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a b s t r a c t

A commercial MgAlZn alloy (AZ31) was processed by high pressure torsion (HPT) at room temperature,
resulting in an extreme microstructure refinement down to the grain size of 150–250 nm. The microstructure
evolution during HPT was investigated by transmission electron microscopy and X-ray diffraction line profile
analysis. The microhardness was measured as a function of the distance from the center of the disk and the
number of HPT revolutions. The detailed analysis of dislocation contrast factors in X-ray diffraction line profiles
enables to determine the population of the different slip systems as a function of the imposed strain. The
influence of microstructure and defect structure evolution on microhardness is discussed in detail.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium-based alloys are very light constructional materi-
als, but they have a few limitations such as low ductility, poor
creep and corrosion resistance. However, mechanical and some
other important properties determining the application of Mg
alloys may be improved by refining the grain size to submicrom-
eter or even nanometer level. A variety of special techniques can
be used for the production of bulk ultrafine-grained (UFG) materi-
als, e.g. equal channel angular pressing (ECAP) [1], high pressure
torsion (HPT) [2], accumulative roll-bonding (ARB) [3], twist
extrusion [4], multi-directional forging [5], etc. Among these
techniques, which introduce the severe plastic deformation
(SPD) in the material, the HPT is a very efficient method of grain
refinement for many metals and alloys [6]. HPT was also success-
fully applied for producing consolidated materials from metal
powders [7]. One significant advantage of the HPT method in the
processing of magnesium alloys is that the grain refinement can be
achieved at room temperature, since the high pressure inhibits the
early failure of specimen [8]. It has also been shown that the
evolution of microstructure and hardness in magnesium alloys
during HPT can be tailored by varying the homologous tempera-
ture of processing and the alloying element content [9–12].

Due to an inhomogeneous strain introduced into the specimen by
torsional straining in HPT an inhomogeneous microstructural refine-
ment occurs. As a consequence the average grain size and mechanical
properties vary along the radius of the disks. It was shown that the
inhomogeneity of microstructure is reduced by increasing number of
rotations [13]. After approximately 5 or muchmore rotations (depend-
ing strongly on material) almost homogeneous microhardness dis-
tribution was observed by several authors [8,13,14].

It is well known that severe plastic deformation introduces a
high density of dislocations and other lattice defects to the material.
Dislocation structure and its evolution with strain influence the
mechanical properties, microstructure refinement and grain frag-
mentation. It is therefore important to determine the variations of
dislocation density and other lattice defects occurring during
processing of the material by the SPD techniques and relate them
with concurrent changes in the microstructure. The objective of this
paper is to investigate the defect structure evolution in the AZ31
magnesium alloy after various strengthening levels caused by HPT
and to correlate it to the microstructure and hardness evolution.

2. Experimental material and procedures

2.1. Material preparation

A commercial AZ31 alloy with a nominal composition of Mg–3%
Al–1%Zn in the initial as cast state was used in this investigation.
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Prior to HPT, the alloy was homogenized at 390 1C for 12 h. After
homogenization the disk specimens with a diameter of 19 mm and
thickness of 1–2 mm were cut from the billet. These specimens
were processed by quasi-constrained HPT [15,16] at room tem-
perature for 1

4 ,
1
2 , 1, 3, 5 and 15 rotations. One more set of

the samples was only pressed in the HPT device (marked N¼0).
The pressure of 2.5 GPa was applied and the anvil rotated with the
speed of 0.1 rad/s. In order to facilitate the comparison between
the microstructure evolution in the different locations of the
specimens, the equivalent strain in the center, half-radius and
periphery is given as a function of HPT turns in Fig. 1. The strain
was calculated using finite element modeling and taking into
account the shear strain, the compression and the outflow of the
material (which results in thickness reduction). The details of this
calculation can be found in Ref. [14].

2.2. Microhardness measurements

Vickers microhardness HV0.1 (with the applied load of 0.1 kg
and holding time of 10 s) was measured on a semi-automatic
Wolpert tester allowing automatic indentation. The regular square
network of indents with the step of 0.5 mm was performed in one
quarter of each specimen after HPT. In order to find the exact
center of the specimen two additional lines of indents on the other
half of the specimen were also done. Using this procedure the center
of each specimen was found with the accuracy of 7 0.25 mm
(assuming that the center has the minimum hardness). Data for the
whole specimen were constructed from measured values symme-
trically with respect to the center (data at the same distance from the
center). The hardness values were measured twice and the average
values were calculated. However, such “completed data” are not
suitable for 3D-depicting. A smoothing procedure was applied to
remove each wrongly indented or evaluated datum (a detailed
description can be found in our previous paper [17]).

2.3. Microstructure investigation by electron microscopy

The microstructure evolution during HPT was investigated
using a transmission electron microscope (TEM) Jeol 2000FX
operated at 200 kV. Electron backscatter diffraction (EBSD) was
performed with a FEI Quanta 200 FX scanning electron microscope
equipped with EDAX EBSD camera and OIM software. All speci-
mens for microstructure investigations were ground, mechanically
polished and finally gently thinned by argon ions using Gatan PIPS
ion mill at 4 kV.

2.4. Microstructure investigation by X-ray diffraction line profile
analysis

The microstructure of the HPT-processed AZ31 samples was
also studied by X-ray line profile analysis (XLPA). The X-ray line
profiles were measured by a high-resolution diffractometer with
CuKα1 radiation (wavelength: λ¼0.15406 nm). The size of the
X-ray beam spot on the sample surface was about 2�0.2 mm2,
where the longer dimension of the rectangular spot was set to be
perpendicular to the disk diameter. XLPA measurements were
carried out near the center and at the periphery of the disks. Due
to the 2 mm high beam spot the parameters obtained at the center
characterize an averaged microstructure between the center and
10% of the disk radius. The line profiles were evaluated by the
Convolutional Multiple Whole Profile (CMWP) fitting method [18].
In this procedure, the diffraction pattern is fitted by the sum of a
background spline and the convolution of the instrumental pat-
tern and the theoretical line profiles related to the crystallite size
and dislocations. The theoretical profile functions used in this
fitting procedure are calculated on the basis of a model of the
microstructure, where the crystallites have a spherical shape and
log-normal size distribution. As an example, the fitting for the near
center of the disk processed by 1

2 HPT turn is shown in Fig. 2. The
open circles and the solid line represent the measured data and
the fitted curve, respectively.

The area-weighted mean crystallite size (〈x〉area), the dislocation
density (ρ), the dislocation arrangement parameter (M), and
parameters q1 and q2 depending on the population of the different
slip systems were determined by the line profile analysis. The
area-weighted mean crystallite size was calculated from the
median and the variance, m and σ, of the log-normal size
distribution as 〈x〉area¼m exp(2.5σ2) [18]. The relative fractions of
different dislocation slip systems were determined by comparing
the theoretical dislocation contrast factors with the experimental
values using the procedure described in [19].

In hexagonal materials there are 11 dislocation slip systems
[20]. The dislocation contrast factor Chkl characterizes the effect of
a dislocation type on the broadening of X-ray peak with the
indices hkl. For hexagonal polycrystalline materials the average
contrast factors Chkl can be written in the following form [21]:

Chkl ¼ Chk0 1þq1zþq2z
2� �
; ð1Þ

where q1 and q2 are two parameters depending on the anisotropic
elastic constants of the crystal and the type of dislocation slip
system. z¼(2/3)(l/ga)2, where a is the lattice constant in the basal

Fig. 1. The equivalent strain in the center, half-radius and periphery as a function of
HPT turns.

Fig. 2. The CMWP fitting for the near center of the disk processed by 1
2 HPT turn.

The open circles and the solid line represent the measured data and the fitted
curve, respectively. The intensity is plotted in logarithmic scale. The inset shows a
part of the diffractogram with a 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.
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plane and g is the magnitude of the diffraction vector. Chk0 is the
average dislocation contrast factor for reflections hk0. The theore-
tical values of Chk0, q1 and q2 for the 11 possible slip systems in the
most common hexagonal materials have been calculated accord-
ing to [22] and are listed in [21]. Each of the 11 slip systems has
different theoretical values of Chk0, q1 and q2 parameters, therefore
the evaluation of the experimental values of q1 and q2 enables the
determination of the prevailing dislocation slip systems in the
specimen. The 11 dislocation slip systems can be classified into
three groups based on their Burgers vectors: b1 ¼ 1

3 〈2110i (〈a〉
type), b2 ¼ 0001h i (〈c〉 type) and b3 ¼ 1

3 〈2113i (〈cþa〉 type). There
are 4, 2 and 5 slip systems in the 〈a〉, 〈c〉 and 〈cþa〉 Burgers vector
groups, respectively. A computer program was elaborated in order
to determine the distribution of dislocations among the different
slip systems from the measured values of qm1 and qm2 [20]. In this
procedure those dislocation populations are determined which
yield the same hkl dependence of line broadening as obtained
from the experiment. In the case of dislocations the mean-square-
strain, which determines the peak breadth, can be expressed as
[23]:

ε2g;L
D E

ffiρChklb
2

4π
f η
� �

; ð2Þ

where

η¼ 1
2
exp �1

4

� �
L
Rn

e
; ð3Þ

and ρ, b and Rn

e are the density, the modulus of Burgers vector and
the effective outer cut-off radius of dislocations, respectively. The
function f(η) is referred to as Wilkens function and given in [23].
Eq. (2) shows that the variation of line broadening with the
orientation of diffraction vector is determined by Chkl. Setting
the experimental value of Chklb

2 equal to the theoretical value
calculated by averaging for the 11 slip systems, the following
equation is obtained:

C
m
hk0 1þqm1 zþqm2 z

2� �
b2m ¼ ∑

11

i ¼ 1
f iC

i
hk0 1þqi1zþqi2z

2
� �

b2i ; ð4Þ

where letter “m” indicates the values obtained from the measured
profile, “i” denotes the theoretical values calculated for the ith slip
system and fi is the fraction of dislocations in the ith slip system.
The polynomials in the two sides of Eq. (4) give the same values, if
the coefficients of the terms with the same degrees are equal. This
condition yields the following equations:

qm1 ¼∑11
i ¼ 1f iC

i
hk0b

2
i q

i
1

∑11
i ¼ 1f iC

i
hk0b

2
i

; qm2 ¼∑11
i ¼ 1f iC

i
hk0b

2
i q

i
2

∑11
i ¼ 1f iC

i
hk0b

2
i

; ∑
11

i ¼ 1
f i ¼ 1: ð5Þ

There is no equation for C
m
hk0 since it is not an independent

parameter in the evaluation of line profiles as C
m
hk0 is multiplied by

the dislocation density in Eq. (2). The 11 values of fi cannot be
determined from the three formulas in Eq. (5), therefore additional
restrictions are made for fi. It is assumed that in each Burgers
vector group the non-zero fractions are equal. This assumption
reduces the number of variables to three, which are denoted by fa,
fc and fcþa. The computer program written for the evaluation of
Burgers vector population in hexagonal materials (referred to as
Hexburger [20]) first selects some slip systems from 〈a〉 dislocation
group and for these slip systems the weights are fa. For other slip
systems in this group the weights are zero. This procedure is also
carried out for 〈c〉 and 〈cþa〉 Burgers vector groups where the non-
zero weights are fc and fcþa, respectively. Inserting the theoretical

values of C
i
hk0, bi, q

i
1 and qi2 into Eq. (5), the values of fa, fc and fcþa

are determined. If these fractions have positive values the program
stores them as one of the possible solutions. The number of the

possible selections from the dislocation slip systems equals (24�1)
(22�1)(25�1)¼1395. Finally, the positive solutions for the
weights can be averaged for each slip system, leading to the
fractions of the 11 dislocation types. The fractions of the three
Burgers vector groups, ha, hc and hcþa, are obtained by the
summation of the fractions of the related slip systems. It should
be noted that the Hexburger software gives directly the solutions
for ha, hc and hcþa in a file for each selection of slip systems. Then,
fa, fc and fcþa can be determined by dividing ha, hc and hcþa with
the number of slip systems with non-zero weights in 〈a〉, 〈c〉 and
〈cþa〉 Burgers vector groups, respectively. In practice, the line

profile evaluation directly yields ρb2C
m
hk0, q

m
1 and qm2 . In the CMWP

fitting procedure a preliminary value for b2C
m
hk0 is assumed and the

evaluation gives a first approximation for ρ, since its value

depends on ρb2C
m
hk0. Then, the Burgers vector population should

be determined by the above described method. Using the fractions

of 11 slip systems as weights, the real average value of ρb2C
m
hk0 can

be determined. Finally, this parameter is used for obtaining the
exact value of the dislocation density. It is noted that dislocations
with large Burgers vectors (〈c〉 and 〈cþa〉 dislocations) are difficult
to form due to their high energies. However, these dislocations
should be incorporated into the Burgers vector population analysis
as besides twinning only 〈c〉 and 〈cþa〉 dislocations can result in
plastic strain in the crystallographic c-direction in the grains of
hexagonal polycrystalline materials. It should also be noted that
for Mg the contrast factors of prismatic edge (PrE) and pyramidal
edge (PyE) dislocations in the 〈a〉-type slip system family are close
to each other [19]. Therefore, it is difficult to distinguish between
them and usually they receive nearly equal populations in the
analysis.

3. Results and discussion

3.1. Microhardness

Microhardness variations across the surface of individual speci-
mens after different number of HPT turns are shown in Fig. 3. These
3D plots show clearly that HPT straining introduces an inhomo-
geneity in the material which is manifested by the minimum value
of the hardness in the near center and much higher microhardness
values in the specimen periphery. Fig. 4 shows the average micro-
hardness as a function of the distance from the center. This
inhomogeneous microhardness distribution is formed already in
the specimen after 1/4 HPT turn where the central region exhibits
the average value of HvE80–85 while near the periphery the Hv
varies between 110 and 115. Note, that HPT straining is very efficient
in material strengthening, as already after N¼1/4 the microhard-
ness increased by �25 MPa and �50 MPa in the near center and
the periphery of the specimen, respectively, as compared to the
material which was only pressed in the HPT anvil (N¼0), cf. Fig. 3a
and b. For N¼0 the hardness in the near center was 60 and
increased to 85 in the periphery. The enhanced microhardness
observed in peripheral regions of this specimen is caused by the
material outflow due to pressing and the consequent strengthening
[2]. With the increasing number of HPT turns the microhardness is
continuously smoothed and in the specimen after 15 turns (N¼15)
almost homogenous distribution of microhardness was measured.
The detailed inspection of 3D plots in Fig. 3 reveals the undulating
character of microhardness variations and the development of
deformation in the material which is consistent with the model of
strain gradient plasticity [24]. For low stacking fault energy materi-
als such as AZ31 alloys (γ¼27.8 mJ/m2 in the basal plane [25]) this
model predicts a two-stage development of microhardness under-
going inhomogeneous straining. Initially, in early stages of HPT
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straining, the microhardness distribution is characterized by low
values in the near center and much higher values in regions close to
the periphery. With increasing strain introduced to the material by
HPT processing the microhardness tends to saturate by continuous
extending of the region of high microhardness from the specimen
periphery towards its center.

3.2. Microstructure observations by electron microscopy

Due to the inhomogeneous character of the strain imposed in
HPT-processing, the microstructure evolution was investigated by
TEM in both near center and periphery. It should be noted that the
position of the microstructures in the center has an uncertainty of
about 70.25 mm. The TEM micrographs in Fig. 5 show the micro-
structure in the near center of HPT specimens. In Fig. 5a the
microstructure of the specimen after 1 turn is shown. It is seen that
the grain fragmentation has already started. The microstructure
consists of bands of elongated subgrains of the average width of
300–400 nm. However, the microstructure of this specimen is rather
inhomogeneous. In other zones (not shown here), the typical heavily
deformed structure with no subgrain/grain formation comprising
only large stress fields was observed. Note, that the average grain
size of the as cast material was approximately 150–200 μm [26].

Extensive grain refinement is first observed in the near center after
5 HPT, see Fig. 5b, where fine grains with the size of 200–300 nm are
clearly seen. The microstructure of this specimen remains inhomo-
geneous. In some zones bands of elongated subgrains similar to
those in Fig. 5a were also observed. Homogeneous microstructure
containing fine grains with the average size of 150–200 nm was
observed only in the specimen after 15 HPT turns. An example of
such microstructure is shown in Fig. 5c where newly formed grains
with almost no dislocations and high angle boundaries are clearly
seen (grain misorientation was also inspected by electron diffrac-
tion). The inhomogeneous character of microstructure throughout
the disk specimen is clearly seen by the inspection of Fig. 6 which
displays the microstructure evolution in the periphery of individual
specimens. Grain fragmentation and the formation of elongated
bands of subgrains occurred already during early stages of HPT
straining, see the TEMmicrograph of the specimen N¼1/4 in Fig. 6a.
In the specimen after 1 turn (Fig. 6b) fine grains are already formed
and their size ranges between 150 and 250 nm. Further HPT
straining results in slight grain fragmentation only without signifi-
cant microstructure changes, cf. Fig. 6b–d.

If the correlation between microhardness and grains size accord-
ing to Hall–Petch relation is inspected one can see the good
agreement in the following three cases. First, significantly higher
values of microhardness in the periphery of specimens as compared
to their near centers (up to N¼5) agrees well with the grain structure
in the individual specimens. In all these specimens the grains in the
near centers are either not fragmented, i.e. remain coarse or are
significantly coarser than in peripheral regions, cf. Figs. 5 and 6. Only
in the specimens after 15 turns the grain structures in the near center
and in the periphery are almost the same which is reflected by
homogeneous microhardness values throughout the specimen. Sec-
ondly, continuously increasing values of microhardness in the near
center of the specimens with increasing number of turns corre-
sponds well to the grain fragmentation and refinement in the
respective specimens, cf. Fig. 5a–c. Thirdly, the small microstructure
changes in the specimen periphery for N41 reflect well the slight
microhardness variations in these specimens, cf. Fig. 6b–d.

Our previous investigation of microstructure evolution by TEM in
AZ31 alloy processed by another widely used technique of SPD,
namely equal channel angular pressing (ECAP) [26] allows us to

Fig. 3. 3-D plots of microhardness distribution on the surface of specimens after different number of HPT turns N ((a) N¼0, (b) N¼1/4, (c) N¼1/2, (d) N¼1, (e) N¼5 and
(f) N¼15).

Fig. 4. The average microhardness as a function of the distance from the center.
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compare the effectiveness of these two techniques in grain refine-
ment. The average grain size in AZ31 alloy processed by 12 passes of
ECAP using route Bc was approximately 500 nm which is almost
5 times larger than the value observed in the material after 15 turns
of HPT. Therefore the effectiveness of HPT in grain refinement is
significantly higher than that of ECAP. The possible reasons of this
difference are the pressure, the strain and the temperature of
material processing. The high pressure applied during HPT allows

us to process the material at room temperature while in ECAP-
processing the specimens had to be pressed at high temperature of
approximately 180 1C. Therefore, the recrystallization and other
related phenomena resulting in grain coarsening during material
processing are obviously more effective in the case of high-
temperature ECAP than for room-temperature HPT.

EBSD observations were also performed in selected specimens
after HPT. The experiments were done in the disk center and at the

Fig. 6. TEM micrographs showing the evolution of microstructure near the edge of specimens after different number of HPT turns N ((a) N¼1/4, (b) N¼1, (c) N¼5 and
(d) N¼15).

Fig. 5. TEM micrographs showing the evolution of microstructure in the near center of specimens after different number of HPT turns N ((a) N¼1, (b) N¼5 and (c) N¼15).
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half-radius, i.e. 5 mm from the center. The very fine grain structure
near specimen periphery did not allow EBSD observation. In Fig. 7
one example for EBSD map is given just to present a more global
image of microstructure inhomogeneity in HPT specimens than
that observed by TEM. Fig. 7a displays the initial stages of grain
fragmentation in zones around the specimen center deformed by
1 turn of HPT. The initial coarse grains are already divided by
several families of elongated subgrains similar to those observed
by TEM, cf. Fig. 5a. The rests of the original grains are also clearly
seen in several parts of the specimen (also observed by TEM). The
zone at the half-radius of the same specimen is shown in Fig. 7b.
Due to significantly higher strain as compared to the near center,
the grain fragmentation is well developed in this zone. The grain
structure has bimodal nature which contains several elongated
coarse grains with the length of about 100 μm and the width of
about 10 μm, while the majority of grains are equiaxed with the
average size of approximately 150–200 nm. Most of these fine
grains have their crystallographic c-axes perpendicular to the
specimen surface. The development of bimodal microstructure
can be explained by the grain refinement mechanism in hexagonal
materials. It has been shown that above a critical initial coarse
grain size (which is about 10 μm), the grain refinement starts with
the development of an inhomogeneous grain structure [27,28].
The new grains form along the boundaries of the initial coarse
grains in a necklace-like arrangement. As a consequence, if the
initial grain size is large enough, the fine grains at the grain
boundaries and the internal volumes of the initial coarse grains

give a bimodal grain structure. The microstructure in the periph-
eral zones was investigated by automated crystallographic orien-
tation mapping in TEM (ACOM TEM). As an example, ACOM-TEM
images taken at the periphery for 1 and 15 turns are shown in
Fig. 8a and b, respectively. The average grain size at the edge of the
disk after 1 turn is about 250 nm which is only slightly larger than
the value determined in the sample processed by 15 turns
(�200 nm). This observation is in accordance with the similar
hardness values at the periphery of these samples and indicates an
early saturation of the microstructure at the edge of the HPT disk.
Strong texture was not observed in the ACOM-TEM images either
after 1 or 15 turns.

3.3. X-ray line profile analysis

The evolution of the crystallite size and the dislocation struc-
ture during HPT-processing were investigated by XLPA. The area-
weighted mean crystallite size and the dislocation density at the
near center and the periphery of the disks for different number of
HPT turns are listed in Table 1. The evolution of the crystallite size
and the dislocation density as a function of HPT turns are plotted
in Figs. 9 and 10, respectively. There is a significant density of
dislocations (�3�1014 m�2) even in the initial sample which was
subjected to a pressure of 2.5 GPa in the HPT facility without
rotation (0 turn). The dislocation density increased twice while the
crystallite size considerably decreased due to HPT. However, the
crystallite size and the parameters of the dislocation structure

Fig. 7. IPF image of grain structure in the specimen after 1 HPT turn: (a) near center and (b) at the half-radius.

Fig. 8. IPF maps obtained from ACOM-TEM investigations performed at the periphery for 1 (a) and 15 (b) turns.
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saturated even after 1
4 HPT turn and significant changes were not

observed with increasing deformation up to 15 revolutions. The
maximum dislocation density and minimum crystallite size were
about 6�1014 m�2 and 70 nm, respectively. Additionally, consid-
erable difference between the crystallite size and the dislocation
structure at the near center and the periphery was not detected
despite the various imposed strain values. These observations
suggest an early saturation of the microstructural parameters with
increasing strain during HPT-processing at room temperature.
Note that the crystallite size obtained by XLPA is much smaller
than the grain size determined by TEM. This observation is in
accordance with former studies and can be explained by the fact
that the crystallite size usually corresponds to the subgrain size in
severely deformed microstructures. Therefore, there is no correla-
tion between the crystallite and grain sizes, but rather they
complementary describe the hierarchical nature of the micro-
structures obtained by SPD. Comparing TEM and XLPA results, it
can be concluded that the saturation of the subgrain size and the
dislocation density occurred earlier than reaching the minimum
grain size during HPT. Note that the saturation dislocation density
and crystallite size in the present experiments were higher and
lower, respectively, than the values obtained in EX-ECAP-
processing at 180 1C (1.4�1014 m�2 and 120 nm [26]). This can
be explained by much lower temperature and higher pressure of
HPT since both retard the annihilation of dislocations. Additionally,
it has been shown that Mg17Al12 secondary phase was formed in

the Mg–3%Al–1%Zn alloy during ECAP at 180 1C while the Al and
Zn alloying elements remained in solid solution during the present
HPT experiments due to the low processing temperature [26]. The
solute atoms have a pinning effect on dislocations, thereby con-
tributing to the higher dislocation density in the HPT-processed
specimen.

The dislocation arrangement parameter (M) as a function of the
number of HPT turns is plotted in Fig. 11. The parameter M
considerably decreased due to HPT-processing even after 1

4 turn
and did not change significantly with the increasing number of
revolutions. The lower value of M indicates a more screened strain
field of dislocations due their arrangement into low energy
configurations, such as dipoles or low angle grain boundaries.
The slightly lower M at the periphery indicates a more advanced
stage in this process due to the larger imposed strain.

The analysis of the population of the different slip systems
shows that the majority of dislocations have 〈a〉-type Burgers-
vector (60–80%) in both the initial (compressed) and HPT-
processed states. This can be explained by their lowest formation
energy due to their shortest Burgers-vector. The relative fraction of
screw dislocations increased from �10% (compressed state) to 30–
40% due to HPT-straining. This observation can be attributed to the
strong hindering effect of dislocation dissociation on the annihila-
tion of screw dislocations [29]. In AZ31 alloy the dislocations are
dissociated into partials due to the low stacking fault energy which
impedes both cross-slip of screw dislocations and climb of edge
dislocations. However, this effect is stronger for screw dislocations,
as the characteristic time for cross-slip depends exponentially on
the splitting distance while for climb of edge dislocations this
function is only quadratic [29]. The more hindered annihilation of
screw dislocations compared to that of edge ones resulted in an
increase of the fraction of screw dislocations during HPT-straining.

Table 1
The area-weighted mean crystallite size (〈x〉area) and the dislocation density (ρ) at
the center and the periphery of the disks for different number of HPT turns.

Number of turns 〈x〉area [nm] ρ [1014 m�2]

Center
0 531760 370.3
1
4

8779 5.470.6
1
2

7578 7.870.8

1 6677 670.6
3 7979 570.6
5 6477 5.670.6
15 8479 5.570.6

Periphery
0 107712 3.670.4
1
4

6777 6.770.7
1
2

6677 6.770.7

1 6978 6.670.7
3 7178 6.370.7
5 7078 6.170.7
15 6277 6.170.7

Fig. 9. The average crystallite size versus the number of turns for the near center
and the periphery of the HPT-processed disks.

Fig. 10. The dislocation density versus the number of turns for the near center and
the periphery of the HPT-processed disks.

Fig. 11. The dislocation arrangement parameter M versus the number of turns for
the near center and the periphery of the HPT-processed disks.
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The evolution of the fraction of screw dislocations as a function of
HPT turns is plotted in Fig. 12 for both the central and peripheral
parts of the deformed disks. It should be noted that the fraction of
screw dislocations saturated even at 1

4 turn and significant
difference between the values in the near center and the periphery
was not observed, in accordance with the evolution of other
parameters of the dislocation structure.

X-ray line profile analysis also revealed that the populations of
the different slip systems for 〈a〉-type edge dislocations also
changed during HPT-processing. Namely, the sum of the fractions
of prismatic (PrE) and pyramidal (PyE) edge dislocations decreased
from about 55% to 30%, while the population of basal edge (BE)
dislocations slightly increased from 15% to 20% in the near center
of the disks, as shown in Fig. 13. A similar evolution of the
dislocation fractions occurred in the periphery of the disks. This
change in the dislocation population can be explained by the fact
that in Mg with c/a lattice parameters ratio larger than 1.6 the slip
occurs most easily in the basal plane at low temperatures [30].
Additionally, the stacking fault energy in the basal plane is smaller
than in other slip planes [31], therefore there is a larger dissocia-
tion degree of basal dislocations which impedes their annihilation
during straining, leading to an increase of their fraction after HPT.

3.4. The contribution of grain boundaries to strengthening

The combination of XLPA results and the microhardness mea-
surement allows us to assess the role of grain boundaries in
strengthening and to determine their contribution to the yield
strength in different zones (center and periphery) of AZ31 speci-
mens processed by HPT. The yield strength (σ) at the near center
and the periphery of the individual specimens was estimated as
one-third of the Vickers microhardness which was converted into

MPa units by multiplying the Hv values with 9.81. We assume that
the contributions of dislocations and high-angle grain boundaries
(HAGBs) are added linearly, and the dislocation hardening is
calculated according to the Taylor-formula as:

σD ¼ αMTGbρ1=2; ð6Þ
where α is a constant (0.3 [32]), G is the shear modulus (17 GPa
[33]), b is the average length of the Burgers vector calculated
according to the fractions of the different slip systems, MT is the
Taylor factor (4.5 was selected for texture free Mg [32]). It is noted
that the contribution of low-angle grain boundaries (LAGBs) to the
strength is included in the Taylor-equation since these boundaries
consist of dislocations. The sum of the friction stress (σ0) and the
strength caused by HAGBs (σHAGB) was determined as the differ-
ence between σ and σD, and plotted as a function of the number of
HPT turns in Fig. 14. As σ0 is constant for all numbers of turns, the
change of σ0þσHAGB with increasing number of turns reflects the
variation of grain-boundary strengthening. It can be seen that in
the near center the strength contribution of HAGBs (open circles)
increased considerably only when the number of turns reached
N¼5. This result is in accordance with the significant grain
refinement in specimen center for NZ5 as observed by TEM. On
the other hand, the strength contribution of HAGBs in the speci-
men periphery increased even for N¼1/4 and remained almost
unchanged for larger numbers of turns (full squares). This is also in
agreement with TEM observations as considerable grain refine-
ment was observed in the disk periphery already after 1

4 turn and
the grain size was only slightly reduced during further HPT
straining. It is noted that σHAGB involves the strengthening con-
tribution of twin boundaries as they are special HAGBs. It should
also be noted that the dislocation strengthening (160–260 MPa) is
larger than the contribution of HAGBs (o100 MPa) irrespective of
the number of turns and the location along the disk radius. It is
worth to notice that the conclusions obtained from the above
analysis are independent of the selected addition rule for the
dislocation and HAGB hardening contributions.

4. Conclusions

1. HPT straining at room temperature results in a strong grain
refinement and introduces a lateral inhomogeneity of the
microhardness and microstructure in AZ31 alloy. Significantly
lower values of microhardness are observed in the near center
than in its periphery. This microhardness inhomogeneity is
continuously smeared out by extending the zone of enhanced
microhardness from the specimen periphery towards its center.
Lateral strain inhomogeneity imposed by HPT controls the

Fig. 12. The relative fraction of screw dislocations versus the number of turns for
the near center and the periphery of the HPT-processed disks.

Fig. 13. The sum of the relative fractions of prismatic (PrE) and pyramidal (PyE)
〈a〉-type edge dislocations and the fraction of basal (BE) dislocations versus the
number of turns for the near center of the HPT-processed disks.

Fig. 14. The sum of the friction stress and the yield strength contribution of HAGBs
as a function of the number of HPT turns.
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speed of grain fragmentation which is significantly higher in
peripheral zones than in the near center resulting in much finer
grains in the periphery than in the center. After a certain strain
(15 HPT turns in our case) both the microhardness and the
microstructure becomes homogeneous. Microhardness exam-
inations correlate well with microstructure results.

2. There is a significant density of dislocations (�3�1014 m�2)
even in the initial sample which was subjected to a pressure of
2.5 GPa in the HPT facility without rotation. The crystallite size
decreased while the dislocation density increased during tor-
sion by HPT. The crystallite size and the parameters of the
dislocation structure reached their saturation values even at 1

4
turn during HPT at room temperature. The maximum disloca-
tion density and minimum crystallite size were about
6�1014 m�2 and 70 nm, respectively. Further increment in
the number of HPT revolutions did not yield significant changes
in the dislocation structure up to 15 turns. Additionally, con-
siderable difference between the dislocation structures at the
near center and the periphery of the HPT-processed disks was
not observed, indicating an early saturation with the increasing
imposed strain. It can be concluded that the dislocation density
saturated earlier than the grain size, i.e. the grain refinement
continued even after the dislocation density reached its
maximum value.

3. The majority of dislocations have 〈a〉-type Burgers-vector in
both the initial (compressed) and HPT-processed states which
can be explained by their lowest formation energy due to their
shortest Burgers-vector. The relative fraction of screw disloca-
tions was about 10% in the initial (compressed) state which
increased up to 30–40% due to HPT straining. The sum of the
fractions of 〈a〉-type prismatic and pyramidal edge dislocations
decreased while the population of basal dislocations increased
during HPT-straining.

4. The dislocation strengthening was larger than the contribution
of HAGBs irrespective of the number of turns and the location
along the disk radius. HAGBs hardened the material consider-
ably in the near center and the periphery only after 5 and 1

4
turns, respectively. This result is in accordance with TEM
observations which revealed an earlier grain refinement at
the periphery in the HPT-processed disks.
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