar configuration [56]. This makes annihilation of screw dislo-
cations more difficult than edge ones and dislocations remaining in
deformed ferritic steels have usually more screw character [14,57].
In contrast here both XLPA and PAS investigations consistently
showed that dislocations in HPT deformed samples have mainly
edge character. This might be caused by a high hydrostatic pressure
during HPT processing which considerably retards the migration of
vacancies representing the basic mechanism of climb of edge
dislocations.

High pressure-induced slow down diffusion and consequently
suppressed recovery of dislocations was firstly suggested by Valiev
et al. [58] based on his study of the microstructure development of
HPT deformed Armco Fe. Further this effect was analyzed in more
detail by Zehetbauer et al. [59]. Vacancy migration is connected to
local changing of volume via continuous mass transfer. Under
certain hydrostatic pressure p this requires extra work pU, where U

is the vacancy migration volume [59e61]. As a consequence the
effective vacancy migration enthalpy increases as
Hm(p)¼ Hm(p¼ 0)þ pU. The pressure-induced enhancement in the
vacancy migration enthalpy leads to reduced vacancy migration
under high hydrostatic pressure as it was shown by Schafler et al.
[60]. Moreover, suppressed migration of vacancies under high
pressure hinders annihilation of edge dislocations via climbing
[59,60]. This effect has been confirmed experimentally in HPT
deformed Cu [60] and Ni [61].

Hence due to suppressed migration of vacancies during HPT
processing, the annihilation of edge dislocations became more
difficult than the annihilation of screw ones, and consequently the
dislocation structure in HPT deformed IF steels obtains rather edge
character. The inhibiting effect of the high hydrostatic pressure on
themobility of vacancies can also be supported by the fact that high
concentrations of vacancies were found by PAS in HPT deformed
samples. The mobility of vacancies is suppressed due to high hy-
drostatic pressure and their number which can disappear by
diffusion to sinks is significantly reduced. As a consequence, a
considerable fraction of vacancies remains in the sample agglom-
erated in small vacancy clusters.

It has to be noted that a high hydrostatic pressure not only
suppresses the mobility of vacancies but also increases the vacancy
formation enthalpy [62] since excess volume of vacancies must be
created against the hydrostatic pressure. Ab-initio theoretical cal-
culations for bcc tantalum [63] revealed that the relative increase of
the vacancy formation enthalpy in the pressure range 0e50 GPa is
~1% per GPa. Hence, one can estimate that for the pressure of
2.5 GPa used in the present HPT processing of IF-steels the relative
increase of the vacancy formation enthalpy is around 3%. Such in-
crease of the vacancy formation enthalpy leads to a considerable
reduction of the equilibrium concentration of vacancies. For
example under assumption that the vacancy formation enthalpy in
Fe is z 1.4 eV [64] at the atmospheric pressure, the room tem-
perature equilibrium concentration of vacancies in Fe subjected to a
hydrostatic pressure of 2.5 GPa would be reduced roughly to one
fifth of its atmospheric pressure value. However, it has to be
emphasized that vacancies introduced by HPT are non-equilibrium
vacancies and their concentration exceeds the equilibrium con-
centration of vacancies at room temperature by many orders of
magnitude [16,18,59,61]. Note that a high concentration of
deformation-induced vacancies in a concentration on the order of
10�3 has been recently reported for HPT deformed nanocrystalline
steel obtained by mechanical alloying of iron and graphite [65].

Hence, vacancy formation at high pressures requiresmorework.
This extra work is supplied by the external forces applied in HPT
plastic deformation. Indeed, in-situ stress measurements per-
formed during HPT deformation of Cu and Ni [59e61] revealed that
the flow stress measured under high hydrostatic pressure is
significantly higher than that in the unloaded sample after defor-
mation. The flow stress increases approximately linearly with hy-
drostatic pressure and its relative increment was found to bez 0.8
andz 1.5 per GPa for Cu and Ni, respectively [59]. Zehetbauer et al.
[59] developed a model which explains the pressure-induced in-
crease of the flow stress by three contributions: (i) increase of shear
modulus, (ii) excess work required for creation of excess volume
defects (e.g. vacancies) and (iii) permanent change in the micro-
structure. The results of modelling are in very good agreement with
experimental data [59]. Hence, the pressure-induced increase of
the vacancy formation enthalpy is one contribution leading to an
increase of the flow stress during HPT deformation which was
observed experimentally in former works [59e61].

Despite the fact that vacancy formation enthalpy is increased,
forces applied during HPT deformation provide the extra work
required for the formation of excess volume of vacancies. As a
consequence, HPT does not yield a reduction of vacancy concen-
tration despite the fact that vacancy formation enthalpy increased
rather the impeded migration to sinks results in increased excess
vacancy concentration in HPT-deformed materials.

Fig. 19 shows the dependence of HV on the equivalent strain.
The HV values for all HPT deformed samples fall on a common
‘master curve’ describing the dependence of HV on the equivalent
strain. From the inspection of Fig. 19 it becomes clear that HV
rapidly increases with the equivalent strain up to eequivz 20. For
higher equivalent strains the increase of HV becomes significantly
less pronounced. Note that even HV values in Fig. 19 corresponding
to the centres of the sample disks exhibit some increase with
increasing number of HPT revolutions. This is mainly due to
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difficulty to locate exactly the centre of the sample, i.e. the HV
punctures for the ‘centre’ were likely made in close vicinity of the
centre but not exactly in the centre which is the only point where
eequiv ¼ 0. In addition, dislocations formed in the vicinity of the
centre (where eequiv s 0) result in stresses in the centre even if
eequiv ¼ 0, which yields plastic deformation leading to strain
hardening.

The yield strength swas estimated from the HV values using the
well known relation sz HV/3 and is plotted in Fig. 20 as a function
of the equivalent strain. In general the strength of ferritic steels can
be influenced by a number of strengthening mechanisms [66],
namely: (i) solid solution strengthening, (ii) precipitation
strengthening, (iii) dislocation strengthening and (iv) grain size
strengthening. Since the composition of IF steels studied here is
fixed and also the phase composition remains unchanged during
HPT straining, the strength increase of UFG IF steels is caused
predominantly by the dislocation and the grain size strengthening.
The strength increment caused by dislocations (work hardening) is
proportional to the square root of dislocation density [67]. The
strength increment due to grain refinement is described by thewell
known Hall-Petch equation which states that yield strength is
proportional to the inverse of the square root of the mean grain size
[68]. Assuming a linear addition rule for the different hardening
contributions, the yield strength of the UFG IF steels prepared by
HPT straining can be expressed as follows

s ¼ s0 þMTaGb
ffiffiffiffiffiffi
rD

p þ k
. ffiffiffiffi

D
p

; (5)

where s0 is the yield strength of the virgin sample prior to HPT
straining, MT is the Taylor factor [69], a is a parameter which de-
scribes the strength of dislocationedislocation interaction [70], G is
the shear modulus, b is the length of the Burgers vector and k is the
Hall-Petch coefficient describing the strength of the grain boundary
resistance [68]. The development of D and rD with increasing strain
is described by Eqs. (3) and (4), respectively. Hence, by inserting
Eqs. (3) and (4) into Eq. (5), one obtains the dependence of s on the
equivalent strain eequiv. This dependence was fitted to the experi-
mental points of Fig. 20 using the coefficients s0, MTaGb and k as
fitting parameters. The model function calculated by Eq. (5) is
plotted in Fig. 20 by a thick solid line. One can see in the figure that
Fig. 20. The yield strength s for the HPT deformed IF steel samples plotted as a
function of the equivalent strain. The thick black solid line shows the model function
calculated by Eq. (5) assuming dislocation and grain size strengthening. The contri-
butions of dislocation and grain size strengthening are plotted by thin blue solid line
and dashed green line, respectively.
the model function is in good agreement with experimental points
up to eequivz 15. The separate contributions of dislocation and
grain size strengthening are plotted in Fig. 20 by thin solid and
dashed line, respectively. The coefficients s0¼ (120 ± 30) MPa,
MTaGb¼ (120 ± 30) � 10�7 MPa m and k¼ (530 ± 10) MPa mm1/2

were obtained from fitting. Using the Burgers vector b ¼ a/2 〈111〉
z 2.5 Å, the shear modulus of ferritic steel G z 80 GPa [71] and
assuming a random texture characterized by the average Taylor
factor MT z 3 [69], one obtains the product
MTGb ¼ 600 � 10�7 MPa m. Comparing it with the coefficient
MTaGb obtained from fitting yields the parameter a¼ (0.20 ± 0.05).
This value falls into the range 0.1e0.3 reported for steels in Ref. [72].
The Hall-Petch coefficient k obtained from fitting is in a reasonable
agreement with the value k ¼ 551 MPa mm1/2 determined for
ferritic steel by Morrison [73].

The dislocation strengthening saturates at eequivz 3 due to
saturation of the density of dislocations, c.f. Fig. 18. The grain size
strengthening becomes saturated at eequivz 15 when the grain size
saturates, c.f. Fig. 16. Interestingly, there is an additional, even
though, relatively small strengthening effect even at eequiv> 15
when both the dislocation density and the grain size are already
saturated, see Fig. 20. We propose that this additional strength-
ening is caused by increasing the volume fraction of HAGBs. The
development of the fraction of HAGBs with increasing equivalent
strain is presented in Fig. 21. One can see in the figure that the
fraction of HAGBs increases approximately linearly with the loga-
rithm of the equivalent strain and does not saturate even for
eequivz 100. According to the classical pile-up model [74], the Hall-
Petch coefficient k can be expressed as

kzMT

�
2Gbtcrit

xp

	1=2

; (6)

where x is a geometric factor of order unity and tcrit is the critical
shear stress necessary for the transmission of slip across a grain
boundary. The Burgers vector b and the shear modulus G are fixed
and the Taylor factor MT remains also approximately unchanged
since there is no significant development of texture during HPT
processing. However, the critical shear stress is affected by the
nature of grain boundaries. Hence, increasing misorientation of
{110} planes, which are the primary slip planes in ferritic steels, is
expected to increase the critical shear stress tcrit and consequently
Fig. 21. The development of the fraction of HAGBs at the centre, half-radius, and pe-
riphery of the sample disk determined by EBSD as a function of the equivalent strain.
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also the Hall-Petch coefficient k. Thus, it is likely that increasing
volume fraction of HAGBs in IF steels deformed by HPT leads to an
additional strengthening because of gradual increase of the Hall-
Petch coefficient.

6. Conclusions

The UFG microstructure in IF steels deformed by HPT was
characterized by PAS combined with XLPA and electron micro-
scopy. Results of these investigations can be summarized as
follows:

(i) Equiaxed ultra-fine grains are formed in specimens
deformed by HPT. Since in torsion deformation the strain
increases with the radial distance from the centre of the
sample disk towards its periphery the grain refinement at
the periphery is faster than in the centre. The grain refine-
ment was saturated at the mean grain size of ~580 nm in the
sample deformed up to the equivalent strain eequivz 15. The
refined grains consist of smaller sub-grains (dislocation cells)
separated by dislocation walls.

(ii) The results obtained by XLPA and PAS are mutually consis-
tent. There is an excellent agreement between the mean cell
size and themean dislocation density determined by PAS and
XLPA for HPT deformed steels. Hence the combination of PAS
and XLPA is beneficial for characterization of UFG micro-
structure. Both these techniques are capable of determina-
tion of the mean size of dislocation cells, the edge/screw
character of dislocations and themean dislocation density. In
addition PAS is sensitive also to vacancy-like defects.

(iii) The density of dislocations strongly increases during HPT
processing and becomes saturated at the equivalent strain
eequiv z 3. Moreover, non-equilibrium vacancies were
created by severe plastic deformation. The high hydrostatic
pressure used in HPT processing retarded considerably the
vacancy migration and suppressed the recovery of vacancies
by diffusion into sinks at grain boundaries. As a consequence
considerable fraction of deformation-induced vacancies
agglomerated into small clusters consisting of 9e14 va-
cancies as identified by PAS.

(iv) The strength of IF steels deformed by HPT increases due to
dislocation strengthening and also due to grain size
strengthening. The dislocation and grain size strengthening
is saturated at eequivz 3 and 15, respectively. Further
straining leads to an additional moderate strengthening due
to increasing fraction of HAGBs leading to a higher Hall-Petch
coefficient.
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