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Abstract Commercial MgAlZn alloy AZ31 was pro-

cessed by two techniques of severe plastic deformation

(SPD)—extrusion followed by equal channel angular

pressing (EX-ECAP), and high pressure torsion (HPT).

Processing by ECAP was conducted at elevated tempera-

ture of 180 �C for 1–12 passes following route BC. HPT

was applied at room temperature, and the specimens of the

diameter of 19 mm with different number of turns

(N = � - 15) were prepared. Mechanical properties and

grain fragmentation with strain due to EX-ECAP and HPT

were investigated by Vickers microhardness measurements

and transmission electron microscopy, respectively. Vari-

ations in dislocation density were investigated by positron

annihilation spectroscopy. Differences in microhardness,

grain refinement and dislocation density evolution resulting

from principal differences of straining were found in the

specimens. EX-ECAP resulted in homogeneous micro-

structure throughout the specimen’s cross section as early

as after four passes. On the other hand, laterally inhomo-

geneous microstructure with gradual reduction of grain

sizes from the centre towards the periphery of the disk was

observed in specimens after HPT. This microstructure and

microhardness inhomogeneities were continuously

smeared out and almost homogeneous ultrafine-grained

structure was observed in specimen subjected to 15 HPT

turns. Variations in mechanical properties and dislocation

density evolution were compared in conditions corre-

sponding to the same equivalent strain imposed by both

techniques of SPD.

Introduction

Magnesium alloys are energy-efficient materials with the

potential to replace steel, aluminium alloys or some plastic-

based materials in various applications. Interest in mag-

nesium-based materials has recently been revived primarily

because of gradually reducing costs of these materials and

the resolve of scientists, researchers and engineers to cut

down energy consumption and greenhouse gas emissions

[1].

The mechanical and other essential properties deter-

mining the application of magnesium alloys may be

improved by refining the grain size to submicrometre or

even nanometre level. It is known that the structure of

deformed metals can change with increasing plastic

deformation so that the random dislocation arrays can

lower the energy of the system by accumulation of dislo-

cations into cells. The process results in high dislocation

density in cell walls and low dislocation density within the

cells. Subgrains, like cells, show small misorientations with

their neighbours, but have sharper boundaries, and are

formed by plastic deformation and thermal recovery pro-

cesses [2]. A variety of special techniques are used for the

production of bulk ultrafine-grained (UFG) materials, e.g.

equal channel angular pressing (ECAP) [3], high-pressure

torsion (HPT) [4, 5], accumulative roll-bonding (ARB) [6],

twist extrusion [7] or multidirectional forging [8]. Among
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these techniques, which introduce the severe plastic

deformation (SPD) in the material, the HPT is a very

efficient method of grain refinement [9]. HPT was also

successfully applied for producing consolidated metal

powders [10]. On the other hand, ECAP is quite an easy

and widely used SPD technique.

Owing to an inhomogeneous strain introduced to the

specimen by torsional straining (HPT) an inhomogeneous

microstructural refinement occurs. As a consequence, the

average grain size and mechanical properties differ across

the cross section of the sample. It was shown that the strain

inhomogeneity is reduced by increasing number of rota-

tions [11]. After at least five or eight rotations (depending

on material), almost homogeneous strain distribution was

observed by several authors [11–13] who measured microh-

ardness profiles through the specimen’s cross section.

On the other hand, this apparent disadvantage of inho-

mogeneity is also eliminated when ring samples are used

[14]. However, the small size of the samples is the main

disadvantage of HPT method for applications in industry.

Because of this limitation, material achieved by this tech-

nique is used mostly in modern micro-size specialized

industrial branches. HPT has been successfully employed

to several materials, e.g. pure nickel [11], aluminium [14],

copper [15] magnesium [16], aluminium-CNT composites

[17], copper-CNT composites [18], etc.

The objective of this article is to compare the mechan-

ical properties, microstructure and dislocation structure

evolution of the AZ31 magnesium alloy prepared by two

different SPD methods–extrusion and equal channel

angular pressing (EX-ECAP) and HPT.

Experimental procedures

Experimental material

Commercial AZ31 alloy with a nominal composition of

Mg–3 %Al–1 %Zn in the initial as cast condition was used

in this investigation. One set of the samples was prepared

by extrusion and ECAP (EX-ECAP), the other one by HPT.

Prior to ECAP, the specimens were extruded at 350 �C

with an extrusion ratio of 22. The ECAP die was equipped

with an ejector that allows pushing the sample out of the

die immediately after its pressing by a plunger from the

feed-in channel to the exit channel. ECAP pressing was

performed at 180 �C following route Bc, i.e. rotating the

sample 90� between the individual passes, with the velocity

of 50 mm/min and molybdenum disulphide grease was

used as a lubricant. The angle U between two intersecting

channels and the corner angle W were 90� and 0�,

respectively. Both channels have a square cross section of

10 9 10 mm.

Prior to HPT, the material was homogenized at 390 �C

for 12 h. After homogenization, the disk specimens with

the diameter of 19 mm and the thickness of 1–2 mm were

cut from the billet. These specimens were processed by

quasi-constrained HTP at room temperature for N = �, �,

1, 5 and 15 rotations. The experimental setup is schemat-

ically illustrated in Fig. 1 [19]. In addition to samples

subjected to various number N of HPT rotations, a sample

which was pressed only between the anvils (STAGE I in

Fig. 1) but not subjected to any HPT rotation (N = 0) was

investigated as well.

The upper anvil is fixed with a load cell mounted on its

top allowing measuring the hydrostatic pressure which is

applied to the specimen during straining. The lower anvil

with a sample placed in the groove is first lifted to its final

position pressing the specimen to the symmetrical groove

in the upper anvil. The upper and lower anvils of the die

had depressions of 20-mm diameter and 0.25-mm thick-

ness. The lateral wall was set at the angle of 5� to the

vertical. In the compression stage, the speed of the top

anvil was 0.1 mm/s until a pressure of 2.5 GPa was

developed on the workpiece. In the torsion stage, the lower

anvil was rotated at 0.1 rad/s up to a full turn with a con-

stant pressure of 2.5 GPa. The friction between the die and

the workpiece was set to satisfy the sticking condition,

since the roughness of the die surface was high enough to

prevent slippage between the workpiece and the die.

Positron annihilation spectroscopy measurements

A 22Na2CO3 positron source with the activity of 1.5 MBq

was used in positron lifetime measurements. The source

spot with diameter of 1 mm was deposited on a 2-lm-thick

Mylar foil and sealed between two identical specimens of

the studied material. The source contribution consists of

two components with lifetimes of 368 ps (intensity 8 %)

and 1.5 ns (intensity 1 %) which come from positrons

annihilated in the 22Na2CO3 source spot and in the cover-

ing Mylar foil, respectively.

A fast–fast spectrometer [20] with the time resolution of

150 ps (FWHM 22Na) was employed for positron lifetime

measurements. At least, 107 positron annihilation events

were accumulated in each positron lifetime spectrum which

was subsequently decomposed into individual exponential

components by a maximum likelihood procedure [21].

In order to examine homogeneity of UFG structure,

positron lifetime measurements of HPT deformed samples

were performed at various distances r from the centre of

the sample disk corresponding to the rotation axis of tor-

sion deformation. Measurements at various distances

r were performed simply by moving the positron source

spot from the centre of the sample towards its periphery

and recording positron lifetime spectra at various distances
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of the source spot from the centre. The uncertainty in

position of the positron source was *0.1 mm.

Microhardness measurements

Vickers microhardness HV0.1 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 centre of the specimen,

two additional lines of indents on the other half of the

specimen were also done. Using this procedure, the centre

of each specimen was found with the accuracy of

±0.25 mm.

FEM simulations

Isothermal FEM simulations of the HPT process were

carried out using the commercial rigid-plastic finite ele-

ment code, DEFORM-3D ver. 6.1 [22]. A user-defined

material subroutine for the three-dimensional (3D) version

of the dislocation density-based constitutive model was

employed [23, 24]. The number of initial meshes for the

workpiece was 150,000, which was sufficient to show the

local deformation behaviour.

Results and discussion

Dislocation density measurements

Figure 2 shows radial dependence of the mean positron

lifetime for alloys subjected to various number of HPT

revolutions. The mean lifetime is a robust parameter

unaffected by mutual correlations between individual

fitting parameters and can show general trends in studied

samples. From inspection of Fig. 2, it becomes clear that

during the first HPT revolution (i.e. in samples subjected to

N = �, � and 1 turn), the mean lifetime increases with

increasing strain, while for samples subjected to more than

1, HPT revolution gradually saturates. For the sample

which was only pressed between the anvils (N = 0), there

is no statistically significant difference between the mean

lifetime at the periphery and at the centre. On the other

hand, for all samples subjected to HPT deformation

(N [ 0), the mean lifetime is higher at the periphery than in

the centre.

More information can be obtained from decomposition

of positron lifetime spectra into the individual components.

Positron lifetime spectra of all HPT deformed samples can

be well described by two exponential components with

lifetimes s1 and s2. Since the lifetime s1 of the shorter

components is lower than the bulk positron lifetime in Mg

sB = 225 ps [25], it can be undoubtedly attributed to free

positrons not trapped at defects. The longer component

represents a contribution of positrons trapped at defects.

The lifetime of the longer component s2 & 260 ps is

typical for positrons trapped at dislocations in Mg [26].

The dependence of the positron lifetimes s1, s2 on the

radial distance r from the centre of the sample disk is

plotted in Fig. 3 for specimens subjected to various number

of HPT revolutions. Obviously, the lifetime s2 remains

approximately constant testifying that the nature of posi-

tron traps remains unchanged, i.e. in all samples studied,

positrons are trapped at dislocations. The lifetime s1 of the

free positron component varies because of changes in

density of defects. The relative intensity I2 of the disloca-

tion component is shown in Fig. 4. In the sample which

was only pressed but not subjected to torsion straining

(N = 0), the intensity I2 remains approximately constant

Fig. 1 Schematic illustration of

the HPT device showing the set-

up, compression stage (stage I)

and compression–torsion stage

(stage II) [19]
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across the sample. On the other hand, the samples sub-

jected to HPT deformation (N [ 0) exhibit enhanced

intensity I2 at the periphery. Hence, the dislocation density

at the periphery is always higher than in the centre because

of higher strain imposed at the periphery by HPT

processing.

Dislocation density qD can be calculated from positron

lifetime data using the two-state simple trapping model

[27]. The details of this procedure are described elsewhere

[28].

Radial distances of the mean dislocation density qD

(calculated from Eq. (1) in [28]) for the samples subjected

to various number of HPT revolutions are plotted in Fig. 5.

From inspection of the figure, one can conclude that during

HPT processing, the dislocation density increases firstly at

the periphery (c.f. samples subjected to N = � and �
revolution) which is subjected to the highest strain. For

samples subjected to more than half of HPT revolution,

dislocation density increases also in the centre. However,

the difference between the centre and the periphery (i.e.

lower qD in the centre and higher at the periphery) remains

also in the samples subjected to more HPT revolutions.

This can be clearly seen in Fig. 6 showing the dislocation

density in the centre (r = 0 mm) and at the periphery

(r = 8 mm) as a function on the number of HPT revolu-

tions. The highest dislocation density was observed at the

periphery of the sample subjected to 15 HPT revolutions.

This sample exhibits also the largest difference between the

dislocation density in the centre and at the periphery.

The dependence of the mean dislocation density qD on

the number of EX-ECAP passes is depicted in Fig. 7. The

value qD corresponding to 0 passes corresponds to the

sample after extrusion only. The density of dislocation first

increases during EX-ECAP processing and reaches its

maximum in the sample subjected to 2 ECAP passes.

However, further deformation leads to a decrease of dis-

location density. This decline is caused by the process of

Fig. 2 Radial dependence of the mean positron lifetime for samples

subjected to various number N of HPT revolutions

Fig. 3 Lifetimes s1, s2 of the

components resolved in positron

lifetime spectra as a function of

the radial distance r from the

centre of the sample for

specimens subjected to various

number N of HPT revolutions

Fig. 4 Radial distance of the relative intensity I2 of positrons trapped

at dislocations for specimens subjected to various number N of HPT

revolutions
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recovery of dislocation structure during subsequent passes

[28].

Microhardness measurements

Figure 8 shows the values of Vickers microhardness HV0.1

measured in linear traverses across the diameter of disks of

AZ31 alloy after 0 (specimen was pressed only), �, �, 1, 5

and 15 rotations of HPT at room temperature. Each data

point was obtained as the average of four values obtained at

the same distance from the centre of the disk. For clarity,

the error bars are not shown in Fig. 8. The errors of the

values are in the range of approximately 10 % (±5).

HPT straining introduces an inhomogeneity in the

material which is manifested by a clear minimum in the

microhardness values in the centre of the specimens after

different number of rotations. Only the specimen after 15

rotations shows a relative homogeneity. The maximum

microhardness measured in all specimens after rotation

does not change a lot with increasing number of turns -HV

values range from 108 to 115. The significant differences

between microhardness values at the central and peripheral

parts of the pressed-only sample (N = 0) could be

explained by the different structures of high- and low-angle

grain boundaries. Song et al. [29] studied grain boundary

structure of the copper after compression stage of HTP by

electron backscatter diffraction (EBSD) measurements and

claimed that the amount of low-angle grain boundaries

originating from dislocation activities increased signifi-

cantly in the peripheral region of the samples. We observed

slightly smaller grains in the peripheral part of the sample

N = 0 in light microscope, but the higher amount of newly

created low-angle grain boundaries could influence the

microhardness values more.

The microhardness of samples after extrusion and ECAP

is schematically shown in Fig. 9. The HV value

Fig. 5 Density of dislocations at various distances r from the centre

of the sample disk for specimens subjected to various number N of

HPT revolutions

Fig. 6 Dependence of the dislocation density qD in the centre

(r = 0 mm) and at the periphery (r = 8 mm) for samples subjected to

various number of HPT revolutions

Fig. 7 The density of dislocations qD of the specimens after

extrusion and different number of ECAP passes [28]

Fig. 8 Microhardness distribution across the diameter r of AZ31

disks after different number of rotations of HPT
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corresponding to 0 pass belongs to the sample after

extrusion. The microhardness of the as-cast alloy is

approximately equal to 58. We can see that the microh-

ardness increases up to the fourth ECAP pass and then

declines continuously with increasing strain. The HV val-

ues measured on all three reference planes (X, Y and Z) of

the samples differ within the statistical error only. How-

ever, the textures of these individual samples differ not

negligibly. Grains of extruded material have their crystal-

lographic c-axis perpendicular to the extrusion direction

(ED), i.e. \10.0[ axes are parallel to the ED. On the

contrary, texture of the extruded material after ECAP dif-

fers—the magnitude of rotation of the initial texture is

equal to 40� [30].

Equivalent strain imposed by HPT and EX-ECAP

There are many ways by which we compare the mechanical

properties, microstructure and defect density obtained by

different techniques of SPD. Usually people compare the

‘‘effectiveness’’ of various techniques by comparing the

respective properties at ultimate conditions, which in case

of ECAP corresponds to the maximum number of passes

while in HPT to the maximum number of turns. Such

comparison reflects more of the experimental conditions

used by each author rather than some physical reason.

As the evolution of microstructure and mechanical

properties is controlled by equivalent strain imposed to the

material during SPD, one of possible ways of making a

more ‘‘objective’’ comparison is to take conditions of the

same equivalent strain obtained by different techniques of

SPD and to compare the respective microstructure, defect

structure and mechanical properties of specimens pro-

cessed by these techniques. In our case, we will compare

the conditions of the same equivalent strain obtained by

EX-ECAP and by HPT.

The effective strain (obtained from the FEM results)

imposed by HPT increase at the centre after half a turn,

while the torsion (shear) strain given by Eq. (1) is zero. The

strain obtained by the FEM simulations at the centre, which

is higher than the theoretical value [Eq. (1)], can be

explained by the compressive strain in HPT and the finite

mesh size in the FEM [19, 31]. The FEM simulation

and torsion theory results are in a good agreement in

the regions near the middle of the disk (r = 4–6 mm)

after a single turn. However, at the periphery region

(r = 8–10 mm), the results of the FEM simulations deviate

from the theoretical values because of ‘dead metal zone’

phenomenon [31]. Therefore, the strain of middle region of

the disk after HPT is well fitted according to the theoretical

equation

e ¼ c
ffiffiffi

3
p ¼ rh

ffiffiffi

3
p

h
; ð1Þ

where c is the shear strain, r is the radial distance from the

centre of the disk-shaped workpiece, h is the rotation angle,

and h is the thickness of the workpiece.

The equivalent strain imposed by EX-ECAP could be

calculated from the Eq. (1) in Chen et al. [32] and Eq. (6) in

Valiev et al. [3]

eN ¼ ln RE þ
2N
ffiffiffi

3
p cot /; ð2Þ

where, RE is the extrusion ratio (equal to 22 in our case)

and / ¼ U
2
¼ 45�:

The plots of equivalent strains imposed by EX-ECAP

and HPT are displayed in Fig. 10. Intersections of vertical

lines (EX-ECAP) with ‘‘HPT’’ curves correspond to zones

of the same equivalent strain in specimens processed by

EX-ECAP and HPT which in HPT specimens are charac-

terized by the distance r from the centre of the disk. The

respective distances r corresponding to the intersections of

the HPT and EX-ECAP curves from Fig. 10b are shown in

Table 1. It is observed that owing to the inhomogeneous

distribution of strain in specimens processed by HPT, one

can find in each HPT specimen several zones correspond-

ing to the same equivalent strain in several ECAP speci-

mens (the rows of the table). On the other hand, to the

strain imposed by ECAP in individual specimens’ several

zones of the same equivalent strain can be found in HPT

specimens (the columns of the table).

Let us now compare the microhardness, dislocation

density and microstructure in equivalent zones of ECAP

and HPT specimens.

Microhardness values obtained in equivalent stain zones

from the Table 1 are summarized in Table 2. Microhard-

ness values measured in HPT samples are significantly

Fig. 9 Microhardness of the samples after extrusion and different

number of ECAP passes
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higher than the HV values in EX-ECAP samples (given in

the first row of Table 2). This fact is probably caused by

the different microstructure and dislocation density of the

samples after HPT and EX-ECAP.

Microstructure of the extruded and 1P ECAP specimens

is bimodal consisting of large ([10 lm) and small

(*1 lm) grains. Microstructures of the specimens become

more homogeneous and finer with increasing number of

ECAP passes. Average grain sizes of the 4P, 8P, and 12P

EX-ECAP specimens are approximately equal to 1 lm

[30]. Microstructure of the samples after HPT was not yet

investigated by EBSD which would give us detail infor-

mation about microstructure in a relatively large scale.

However, the local observations by transmission electron

microscopy indicate that the initial coarse-grained micro-

structure transforms into inhomogeneous grain structure

which becomes finer and more homogeneous with

increasing number of HPT turns. The average grain sizes

are reduced to * 100 nm in our case. These results are in

good agreement with the similar observations of hexagonal

Zr alloy after room temperature HPT done by Wang et al.

[33]. They found an interesting structural evolution that is

believed to be unique to hexagonal close packed materials

and produces a structure with an inhomogeneous grain size

distribution that later transforms into a uniform nanocrys-

talline structure with further HPT. Wang et al. claim that

the inhomogeneous grain structure is clearly a transitional

structure during grain refinement. With further deforma-

tion, grain rotations occurred and the internal inter-grain

stresses built up, both of which favour the activation of

dislocation slip systems [33].

The density of dislocations is the second principal factor

influencing the microhardness values. Dislocation densities

qD shown in Tab. 3 were measured approximately in the

same areas as the microhardness. Comparison of the values

of dislocation densities is interesting. Dislocation densities

measured at the peripheral parts of all samples after HPT

and in the whole areas of the samples after 1, 5 and 15 turns

of HPT are significantly higher that qD in specimens after

EX-ECAP (given in the first row of Table 3). Higher val-

ues of dislocation densities in HPT specimens are probably

caused by several reasons.

The first factor is the different processing temperature

during HPT and EX-ECAP. It is well known that pro-

cessing by ECAP had to be performed at elevated tem-

peratures (180 �C in our case) as the hexagonal structure

does not offer at normal conditions five independent slip

systems which are required for uniform deformation

according to von-Mises criterion [34]. On the other hand,

other slip systems are operational not only at elevated

temperatures but also at high stresses [35]. HPT was

applied at room temperature because the hydrostatic pres-

sure was high enough (2.5 GPa) to enable uniform

deformation.

The other reason of higher dislocation densities in zones

with the same equivalent strain in HPT specimens is the

fact, that high applied pressure increases the stresses which

can impede the cross-slip of screw dislocations depending

Fig. 10 Equivalent strains imposed by HPT and EX-ECAP (calculated from Eq. (1) and (2), respectively) shown in the full scale (a) and for

small strains to highlight details (b)

Table 1 Zones (characterized by the distance r) of the specimens

after HPT corresponding to the same equivalent strain imposed by

EX-ECAP

r [mm] EX 1P 2P 4P 8P 12P

� N HPT 3–4 5 7 9

� N HPT Centre 2 3 5 8

1 N HPT 1 3–4 5–6

Table 2 Microhardness HV0.1 of the specimens after EX-ECAP and

zones of the samples after HPT with the same equivalent strain

HV 0.1
EX 1P 2P 4P 8P 12P

70 80 82 85 82 79

� N HPT 95–97 97 104 108

� N HPT 87 93 97 103 107

1 N HPT 85 100 102–109
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on their orientation relative to the line and Burgers vectors

[36]. AZ31 alloy has a low stacking fault energy (SFE) due

to the pinning effect of alloying elements on grain

boundaries and dislocations (SFE of pure magnesium is

equal to 78 mJ m-2 [37], SFE of the AZ31 magnesium

alloy is much smaller). The degree of dissociation of dis-

locations is therefore high which results in hindering of

recovery by cross-slip and climb. However, the hindering

stresses can further increase the degree of dislocation dis-

sociation resulting in a difficult cross-slip and therefore in

the obstruction of dislocation annihilation during HPT

which also contributes to the high dislocation density [38].

Summary

Evolutions of mechanical properties, grain fragmentation

and dislocation density in AZ31 magnesium alloy after two

different SPD techniques (EX-ECAP and HPT) were

investigated in this study. The equivalent strains imposed

by EX-ECAP and HPT were calculated, and the variations

in mechanical properties and dislocation density evolution

were compared in conditions corresponding to the same

equivalent strain imposed by both techniques of SPD. HPT

proved to be more effective method of grain refinement of

AZ31 alloy resulting in significantly higher values of microh-

ardness and dislocation densities.
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Mater Sci Eng A 528:4690

19. Song Y, Yoon EY, Lee DJ, Lee JH, Kim HS (2011) Mat Sci Eng

A 528:4840
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(2000) Nucl Instrum Method A 443:557
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