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Abstract
Commercial MgAlZn alloy AZ31 was processed by two techniques of severe plastic de‐
formation (SPD): equal channel angular pressing and high pressure torsion. Several mi‐
croscopic techniques, namely light, scanning and transmission electron microscopy,
electron backscatter diffraction, and automated crystallographic orientation mapping
were employed to characterize the details of microstructure evolution and grain fragmen‐
tation of the alloy as a function of strain imposed to the material using these SPD techni‐
ques. The advantages and drawbacks of these techniques, as well as the limits of their
resolution, are discussed in detail. The results of microstructure observations indicate the
effectiveness of grain refinement by severe plastic deformation in this alloy. The thermal
stability of ultrafine-grained structure that is important for practical applications is also
discussed.
Keywords: Magnesium, ECAP, HPT, grain refinement, thermal stability

1. Introduction
Due to its low density, magnesium alloys are very attractive materials for structural compo‐
nents in automotive, aerospace and other transport industries with the potential to replace
steel or aluminium alloys in various applications [1]. Nevertheless, the use of magnesium
alloys in more complex applications is limited because of the problems associated with poor
corrosion and creep resistance and above all the low ductility. The limited ductility is a
consequence of the hexagonal structure providing the lack of independent slip systems and
the large difference in the values of the critical resolved shear stress in different slip systems.
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Moreover, the strong deformation textures and stress anisotropy in magnesium alloys reduces
significantly the variety of possible industrial applications.
The mechanical and other essential properties determining the application of magnesium
alloys may be improved by refining the grain size to the submicrocrystalline or even nano‐
crystalline level. In the last three decades, a variety of new techniques have been proposed for
the production of the ultra-fine grain (UFG) structures in materials. The common feature of all
these techniques is the imposition of large straining and consequent introduction of very high
density of lattice defects in the material resulting in exceptional grain refinement. Since these
procedures introduce severe plastic deformation (SPD) to bulk solids, it became convenient to
describe all of them as SPD processing. Several processes of SPD are now available but only
two of them receiving the most attention at present time, in particular, equal channel angular
pressing (ECAP) and high-pressure torsion (HPT) [2–5].
The practical applications of the UFG materials are limited due to low microstructure stability
at elevated temperatures that complicates the processing of final products. Thermal stability
depends on many variables, such as stacking fault energy of the material, processing, or
properties of grain boundaries [6]. Microstructure stability can be improved by various
alloying elements or composite reinforcements.
In order to understand the microscopic mechanisms of grain fragmentation during SPD
processing, detailed characterization of the microstructure is needed. The objective of this
review paper is to employ a wide variety of standard and enhanced microscopic techniques
to characterize the microstructure evolution of the UFG magnesium alloy AZ31 by employing
several microscopic techniques, in particular, light microscopy, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), electron backscatter diffraction (EBSD), and
a new sophisticated microscopic method—automated crystallographic orientation mapping
in a TEM (ACOM-TEM).

2. Experiment
The commercial magnesium alloy AZ31 (3 wt. % of Al, 0.8 wt. % of Zn, and 0.2 wt. % of Mn)
was used in this investigation. Two most popular techniques of severe plastic deformation
were employed for material processing and microstructure refinement, namely equal-channel
angular pressing preceded by hot extrusion (EX-ECAP) and high-pressure torsion (HPT).
2.1. Equal-channel angular pressing
Equal-channel angular pressing (ECAP) is one of the most developed and also commercially
used SPD procedures. ECAP was invented by Segal et al. in the 1970s and 1980s in the former
Soviet Union [7]. Since its invention, ECAP has become well-known and widely used techni‐
que. Nowadays, ECAP is a commonly used SPD method applicable in many branches of
industries. The main advantage of the ECAP technique is the same cross-sectional dimensions
of the specimens before and after pressing. This fact allows repetitive pressing and the
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accumulation of strain in the specimen. Furthermore, the ECAP is a quite simple process
commonly used worldwide.
The ECAP die consists of two channels with the same cross-section. Generally, the ECAP die
is characterized by two angles: Φ, which is formed by these two channels, and the angle Ψ that
indicates the outer arc of curvature at the intersection of the two channels (see Figure 1).

Figure 1. The scheme of pressing of the rectangular sample with the square cross-section through the ECAP die a) with
Ψ = 0 and b) Ψ ≠ 0 [8].

The specimen pressed through the ECAP die is deformed by a simple shear in the intersection
point of the channels. The imposed strain in each ECAP pass is dependent primarily upon the
angle Φ and, to a lesser extent, on the angle Ψ. It can be shown from the first principles that
the imposed strain εN after N passes is given by a relation in the form [8]:
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2.2. High-pressure torsion
High-pressure torsion (HPT) is another well-known SPD technique. In this method, the
mechanical properties of a material are improved by a high pressure and concurrent torsional
straining [9]. HPT was also for the first time applied to metals in the former Soviet Union in
the 1980s [10]. The experimental setup of HPT is schematically illustrated in Figure 2.
The typical size of the disk-shaped sample varies from 10 to 20 mm in diameter and about 1
mm in thickness. A disk sample is placed between two anvils where it is subjected to a
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compressive pressure of several GPa. Simultaneously, one of the anvils rotates and the
torsional strain is imposed to the sample.

Figure 2. Schematic of the HPT device showing the set-up, compression stage (stage I), and compression-torsion stage
(stage II) [11].

The total strain imposed by HPT in the sample can be calculated by different approaches. The
first widely used approach (Hencky/Eichinger) can be expressed by the logarithmic relation
[12]:
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where N is the number of rotations, r represents the radius of the sample, and h0 and h its initial
and final thickness, respectively. The second possible approach (von Mises) using a model of
simple torsion could be expressed by the following linear relation [13]:
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where γ is the shear strain and θ is the rotation angle.
However, the real strain generated in the workpiece during HPT may be different depending
mainly on the die geometry and other factors. No unambiguous conclusion was adopted
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whether the Hencky or von Mises strain describes better the total strain imposed by HPT. Finite
element method (FEM) may be employed to analyze the plastic deformation distribution in
specimens processed by HPT. Several authors [14, 15] have used the FEM technique to
determine the stress distribution and other parameters, e.g., the influence of the coefficient of
friction, torque, etc. Recently, Lee et al. [13] employed a combined analysis of FEM and the
model of dislocation cell evolution to describe the local deformation in specimen processed by
HPT. The results of this study are shown in Figure 3.

Figure 3: FEM simulation of effective strain imposed by HPT. a) The effective strain
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The specimen surface for light microscopy observation needs to be plain, without impurities or
scratches. Polypropylene was used for mounting the specimens for better manipulation. Mounted
specimens were prepared by three consequent procedures: mechanical grinding, polishing, and etching. In
the first step, the specimens were mechanically grinded on watered abrasive papers. Then the specimens
were polished on a polishing disc with polishing suspension of grade 3 and 1 μm. Using this procedure, flat
specimens with minimum surface scratches were obtained. Finally, the polished samples were etched by a
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2.4. Experimental techniques of microstructure investigation
2.4.1. Light microscopy
The specimen surface for light microscopy observation needs to be plain, without impurities
or scratches. Polypropylene was used for mounting the specimens for better manipulation.
Mounted specimens were prepared by three consequent procedures: mechanical grinding,
polishing, and etching. In the first step, the specimens were mechanically grinded on watered
abrasive papers. Then the specimens were polished on a polishing disc with polishing
suspension of grade 3 and 1 μm. Using this procedure, flat specimens with minimum surface
scratches were obtained. Finally, the polished samples were etched by a diluted solution of
picric acid. The time period of etching has to be optimized to attain the best possible visibility
and no artefacts on the surface [16].
2.4.2. Electron Backscatter Diffraction (EBSD)
Electron backscatter diffraction (EBSD) is a microstructural crystallographic technique for
determining crystallographic orientation. Texture, grain size and distribution, the misorien‐
tation and shape of individual grains, the types of grain boundaries, and many other micro‐
structural features may be obtained from EBSD results.
The principle of the EBSD method is that the accelerated high-energy electrons interact with
the atomic lattice of the crystalline material and form the so-called Kikuchi lines on the
screen. The measurement is done automatically with a defined step. The formation of
Kikuchi lines is caused by inelastic electron scattering. The inelastically scattered electron
wavelength is slightly higher than the wavelength of elastically scattered electrons and the
inelastic scattered electron intensity decreases with increasing scattering angle. In certain
crystal orientations, some planes satisfy the Bragg condition (with diffraction angle θ), and
the inelastically scattered electrons are Bragg diffracted. These electrons are called Kiku‐
chi electrons. Kikuchi electrons move along conical surfaces whose top angle is equal (π −
2θ) and the axis of diffraction planes is the normal line. Two hyperbolas are formed by the
intersection of the conical surfaces and a screen. The hyperbolas seem like straight lines in
the central part of the electron diffractogram and the distance between lines corresponds
to the angle 2θ [16].
The SEM FEI Quanta 200 FX equipped with EDAX EBSD camera and OIM software was
utilized for EBSD observations. A field emission gun (FEG) of a Schottky type was used as a
source of electrons in the microscope. Beam voltage in the range from 500 V to 30 kV is
applicable. The acceleration voltage employed was 10 kV.
The samples for EBSD investigation were first mechanically grinded on watered abrasive
papers of grade 800, 1200, 2400, and 4000, respectively. Then the specimens were mechanically
polished with diamond suspensions for water-sensitive materials of grade 3, 1, and ¼ μm,
respectively. The final ion-polishing using a Gatan PIPS device was used to remove the surface
layer influenced by polishing.
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2.4.3. Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is a technique that studies the local microstructure
of the material using a beam of high-energy electrons. The specimens for TEM have to be very
thin (≈ 100 nm depending on the acceleration voltage). An image is formed from the interaction
of the electrons transmitted through the specimen and focused on a fluorescent screen or CCD
camera.
The sample (thin foil) preparation consists of two steps: mechanical thinning and polishing.
The type of polishing depends on the physical and chemical properties of the material.
The specimens of AZ31 alloy were first cut from the billet plane X (perpendicular to the
extrusion direction) into slices of the thickness of approximately 1 mm. The slices were
mechanically grinded from both sides to the thickness of 100 μm. The 3 mm diameter disks
were cut out of the thin slices and dimpled from one side to the thickness of approximately 30
μm using the Gatan dimple grinder. This dimpling technique reduces electrolytic or ion
polishing times and ensures that the ultra-thin area is done in the central part of the foil.
Ion polishing is used for materials that cannot be polished electrolytically. It is the case of many
Mg alloys including AZ31. Ion polishing is a method of removing very fine quantities of the
material. It uses an inert gas (argon) to generate a plasma stream that is emitted to the thinned
area of the sample and removes the individual layers of the material. Acceleration energies
vary usually from 2 to 4 keV. Ion beam always enters the sample. The penetration depth
depends on the angle between the direction of the ion beam and the sample surface. The
optimum conditions found for AZ31 were the following: acceleration voltage of 4 kV, angle of
incidence of 4°, and room temperature. In the final stage the acceleration, voltage was reduced
to 2 kV and the angle of incidence to 2°. The specimen preparation for TEM is finished when
a small hole is formed in the foil and the surrounding area is thin enough to allow high-energy
electrons to pass through the specimen. The schematic of the Precision Ion-Polishing System
(PIPS) used for ion polishing is displayed in Figure 4 [17].
The microstructure observations were made with the TEM JEOL 2000FX at Charles University
in Prague. The applied accelerated voltage was 200 kV.
2.4.4. Automated Crystallographic Orientation Mapping in a TEM (ACOM-TEM)
Automated crystallographic orientation mapping in a TEM (ACOM-TEM) is an effective
technique for mapping phase and crystal orientation and an alternative to the well-known
EBSD attachment SEM based on the Kikuchi lines. ACOM-TEM was first introduced by
Schwarzer et al. [18]. This method of microstructural characterization represents a powerful
tool especially for UFG or nano-grained materials where the limited resolution of SEM
disallows EBSD scans. Its basic principle is similar to EBDS mapping—a selected area is
scanned with defined step size and the electron diffraction patterns are collected using an
external CCD camera. Off-line, every diffraction pattern is compared to the pre-calculated
template and the best match is selected. The main difference with respect to EBSD is that point
diffraction patterns are analyzed instead of Kikuchi lines, which significantly increases the
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Figure 4. Schematic illustration of Precision Ion-Polishing System (PIPS).

precision of orientation determination. This type of ACOM-TEM device was developed in
Grenoble by E. Rauch et al. [19, 20].
The experimental measurements were carried out using a TEM Philips CM200 equipped with
a LaB6 gun at 200 kV at Université Libre de Bruxelles in Belgium. For the data treatment, TSL
OIM Analysis 5 was used.

3. Results and discussion
3.1. Microstructure evolution of AZ31 processed by ECAP
3.1.1. Light microscopy
The limited resolution of light microscopy allows to perform only overview images with no
structure details. Typical examples of microstructure evolution of extruded specimen and the
specimens processed by different number of ECAP passes (N) are shown in Figure 5. The
extruded sample microstructure shown in Figure 5a consists of two types of grains—several
large grains surrounded by many small grains. The microstructure developed only slightly
after the first and the second ECAP pass, the bimodal structure is still observed (see Figure
5b). The microstructure changes begin to be significant in light microscopy after 4 ECAP passes.
One can see in Figure 5c that the large grains become smaller. However, the bimodal structure
is not observed after 8 and 12 ECAP passes. The homogeneous microstructure of sample after
12 ECAP passes is shown in Figure 5d.
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a) Extruded material (N=0)

b) N = 2

c) N = 4

d) N = 12

Figure 5: The microstructure of the extruded and ECAPed AZ31 alloy.

Figure 5. The microstructure of the extruded and ECAPed AZ31 alloy.

3.1.2 EBSD
3.1.2. EBSD

Figure 6 shows the microstructure and texture of the extruded AZ31 alloy. The EBSD inverse pole

figure map is in the extrusion direction (ED). The microstructure of the initial extruded bar (0P) consists of
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6 shows the microstructure and texture of the extruded AZ31 alloy. The EBSD inverse
large grains of 50–100 m mixed with relatively fine grains of 2–5 m. Most grains have their
polecrystallographic
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<10.0> axes parallel to the ED, which is typically found after extrusion of Mg alloys [21].

Figure 7 presents the microstructure and texture of the sample after 1 ECAP pass (1P). EBSD
measurements were carried out at the mid-part of the cross-section of the billet. Sample
coordinate system, i.e., X–Y–Z directions, which is used for representing the texture are
illustrated in Figure 7d.
As shown in Figure 7a, the bimodal distribution of grain sizes is still observed in the 1P sample.
A new texture component that corresponds to the basal poles rotated about 40° from the initial
orientation towards the pressing direction is visible in the 1P sample, Figure 7b. The mentioned
orientation change, however, is observed mainly in large grains (grain size> 10 μm). Figure
7c presents the (0001) pole figure of grains smaller than 3 μm in the 1P sample. The intensity
(a)tilted basal poles is rather weak compared
(b) to the pole figure constructed using all grains.
of the
Figure 6: (a) EBSD orientation map and (b) recalculated pole figures of the extruded bar (0P), measured
at the cross‐section transverse to the extrusion direction (contour level = 1, 2, …10).
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Figure 6: (a) EBSD orientation map and (b) recalculated pole figures of the extruded bar (0P), measured at the cross‐
section transverse to the extrusion direction (contour level = 1, 2, …10).

Figure 6. (a) EBSD orientation map and (b) recalculated pole figures of the extruded bar (0P), measured at the crosssection transverse to the extrusion direction (contour level = 1, 2,...10).

Figure 7 presents the microstructure and texture of the sample after 1 ECAP pass (1P). EBSD measurements
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The amount of large grains decreases significantly after 4 ECAP passes (4P), and their size
becomes smaller when compared to the initial and the 1P samples (see Figure 8). As shown in
Figure 8a with dashed circles, the fine grains usually surround large grains. Unlike the 1P
sample, the fine grains (<3 μm) have mainly the orientation of the rotated basal poles in the 4P
sample (Figure 8c). It is clear that the texture heterogeneity depending on the grain size
disappears after 4 ECAP passes, compared pole figures evaluated from the whole area of the
EBSD measurement to that from fine grains, Figure 8b and c, respectively.
The microstructure and the texture of the sample after 12 ECAP passes (12P) are presented in
Figure 9. The 12P sample shows the homogeneous distribution of fine, almost equiaxed grains,
i.e., (a)
no large grains are visible. Figure 9a shows
(b) grain agglomerates
(c) with different colors
distributed along a diagonal line. This indicates the heterogeneity in texture depending on the
locations. This texture inhomogeneity can be understood as a result of non-uniform deforma‐
tion along the ECAP billet after multiple passes [22]. Though the heterogeneous texture is
visible, the fraction of the grains relating to the inhomogeneity is small such that the main
texture component is found at the rotated basal pole, Figure 9b.

to the pole figure constructed using all grains. Moreover, the small grains (< 3 m) with the tilted basal
pole are found mainly in neighboring areas around large grains.
These results regarding distinct textures depending on the grain sizes indicate that the shear strain
by the first ECAP pass is mainly accommodated within the large grains in accordance with the Hall–Petch
relation.
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compensated by the occurrence of the dynamic recrystallization in the vicinity
of grain boundaries of large
grains, such that the sample could be deformed without failure.

towards the pressing direction is visible in the 1P sample, Figure 7b. The mentioned orientation change,
however, is observed mainly in large grains (grain size> 10 m). Figure 7c presents the (0001) pole figure of
grains smaller than 3 m in the 1P sample. The intensity of the tilted basal poles is rather weak compared
to the pole figure constructed using all grains. Moreover, the small grains (< 3 m) with the tilted basal
pole are found mainly in neighboring areas around large grains.
These results regarding distinct textures depending on the grain sizes indicate that the shear strain
by the first ECAP pass is mainly accommodated within the large grains in accordance with the Hall–Petch
relation. The discontinuity of material flow caused by the inhomogeneous deformation seems to be
compensated by the occurrence of the dynamic recrystallization in the vicinity of grain boundaries of large
grains, such that the sample could be deformed without failure.
(a)

(b)

(c)

Figure 7: (a) EBSD orientation map of the sample after 1 ECAP pass, (b) (0001) pole figure calculated using all grains, (c)
(0001) pole figure of grains smaller than 3 m, and (d) the scheme of the geometry of specimens for EBSD measurements
(contour level = 1, 2, … 10).

Microstructural features of the sample after 2 ECAP passes (not shown here) are very similar to
those after 1 ECAP pass, i.e., the bimodal distribution of grain sizes and the orientation change in large
grains remain almost unchanged.
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those after 1 ECAP pass, i.e., the bimodal distribution of grain sizes and the orientation change in large
grains remain almost unchanged.
The amount of large grains decreases significantly after 4 ECAP passes (4P), and their size becomes
smaller when compared to the initial and the 1P samples (see Figure 8). As shown in Figure 8a with dashed
circles, the fine grains usually surround large grains. Unlike the 1P sample, the fine grains (<3 m) have
mainly the orientation of the rotated basal poles in the 4P sample (Figure 8c). It is clear that the texture
heterogeneity depending on the grain size disappears after 4 ECAP passes, compared pole figures evaluated
from the whole area of the EBSD measurement to that from fine grains, Figure 8b and c, respectively.

(a)
(b)
(c)
Figure 8: (a) EBSD orientation map of the sample after 4 ECAP passes, (b)(0001) pole figure of all grains, and (c)
grains smaller than 3 m (contour level = 1, 2, … 10).
Figure 8. (a) EBSD orientation map of the sample after 4 ECAP passes, (b)(0001) pole figure of all grains, and (c) grains
smaller than 3 μm (contour level = 1, 2,... 10).
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Though the heterogeneous texture is visible, the fraction of the grains relating to the inhomogeneity is
ECAP pass. In subsequent ECAP passes no significant change in the size distribution in the
small such that the main texture component is found at the rotated basal pole, Figure 9b.

range of the relatively fine grains is observed, while the area fraction of grains larger than 10
≈m decreases gradually with ECAP passes, see Table 1.
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The microstructure and the texture of the sample after 12 ECAP passes (12P) are presented in
Figure 9. The 12P sample shows the homogeneous distribution of fine, almost equiaxed grains, i.e., no large
grains are visible. Figure 9a shows grain agglomerates with different colors distributed along a diagonal
line.Electron
This indicates
theinheterogeneity
texture depending on the locations. This texture inhomogeneity
Modern
Microscopy
Physical and LifeinSciences
can be understood as a result of non‐uniform deformation along the ECAP billet after multiple passes [22].
Though the heterogeneous texture is visible, the fraction of the grains relating to the inhomogeneity is
small such that the main texture component is found at the rotated basal pole, Figure 9b.

(a)
(b)
Figure 9: (a) EBSD orientation map and (b) (0001) pole figure of the sample after 12 ECAP passes (contour level =

Figure 9. (a) EBSD orientation map and (b) (0001) pole figure of the sample after 12 ECAP passes (contour level = 1, 2,...
15).

Figure 10. Grain size distributions within the range up to 10 μm and the area fraction of the grains larger than 10 μm
as a function of the ECAP pass number.

No. ECAP Passes

0

1

2

4

8

Area fraction of grains > 10μm

17.9%

18.1%

7.9%

2.8%

None

Table 1. Area fraction of large grains as a function of ECAP pass number.

The variation in the fraction of low-angle boundaries (misorientation angle < 15°, LAGB) and
high-angle boundaries (misorientation angle > 15°, HAGB) as a function of the ECAP pass
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number is shown in Figure 11. The LAGB fraction increases after 1 ECAP pass to μ 50%, and
is significantly reduced (≈20%) after two ECAP passes and remains almost unchanged as the
number of passes increases above 2. This stabilization of the HAGB formed by 2 ECAP passes
indicates that the dislocations generated by ECAP did not reach the level necessary for the
formation of dislocation in the cell-structure and further development of HAGB. Since the
ECAP in this study was carried out at moderate temperature, the dislocation annihilation
process by dynamic recovery occurred fast enough such that the grains could not be further
refined after 2 ECAP passes.

Figure 11. Variation of fraction of the HAGB and LAGB as functions of the ECAP pass number.

3.1.3. TEM
Additional detailed observations using TEM broadened the EBSD research. The samples for
TEM observations were cut perpendicular to the pressing direction from the EX-ECAPed billet
and prepared by mechanical grinding, dimpling, and ion polishing. The microstructure of
extruded samples is bimodal—consists of large grains of 50–100 μm mixed with relatively fine
grains of 2–5 μm. Figure 12 shows the area with smaller grains of the average size of few μm.
Typical twins are clearly seen in several grains. The (0001) basal texture of individual grains
in extruded magnesium alloy observed in EBSD measurements was confirmed by electron
diffraction analysis. The contrast of individual grains on this micrograph with typical lowangle grain boundaries confirmed the analysis of diffraction patterns. The area of larger grains
had a typical heavily deformed structure with high density of tangled dislocations (not shown
here).
Figure 13 presents the microstructure of the specimen after 1 EX-ECAP pass. The bimodal
character of the microstructure did not change after the first ECAP pass; the average grain size
is only slightly smaller in comparison with the extruded material, see Figure 13a. However,
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Figure 12. Transmission electron micrograph of extruded AZ31 alloy.

one significant difference between these two micrographs is observed, namely the character
of grain boundaries. One can see many high-angle grain boundaries with typical thickness
fringe band contrast confirming their almost equilibrium state in this micrograph. On the other
hand, several grain boundaries remained in a non-equilibrium state with diffuse fuzzy contrast
and many dislocations lying in a grain boundary plane were also observed. Several areas with
high density of tangled dislocations with no or only exceptional signs of substructure forma‐
tion were found in this specimen, see Figure 13b.
Subsequent TEM observation confirmed that the microstructure of EX-ECAPed samples
changed only partly with increasing number of ECAP passes—fine grains were refined only
slightly while the large grain zones were refined significantly. Typical microstructure of the
sample processed by 2 EX-ECAP passes is shown in Figure 14.
Only fine grains of the average grain size in the submicrometer range were observed in the
micrographs of the specimens after 8 and 12 ECAP passes. Figure 15a presents the typical
microstructure of the sample after 8 passes. One can see that the grains in this micrograph are
equiaxed, and the grain size is approximately 800 nm. This material has significantly lower
density of dislocations and equilibrium grains boundaries. A few newly recrystallized very
small grains with no dislocations and sharp equilibrium boundaries were also found in the

see many high‐angle grain boundaries with typical thickness fringe band contrast confirming
equilibrium state in this micrograph. On the other hand, several grain boundaries remaine
equilibrium state with diffuse fuzzy contrast and many dislocations lying in a grain boundary
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substructure formation were found in this specimen, see Figure
13b.

a)
b)
Figure 13: Transmission electron micrographs of AZ31 alloy after extrusion and 1 pass of ECA
andelectron
HAGB
region and
(b) nonequilibrium
GBand
region.
alloy after extrusion
1 pass of ECAP, (a) equilibrium and
Figureequilibrium
13. Transmission
micrographs
of AZ31

HAGB region and (b) nonequilibrium GB region.

Figure 14. Transmission electron micrograph of AZ31 alloy after extrusion and 2 passes of ECAP.

microstructure after 8 and 12 passes of ECAP as seen in Figure 15b. TEM observations confirm
the process of microstructure evolution and its fragmentation as observed by EBSD. In
particular, large grains were continuously refined during subsequent ECAP pressing while
the fine grains remained almost unchanged.
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boundaries were also found in the microstructure after 8 and 12 passes of ECAP as seen in Figure 15b. TE
observations confirm the process of microstructure evolution and its fragmentation as observed by EBS
In particular, large grains were continuously refined during subsequent ECAP pressing while the fine grai
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a)
b)
Figure 15. Transmission electron micrograph of the AZ31 alloy (a) after 8 passes of EX‐ECAP and (b)
newly
recrystallized
smallmicrograph
grains after
12 passes
of EX‐ECAP.
Figure
15. Transmission
electron
of the
AZ31 alloy
(a) after 8 passes of EX-ECAP and (b) newly recrystal‐
lized small grains after 12 passes of EX-ECAP.

Thermal stability of the UFG structure investigated by EBSD

3.2. Thermal stability of the UFG structure investigated by EBSD

Microscopic techniques, in particular EBSD, can also contribute to the characterization of
thermal stability of the UFG structure. The maintenance of the fine-grained structure is of
particular importance for many physical properties, e.g., the superplasticity, etc. [23, 24].
Series of specimens for thermal stability investigation were prepared by isochronal annealing
at the temperatures 150–500°C for 1 h followed by water-quench. The samples after extrusion
and 4 passes of ECAP were chosen as suitable materials because of their UFG and homoge‐
neous microstructure with relatively high dislocation density (see also Figure 8a).
The microstructure and grain size distribution of the specimen in the initial non-annealed
condition after extrusion and 4 passes of ECAP are shown in Figure 16a and 16b, respectively.
The microstructure is homogeneous comprising of very fine grains with an average size of 0.9
μm. The microstructure and grain sizes of the samples after 1 h of isochronal annealing at
150°C and 170°C (not shown here) are very similar to the non-annealed specimen.
Inhomogeneous grain growth is observed at higher annealing temperatures as displayed at
Figure 17. Some grains start to grow at temperatures of 190°C (Figure 17a) and 210°C (not
shown here). The fraction of coarse grains increases with increasing annealing temperature.
At the temperature of 250°C, some areas with original fine grains are still observed, see Figure
17b. However, the small grains are continuously disappearing at higher annealing tempera‐
tures and nearly no small grains are observed after annealing at 400°C, see Figure 17e. Please
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a)
b)
Figure 16: Microstructure of the AZ31 sample after extrusion and 4 passes of ECAP, (a) inverse pole figure
map and (b) grain size distribution.
Figure 16. Microstructure of the AZ31 sample after extrusion and 4 passes of ECAP, (a) inverse pole figure map and (b)
grain size distribution.
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Inhomogeneous grain growth is observed at higher annealing temperatures as displayed at Figure
17. Some grains start to grow at temperatures of 190°C (Figure 17a) and 210°C (not shown here). The
note that magnification of Figure 17d and 17e is two times smaller than the magnification of
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statistics. Statistical values from the samples studied by light microscopy were calculated from
two or more images in order to get more than 1000 grains for each sample. Grains intersecting
the edge of EBSD maps and light microscopy images were not included in the analysis. The
dependence of average grain size (number average) on annealing temperature is plotted in
Figure 19. In samples annealed at 250°C and 300°C, the average values were calculated from
the bimodal grain size distribution. The values of the average grain sizes are summarized in
Table 2.
Annealing
temperature [°C]
Average grain
size d [μm]

(a)

-

170

190

210

250

300

350

400

450

500

0.94

0.99

1.05

1.48

1.83

2.06

3.04

3.79

10.09

24.53

(b)

Table 2. The average grain sizes at different annealing temperatures.

Annealing twins observed after annealing at 250–400°C (see Figures 17b and 17e) were
excluded from grain size calculations to achieve true grain size values (twin boundaries were
ignored in grain size calculations, i.e., the twin is considered to be a part of the grain). All these
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fraction of coarse grains increases with increasing annealing temperature. At the temperature of 250°C,
some areas with original fine grains are still observed, see Figure 17b. However, the small grains are
continuously disappearing at higher annealing temperatures and nearly no small grains are observed after
annealing at 400°C, see Figure 17e. Please note that magnification of Figure 17d and 17e is two times
smaller
than the
ofSciences
the previous inverse pole figure maps; simultaneously, four times bigger
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Physical and Life
area of the sample (100 × 100 µm) is depicted in Figure 17d and 17e. Microstructure of the specimens
annealed at 450°C and 500°C was observed by light microscope and is displayed in Figure 18.

(a)

(b)

(c)

(d)

(e)
Figure 17: Microstructure of the AZ31 EX‐ECAP specimen after 1 h of isochronal annealing at (a) 190°C,

Figure 17. Microstructure of the AZ31 EX-ECAP specimen after 1 h of isochronal annealing at (a) 190°C, (b) 250°C, (c)
300°C, (d) 350°C, and (e) 400°C (EBSD inverse pole figure maps).

twins were determined as the tensile twins with misorientation angle of 86° [25]. Twin
fractions, fraction of twinned grains and the area fraction of twinned grains in samples after
annealing at T ≥ 250 °C are shown in Table 3.
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Figure 18. Microstructure of the AZ31 EX-ECAP specimen after 1 h of isochronal annealing at (a) 450°C and (b) 500 °C
(light microscope images).

Figure 19. Dependence of the average grain size (number average, excluding twins) of the EX-ECAP AZ31 alloy on
annealing temperature after 1 h of isochronal annealing process.
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Figure 20. Schematic illustration of three different parts of the disks processed by HPT.
Annealing Temperature

250°C

300°C

350°C

400°C

Twin Fraction

0.13

0.12

0.16

0.14

Fraction of Twinned Grains

0.26

0.26

0.37

0.40

Area Fraction of Twinned Grains

0.55

0.52

0.60

0.71

Table 3. Twinning in isochronally annealed EX-ECAP AZ31 alloy.

3.3. Microstructure evolution in UFG AZ31 processed by HPT investigated by ACOM-TEM
The microstructure of the materials after SPD cannot be often observed by light microscopy
because of their very small grain sizes. EBSD is usually a much better and suitable method in
this case. However, even EBSD has some limitation in resolution or some “more local” method
could be required for microstructure observations. This often occurs in specimens processed
by high pressure torsion. This method proved to be more effective in grain refinement than
the ECAP due to mainly much larger strains imposed on the HPT disk during processing and
also lower temperatures of processing as compared to ECAP [2, 9]. TEM is a well-known
technique that usually solves the problem. ACOM-TEM is a very sophisticated method,
alternative to EBSD, which enables to study extremely fine-grained materials. We used this
technique for microstructure observations of the most deformed parts of HPT specimens. Due
to the inhomogeneous character of strain imposed to the material by HPT, disks processed by
HPT could be divided into three parts: center, middle, and periphery (see Figure 20).
Due to relatively low imposed strain after one HPT rotation, EBSD is sufficient to be employed
for microstructure observation. Figures 21a and 21b show deformed microstructures of the
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central and middle parts of the specimen after 1 turn studied by EBSD. The areas investigated
by EBSD could be relatively big—in our case it was the area 100 × 100 μm. The step size of
these measurements was 100 nm. Figure 21a displays a heavily deformed microstructure of
the central part of the specimen with a lot of multiple twinning. The microstructure of the
middle part of the sample after 1 HPT rotation, shown in Figure 21b, consists of several large
elongated grains with no twins and a lot of new grains of the average size of few microns.
The same middle part of this specimen was studied using ACOM-TEM and the typical results
are displayed in Figure 22a. Measurements were done with step size 20 nm, which is five times
smaller than The
the step
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(a)

(b)

Figure 21: EBSD IPF image of microstructure of the AZ31 sample after 1 turn of HPT, (a) central part

Figure
21.(b)
EBSD
IPF part.
image of microstructure of the AZ31 sample after 1 turn of HPT, (a) central part and (b) middle
and
middle
part.

The sample, after 5 turns of HPT, was investigated using ACOM-TEM in the middle and the
peripheral part of the disk. The microstructure of the middle part (see Figure 23a) is comparable
with the middle part of the sample after 1 HPT rotation; it consists of large elongated deformed
grains and a lot of small grains surrounding the bigger grains. The microstructure of the
peripheral part of the disk after 5 HPT turns, shown in Figure 23b, is composed mainly of very
small grains. However, few remaining grains with the size of several microns could be still
observed in the peripheral part. The ACOM-TEM is a very local method where the relatively
small part of a thin foil could be investigated. Thus, the statistics of measurements of hetero‐
geneous microstructure is not sufficient. Preparation and investigation of more TEM foils is
needed to improve the statistics (despite each image consisting of observations at four different
zones of a foil).

(a)

(b)

Figure 22: ACOM‐TEM image of the microstructure of the AZ31 sample after 1 turn of HPT,
(a) middle part and (b) periphery.
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microstructures with large elongated grains and a lot of small grains. The microstructure of the peripheral
part (see Figure 22b) is homogeneous with very small grains only ( 100–300 nm).
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Figure 21: EBSD IPF image of microstructure of the AZ31 sample after 1 turn of HPT, (a) central part and (b) middle part.

Figure 21: EBSD IPF image of microstructure of the AZ31 sample after 1 turn of HPT, (a) central part and (b) middle part.

Figure 22: ACOM‐TEM image of the microstructure of the AZ31 sample after 1 turn of HPT, (a) middle part and (b)
periphery.

The sample, after 5 turns of HPT, was investigated using ACOM‐TEM in the middle and the
peripheral part of the disk. The microstructure of the middle part (see Figure 23a) is comparable with the
middle part of the sample after 1 HPT rotation; it consists of large elongated deformed grains and a lot of
small grains surrounding the bigger grains. The microstructure of the peripheral part of the disk after 5 HPT
turns, shown in Figure 23b, is composed mainly of very small grains. However, few remaining grains with
the size of several microns could be still observed in the peripheral part. The ACOM‐TEM is a very local
method where the relatively small part of (b)
a thin foil could be investigated. Thus, the statistics of
(a)
measurements of heterogeneous microstructure is not sufficient. Preparation and investigation of more
Figure
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part22.
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of
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periphery.

The sample, after 5 turns of HPT, was investigated using ACOM‐TEM in the middle and the
peripheral part of the disk. The microstructure of the middle part (see Figure 23a) is comparable with the
middle part of the sample after 1 HPT rotation; it consists of large elongated deformed grains and a lot of
small grains surrounding the bigger grains. The microstructure of the peripheral part of the disk after 5 HPT
turns, shown in Figure 23b, is composed mainly of very small grains. However, few remaining grains with
the size of several microns could be still observed in the peripheral part. The ACOM‐TEM is a very local
method where the relatively small part of a thin foil could be investigated. Thus, the statistics of
measurements of heterogeneous microstructure is not sufficient. Preparation and investigation of more
TEM foils is needed to improve the statistics (despite each image consisting of observations at four
different zones of a foil).

(a)

(b)

Figure 23: ACOM‐TEM image of the microstructure of the AZ31 sample after 5 turns of HPT,
Figure
23. ACOM-TEM
of the microstructure of the AZ31 sample after 5 turns of HPT, (a) middle part and (b)
(a) middle
part and image
(b) periphery.

periphery.

Figures 24a and 24b display the microstructure of the middle and peripheral part of the disk
Figures 24a and 24b display the microstructure of the middle and peripheral part of the disk after
after
HPT
rotations,respectively.
respectively.The
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of both
homogeneous
15 15
HPT
rotations,
both parts
partsisismore
more
homogeneous than the
than
the
microstructure
of
the
same
parts
of
the
disk
after
5
HPT
turns.
microstructure of the same parts of the disk after 5 HPT turns.
Grain size distributions of extremely fine grained microstructure of the peripheral parts of the
disks after 1 and 15 HPT rotations (see Figure 25) show that about 60%, and nearly 70%, of

Figure 23: ACOM‐TEM image of the microstructure of the AZ31 sample after 5 turns of HPT, (a) middle part and (b)
periphery.
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Figures 24a and 24b display the microstructure of the middle
and peripheral part of the disk after
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15 HPT rotations, respectively. The microstructure of both parts is more homogeneous than the
microstructure of the same parts of the disk after 5 HPT turns.

(a)

(b)

Figure 24: ACOM‐TEM image of the microstructure of the AZ31 sample after 15 turns of HPT, (a) middle
Figure 24. ACOM-TEM image of the microstructure of the AZ31 sample after 15 turns of HPT, (a) middle part and (b)
periphery.

grains, respectively, have a diameter of 100–200 nm that proves clearly the efficiency of grain
refinement by HPT.

a)
b)
Figure 25: Grain size distribution of the peripheral part of the disk after (a) 1 and (b) 15 rotations of HPT.
Figure 25. Grain size distribution of the peripheral part of the disk after (a) 1 and (b) 15 rotations of HPT.
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Conclusions
Microstructure evolution in ultra‐fine grained magnesium alloy AZ31 prepared by severe plastic

4. Conclusions
deformation was investigated by several experimental techniques. The following conclusions may be drawn
from this investigation:
 Due to
limited resolution
light microscopy
may be employed
investigate
the initial
stages of grain
Microstructure
evolution
in ultra-fine
grained magnesium
alloy to
AZ31
prepared
by severe
fragmentation, i.e., the specimens processed by low number of ECAP passes or low number of HPT
plastic deformation was investigated by several experimental techniques. The following
turns and especially in zones around the disk centers;
conclusions
mayproved
be drawn
from
this investigation:
 EBSD
to be
a very
powerful technique for the investigation of various stages of grain
refinement. It allows to characterize not only the grain fragmentation, but also to determine other
microstructural features as the grain size distribution and the grain boundary character distribution
(the fraction of LAGBS vs. HAGBs), as well as the texture evolution with strain imposed to the
material by ECAP and/or HPT;
 TEM allows to characterize the details of the microstructure, namely the dislocation arrangements,
grain boundary character (equilibrium vs. nonequilibrium grain boundaries), twins, twin and other
special boundaries, etc.;
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• Due to limited resolution light microscopy may be employed to investigate the initial stages
of grain fragmentation, i.e., the specimens processed by low number of ECAP passes or low
number of HPT turns and especially in zones around the disk centers;
• EBSD proved to be a very powerful technique for the investigation of various stages of grain
refinement. It allows to characterize not only the grain fragmentation, but also to determine
other microstructural features as the grain size distribution and the grain boundary
character distribution (the fraction of LAGBS vs. HAGBs), as well as the texture evolution
with strain imposed to the material by ECAP and/or HPT;
• TEM allows to characterize the details of the microstructure, namely the dislocation
arrangements, grain boundary character (equilibrium vs. nonequilibrium grain bounda‐
ries), twins, twin and other special boundaries, etc.;
• The special technique of ACOM-TEM may be used to characterize the terminal stages of
grain refinement (saturation) with grain sizes approaching to nanometer range (grain size
< 100 nm), which is typical for peripheral zones of specimens processed by multiple turns
of HPT;
• Complex microstructure characterization by different techniques of electron microscopy
allows to understand the microscopic mechanisms of grain refinement, grain fragmentation,
structure stability, as well as other important properties of ultra-fine grained materials
processed by severe plastic deformation.
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