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The influence of three different equal channel angular pressing (ECAP) routes (A, Bc and C) on the grain size, tex-
ture, dislocation structure andmechanical properties in pre-extrudedAX41magnesium alloywas investigated. It
was found that during the first passes, the rate of grain fragmentation strongly depends on the processing route.
After 8 passes, despite the almost identical values of the dislocation density (0.7 × 1014 m−2), the average grain
size varied in the range of 2.0–4.5 μm for the individual ECAP routes. Macroscopic texture measurements re-
vealed a gradual formation of very strong textures, which were significantly different for the various processing
routes. The strength and the ductility of the samples were investigated by tensile test carried out parallel to the
outgoing channel axis. RouteAwas found to be themost effective processing route for grain refinement. In tensile
tests carried out at room and elevated temperatures, the highest strengthwas observed for the sample processed
via route A for 8 passes, due to the highest texture hardening and the smallest grain size.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Magnesium, as the lightest structural material, exhibiting high spe-
cific strength and excellent castability, is a very promising candidate
for a wide range of structural applications. However, the current use
of magnesium alloys is limited to room temperature applications, pri-
marily due to the poor creep resistance at temperatures above 100 °C.
The low formability of magnesium alloys and strong plastic anisotropy
are another issues, which also hinder their wider applications [1,2].

In order to extend the use of magnesium alloys from the room tem-
perature to high temperature applications, several die-cast alloys were
developed based on the Mg-Al system by the addition of silicon, zinc,
rare earth elements (Nd, La, Ce) and alkaline earths metals (Ca, Sr) [3–
5]. The addition of these elements caused the formation of new, ther-
mally stable intermetallic phases, resulting in enhanced creep strength
[6]. New ternary magnesium alloy of AX(Mg-Al-Ca) series were devel-
oped as cheaper alternative to the alloys containing rare earth alloying
elements. These materials exhibit improved high temperature strength
and creep resistance due to the presence of Mg2Ca and Al2Ca precipi-
tates [7–9].

Processing of magnesium alloys by methods of severe plastic defor-
mation (SPD) was found to be successful for producing of ultrafine-
grained microstructures [10,11]. In the last two decades, processing by
rajňák).
equal channel angular pressing (ECAP) becomes the most popular SPD
technique [12]. In this method, a sample in the form of a rod or a bar
is repeatedly pressed through a die, consisting of two intersecting chan-
nels with the same cross section. Various experimental parameters of
ECAP processing (themagnitude of the imposed strain, the temperature
and the velocity of pressing, the processing route, etc.) significantly in-
fluence themicrostructural features and mechanical properties of mag-
nesium alloys [13–15]. Generally, ECAP-processed Mg alloys exhibit a
strong texture, which is responsible for decreasing the yield stress and
enhancing the ductility, despite the significant grain refinement [16–
18]. The formed textures depend on the type of deformation route,
which is characterized by the angle and direction of the sample rotation
between the consecutive passes [19].

The present paper studies a ternary AX41 magnesium alloy proc-
essed by a combination of hot extrusion and ECAP. The influence of de-
formation routes A, Bc and C on grain fragmentation, dislocation density
evolution in different slip systems, formation of individual textures and
mechanical properties was investigated. Amodel describing the texture
evolution during ECAP processing was also proposed.

2. Experimental Procedures

AX41 magnesium alloy with the composition of Mg - 4 wt.% Al -
1 wt.% Cawas used in this investigation. First, the samples were extrud-
ed at 350 °C and a speed of 60 mm/min with an extrusion ratio of 19:1.
Billets with the dimensions of 10 × 10 × 100mm3weremachined from
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Fig. 2. (a) Inverse pole figure maps obtained on the cross sections and (b) grain size distributions of the samples processed by different deformation routes for 4 and 8 ECAP passes.

Fig. 1. (a) Inverse pole figure map and (b) grain size distribution of the extruded alloy fitted by a log-normal function.
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Fig. 4. (a) Notation of axes and planes in the sample coordinate system and (b) the
orientation of pole figures.

Fig. 3. The dependence of (a) the mean grain size and (b) the fraction of HAGBs on the number of ECAP passes (N) and the route of processing.
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the extruded rod. The samples were processed by ECAP at the tempera-
ture of 220 °C up to 8 passes, following routes A, Bc and C [20]. All sam-
pleswere pressed at the speed of 20mm/min through a die consisting of
rectangular channels (inner angle ϕ = 90°, outer curvature ψ = 0°)
with the same cross section of 10 × 10mm2. For simplicity, the samples
were labeled according to the number of the applied ECAP passes and
the route of processing. For instance, the specimen processed by 8
passes using route Bc is labeled as 8xBc.

Microstructural features of the SPD-processed AX41 magnesium al-
loys were characterized by electron back-scatter diffraction (EBSD) and
X-ray line profile analysis (XLPA). The samples for all measurements
were cut from the rods perpendicular to the pressing direction (plane
X [21]) and polished to amirror like quality using diamond suspensions
down to 0.25 μm. Final surface treatment for EBSD was performed by
ion polishing using a Gatan PIPS™ ion mill at 2 kV and the incidence
angle of 4°. The examination of microstructures was carried out by a
Quanta FEG scanning electron microscope operated at 10 kV. Areas of
approximately 300 × 250 μm2 and 100 × 100 μm2 with step sizes of
300 nm and 100 nm for extruded and ECAP-processed samples, respec-
tively, were investigated by EBSD. Measured EBSD data were cleaned
using one step of confidence index standardization and two steps of
grain dilatation. Further, only points having confidence index N0.1
were used. Before X-ray diffraction experiments, the surface of the sam-
ples was etched by a solution of 10ml acetic acid, 4.2 g picric acid, 10ml
H2O and 70 ml of ethanol for 20 s in order to remove the surface layer
affected by mechanical polishing. The X-ray diffraction spectra were re-
corded using a high-resolution rotating anode diffractometer (type: RA-
MultiMax9, manufacturer: Rigaku) using CuKα1 (wavelength: λ =
0.15406 nm) radiation. A narrow parallel X-ray beam with the size of
2 × 0.2 mm2 was used in the experiments. Two-dimensional imaging
plates detected the Debye-Scherrer diffraction rings. The line profiles
were determined as the intensity distribution perpendicular to the
rings obtained by integrating the two dimensional intensity distribution
along the rings. The X-ray diffraction patterns were evaluated by the
Convolutional Multiple Whole Profile (CMWP) fitting method [22].
Nineteen peaks of Mg were used in the fitting procedure, which cover
an angular range of diffraction of about 30–135°. Macroscopic crystallo-
graphic textures were determined by a Philips X'Pert PRO MRD X-ray
diffractometer, using CuKα radiation (λ = 0.15418 nm), polycapillary
in the primary beam, Eulerian cradle, parallel plate collimator and
monochromator in the diffracted beam. The pole figures for reflections
0002, 10�10, 10�11 and 10�13 were measured. The average collection
time per one pole figure was 5 h. The data evaluation - background cor-
rection, orientation distribution function (ODF) calculation and pole fig-
ure plotting - was performed by a Philips X'Pert Texture 1.0a software.

Mechanical properties were investigated by tensile tests at 20, 100
and 200 °C. Additional microhardness measurements were carried out
at room temperature. The tensile tests were performed at a constant
strain rate of 10−4 s−1 by a universal Instron 5882 testing machine on
specimens with rectangular cross-section of 6 mm × 1 mm and gauge
length of 13mm. The tensile axis of the samples was parallel to the lon-
gitudinal axis of the ECAP-processed billets. The proof stress was deter-
mined from the true stress - true strain data at the plastic strain of 0.2%.
The Vickers microhardness was measured using an automatic micro-
hardness tester Qness Q10a by applying a load of 100 g for 10 s and tak-
ing an average over 30 separate hardness measurements.
3. Experimental Results

3.1. Microstructural Observations by EBSD

Themicrostructure of the extruded alloy consists of equiaxed grains
with log-normal grain size distribution in the range of 1–30 μm, as
shown in Fig. 1. In this evaluation only grains with the misorientation
angle larger than 15° were considered. Processing by ECAP caused sub-
stantial refinement of the extruded microstructure. The fragmentation
rate and the final grain size differ for the individual ECAP routes. Homo-
geneous ultrafine-grained microstructures were formed already after 4
passes via routes Bc and C, whereas in the case of route A this occurs
only after 8 passes, cf. Fig. 2a. The grain size distributions obtained as
the area fraction of grains versus grain size for the specimens processed
by 4 and 8 ECAP passes are shown in Fig. 2b. For all samples, the grain
size distribution has approximately a log-normal shape. For routes Bc
and C, a broadening of the size distribution towards larger grain sizes
was observed between 4 and 8 passes. On the other hand, for route A
the grain size distribution became narrower between 4 and 8 passes
which was accompanied by a grain refinement.

The mean grain size determined by EBSD from the area fraction cal-
culations for different ECAP routes is plotted in Fig. 3a. It is obvious, that
the mean grain size decreased with increasing number of ECAP passes
(N) up to 4 passes, irrespectively of the processing route. However, be-
tween 4 and 8 passes of ECAP via route A the grain size was further re-
duced to the value of ~2 μm which contrasts with route Bc, where the
grain size remained unchanged ~2.7 μmand route C, where it increased
to ~4.5 μm. In Fig. 3b the influence of the number of passes on the frac-
tion of high angle grain boundaries (having the misorientation N 15°)



Fig. 5. (0001) and 10�10 X-ray pole figures for the extruded sample.
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for different processing routes is shown. For all ECAP routes, the fraction
of HAGBs gradually increased up to 4 passes. This increment was the
most significant for route Bc, where the fraction of HAGBs reached
82%. Similar valuewas observed for route A only after 8 passes. The frac-
tion of HAGBs for route C was lower than for the other two routes
(about 66%).
3.2. Texture Development Investigated by EBSD and X-ray Diffraction

The sample coordinate system (x-, y- and z-axes) and the three or-
thogonal planes X, Y and Z used for the representation of texture mea-
surements are depicted in Fig. 4a. The x-axis is parallel to the pressing
or extrusion direction in the ECAP-processed or extruded sample, re-
spectively. The orientation of the pole figures is displayed in Fig. 4b.
Fig. 6. (0001) EBSD pole figures for samples process
As shown in Fig. 5, the extruded sample exhibits a fiber texture,
where the basal planes are orientated parallel to the x-axis. Evenly dis-
tributedmaximum around the edge of (0001) pole figure indicates that
basal planes are randomly rotated around the x-axis. The observed tex-
ture is typical for magnesium alloys processed by hot extrusion [23,24].
The (0001) pole figures for the samples processed by different numbers
of passes via route A are shown in Fig. 6a. After the first pass of ECAP the
original extruded texture was considerably modified and two strong
texture components were formed. In the first texture component (de-
noted as A) the basal planes are parallel to plane Z. In the second texture
component (denoted as B) the basal planes are lying parallel to the the-
oretical shearing plane activated during ECAP [20], i.e., the basal planes
are tilted by ~45° to the pressing direction (x-axis). These two texture
components were preserved up to the fourth ECAP pass. From the
fourth pass via route A, a gradual strengthening of texture component
A at the expense of component B can be observed. Thus, after 8 passes
the microstructure exhibits a dominant A texture component. Process-
ing of samples via route C up to the fourth pass led to a gradual forma-
tion of both texture components A and B (see Fig. 6b). However, after 8
passes the texture component A almost disappeared and only the com-
ponent Bwas present. The texture evolution during processing via route
Bc is shown in Fig. 6c. From the second pass, themicrostructure exhibits
both texture components A and B. However, the component B is addi-
tionally tilted roughly by 40° towards the y-axis.

In order to compare themicrotexture obtained from EBSDmeasure-
ments with the macrotexture, the pole figures determined by X-ray dif-
fraction for the samples processed by eight passes are summarized in
Fig. 7a. It can be concluded, that the pole figures obtained by both tech-
niques (EBSD and X-ray diffraction) are fully consistent. For completing
ed by (a) route A, (b) route C and (c) route Bc.



Fig. 7. (a) (0001) andð10�10Þ X-ray polefigures for the samples processed by 8 passes via various deformation routes and (b) graphical representations of the orientation of hexagonal cells
for themain texture components in these samples (the random rotation of the prismatic planes around the crystallographic c-axis ismarked by the blue arrow). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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the texture investigation, the 10�10 X-ray pole figures are also plotted in
Fig. 7a. The prevailing orientations of the hexagonal cells in specimens
processed by 8 passes via different deformation routes are graphically
shown in Fig. 7b, where the random rotation of the prismatic planes
around the crystallographic c-axis is marked by the blue arrow.

3.3. Microstructural Investigation by XLPA

The area-weightedmean crystallite size was calculated according to
the formula [22]:

xh iarea ¼ m� exp 2:5σ2� �
; ð1Þ

where m and σ2 represent the median and the log-normal variance of
the log-normal size distribution function, respectively. The dependence
Fig. 8. Dependence of (a) dislocation density and (b) crystallite siz
of the dislocation density (ρ) and the area-weighted mean crystallite
size on the number of ECAP passes are plotted in Fig. 8. Note that for
the extruded sample the crystallite size and the dislocation density
were larger and smaller, respectively, than the detection limits of
XLPA method (1013 m−2 for the dislocation density and 1000 nm for
the crystallite size). Therefore, these limits were plotted for the extrud-
ed specimen in Fig. 8. It is obvious that the area-weightedmean crystal-
lite size and the dislocation density do not depend significantly on the
processing route. During the first pass of ECAP the dislocation density
significantly increased. Further processing led to the decrease of disloca-
tion density, which is a consequence of the dynamic recovery operating
at higher strains [25]. From the fourth pass the dislocation density
remained constantwithin the experimental errorwhich can be attribut-
ed to the balance between multiplication and annihilation of disloca-
tions. The crystallite size significantly decreased already after 1 pass to
e on the number of ECAP passes and the route of processing.



Fig. 9. The dependence of (a) the relative fractions of basal (BE) edge dislocations, (b) the sum of relative fractions of prismatic (PrE) and pyramidal (PyE) baN-type edge dislocations and
(c) the relative fractions of the second order pyramidal edge (Py2E) bc + aN dislocations on the route of ECAP and the number of passes.
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the value of ~200 nm. With further straining the crystallite size slightly
increased and saturated after 4 passes. In all samples processed by 8
passes the crystallite size was about 250 nm and the dislocation density
was approximately 0.7 × 1014 m−2. It is noted that the crystallite size
determined fromX-ray lineprofiles is equivalent to the size of coherent-
ly scattering domains, which corresponds to dislocations cells or
subgrains in SPD-processedmetallic materials. Therefore, the crystallite
size differs from the grain size determined by EBSDmethod, which con-
siders only grains with high angle grain boundaries.

In addition to the evaluation of the dislocation density, the analysis
of the distribution of dislocations in the particular slip systems was
also performed using the procedure described in detail in [26]. As the
dislocation contrast factors of X-ray diffraction peaks for prismatic
edge (PrE) and pyramidal edge (PyE) dislocations in baN-type slip sys-
tem family are close to each other [27], and their separation is difficult,
the sum of their fractions is presented only. Themajority of dislocations
(80–95%) in all ECAP samples have baN-type Burgers-vector. Fig. 9a, b
and c show the fractions of basal edge (BE) and PrE+PyE baN-type dis-
locations, as well as the second order pyramidal edge bc + aN
Fig. 10. Evolution of (a) microhardness and (b) proof stress at room temperatu
dislocations (f11�22gh11�2�3i system denoted as Py2E), respectively, as
a function of number of ECAP passes for different processing routes. It
is apparent from Fig. 9a, that processing via route C led to a higher frac-
tion of BE dislocations in comparison to routes A and Bc. For route C the
relative fraction of basal dislocations gradually increased with increas-
ing number of passes and saturated after 4 passes. The relative fraction
of basal dislocations for routes A and Bcwas the samewithin the exper-
imental error and only slightly increased with increasing the number of
ECAP passes. The sumof fractions of baN-type PrE and PyE edge disloca-
tions is also strongly depended on the route of processing (see Fig. 9b).
Already after the second pass the population of PrE and PyE edge dislo-
cations decrease from 95% to 85% for route A and approximately to 70%
for routes Bc and C. The changes in dislocation population between 1
and 2 passes can be explained by the annihilation of dislocations (see
Fig. 8a). During further processing via route Bc, the population of PrE
and PyE edge dislocations gradually increased to 85%, similar to the
value determined for sample 8xA. On the other hand, for route C this
population further decreased to 60% after 4 passes of ECAP. From the
second pass the relative fraction of Py2E increased during processing
re with increasing number of ECAP passes for different processing routes.



Table 1
The values of ductility (εmax) evaluated from the true stress - true strain curves at room
and elevated temperatures.

N εmax [%]

20 °C 100 °C 200 °C

A Bc C A Bc C A Bc C

0 18 ± 3 33 ± 4 50 ± 6
1 20 ± 4 39 ± 5 130 ± 15
2 17

± 3
19
± 3

22
± 4

74
± 8

50
± 5

69
± 7

141
± 20

88 ± 9 156
± 20

4 15
± 2

27
± 4

18
± 3

45
± 5

67
± 7

68
± 7

90
± 10

163
± 20

123
± 15

8 23
± 4

23
± 4

29
± 4

28
± 4

66
± 7

33
± 4

104
± 10

175
± 20

110
± 12

288 T. Krajňák et al. / Materials Characterization 123 (2017) 282–293
via route Bc. At the same time, for routes A and C this fraction gradually
decreased and saturated after four passes, cf. Fig. 9c.

3.4. Mechanical Properties

The values of themicrohardness and the proof stress (σ0.2) obtained
from tensile tests at room temperature are plotted as a function of the
number of passes in Fig. 10. It is clearly seen that the evolution of both
the microhardness and the proof stress with increasing number of
ECAP passes is similar for all processing routes up to the fourth pass.
The strength of the samples was significantly improved already after
the first pass of ECAP. Further processing up to 4 passes led only to a
minor change in the proof stress and the microhardness. After 8 passes,
the values of σ0.2 significantly varied for the different processing routes,
in contrast to the values of microhardness, which are the same within
the experimental error. As themicrohardness test introducesmultiaxial
loading to the material, the measured values of microhardness are less
sensitive to the texture than the proof stress. At the same time, the dif-
ferent behavior of σ0.2 after 8 passes indicates the effect of texture on
mechanical properties. For sample 8xA, the proof stress reached the
highest value of 223 MPa. The strength increment due to ECAP was ap-
proximately 30% in comparison with the as-extruded state. In speci-
mens processed via routes Bc and C a decrease of proof stress to the
values of 180 MPa and 150 MPa, respectively, was observed between
4 and 8 passes. The ductility (εmax) measured at room temperature ex-
ceeds 15% for all samples, as shown in Table 1.

The variation of the proof stress at elevated temperatures with in-
creasing number of passes is shown in Fig. 11. At the temperature of
100 °C (Fig. 11a), a moderate decrease of the proof stress by about
30–40% in comparison to the room temperature values was observed
after 8 passes of ECAP. However, the ductility of these samples increased
only slightly, except for 8xBc sample, where εmax was approximately 3
times higher than the room temperature value. For N N 2, the samples
processed via route A exhibit the highest values of σ0.2. Mechanical
Fig. 11. Evolution of the proof stress (a) at 100 °C and (b) at 200 °C with
testing at 200 °C (see Fig. 11b) revealed a rapid drop of the proof stress
already after the first pass. With further ECAP straining (N N 2) σ0.2

remained approximately unchanged at a level of 20–30MPa. Significant
drop in theproof stress at 200 °Cwas accompanied by a notable increase
in elongation. A maximal ductility of 175% was observed for 8xBc sam-
ple. Such an increase in ductility can be explained by a transition in con-
trolling deformation mechanism from the dislocation slip to grain
boundary sliding [28].

3.5. Schmid Factors

The values of Schmid factors for uniaxial tension parallel to the x-axis
for f0001gh11�20i basal, f10�10gh11�20i prismatic and f11�22gh11�2�3i
pyramidal slip systems (previously denoted as BE, PrE and Py2E,
respectively) were calculated from the experimentally measured texture
using the software TSLOIMAnalysis 7, and are plotted in Fig. 12. As can be
seen from Fig. 12a, the samples processed via route C exhibit the highest
values of Schmid factors for basal slip (mbasal). Furthermore, mbasal in-
creaseswith increasingnumber of ECAPpasses for routes Bc andC. In con-
trast, a saturation already after 2 ECAP passes can be observed for route A,
which indicates a more difficult activation of basal slip in comparison to
other routes. Increasing number of ECAP passes leads to a decrease of
Schmid factors for both prismatic (mprism) and the second order pyrami-
dal slips (mpyram) for routes Bc and C. These values remain constant
after the first pass for route A and are clearly the highest ones compared
to other ECAP routes for 4 and 8 passes.

4. Discussion

4.1. Microstructure

Detailed microstructural observations revealed that processing of
extruded AX41 alloy by ECAP via different processing routes led to a
gradual microstructure refinement and the formation of a very strong
texture. The rate of the microstructure fragmentation is highly affected
by the route of processing. Route Bcwas found as themost effectiveway
in the formation of homogeneous microstructure with the largest frac-
tion of high angle grain boundaries. Such finding is consistent with the
observations preformed on many other materials [29,30]. In routes Bc
and C, a complete microstructure refinement was observed already
after 4 passes, with HAGBs fractions of ~82% and ~72%, respectively. In
contrast, for route A grain refinement continues up to 8 passes, resulting
in a grain size of ~2 μm. The fraction of HAGBs is ~82%, similar to route
Bc.

The process of microstructure refinement in magnesium alloys con-
sists of the nucleation and growth of fine grains along the preexisting
grain boundaries [31]. Such formation of grains is attributed to the evo-
lution of stress concentrations at grain boundaries, which causes the
increasing number of ECAP passes for different processing routes.



Fig. 12. Dependence of Schmid factors for (a) basal baN slip, (b) prismatic baN slip and (c) the second order pyramidal bc + aN slip on the number of ECAP passes and the route of
processing.
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simultaneous activation of both basal and non-basal slips [32]. Never-
theless, significant difference in the grain size evolution after four passes
was observed in routes A and C. The analysis of Burgers vectors popula-
tion in the samples processed by route A revealed the highest fraction of
non-basal dislocations (prismatic (PrE) and pyramidal (PyE) baN-type
edge dislocations). This significant activity of non-basal baN-disloca-
tions is in good qualitative agreement with theoretical calculations of
Agnew [33] and Li [34]. Modelling results in [33] predict that approx.
20% of strain is accommodated by prismatic baN-slip. Both Li and
Agnew further predicted activity of pyramidal bc + aN-slip, which is
consistent with our observations. The non-basal baN-dislocations have
higher probability to lock each other and form dislocation tangles
even in small grains, compared to the basal ones. Consequently, the de-
velopment of new nuclei at the grain boundaries is more probable for
higher fractions of non-basal slip systems. During ECAP, the grains
formeddue to the recrystallization growwith further straining (increas-
ing the number of passes). At the same time, new grainsmay also nucle-
ate at the boundaries of these growing grains. If grain refinement and
coarsening are in equilibrium, the grain size reaches its saturation
value. However, for route C the reduced fraction of non-basal disloca-
tions after 4 passes decreased the probability of new grain nucleation
during further processing and an increase of the grain size was
Fig. 13. The EBSD (0001) pole figures corresponding to grains (a) d b 2 μm, (b) d N 2 μm and
observed. Due to the reduced dynamic recrystallization between 4 and
8 passes for route C, the fraction of HAGBs after 8 passes is smaller for
this route than for routes A or Bc.
4.2. Texture

The texture formed in ECAP-processed AX41 alloy strongly depends
on the deformation route. The identical texture types were also ob-
served in the pre-extruded [35] and the hot-rolled [36] AZ31 magne-
sium alloys processed by 4 passes via all three deformations routes (A,
Bc and C) at temperatures of 250 °C and 220 °C, respectively. Moreover,
the same route dependence of texture with increasing number of ECAP
passes was observed in the pure magnesium processed at 250 °C [37].
On the other hand, ECAP processed magnesium alloys with Li addition:
LAE442 (route Bc) [38] andMg4L (route A) [33], exhibit distinct texture
evolution. It was attributed to the substantial decrease of c/a ratio due to
the lithium solved in the Mgmatrix, which enhances the activation of f
10�10gh11�20i prismatic and f11�22gh11�2�3i pyramidal slip systems.

A detailed inspection of the results of texture measurements indi-
cates that the gradual texture formation is related to the grain refine-
ment. It was found that the texture evolution in small (d b 2 μm) and
(c) the EBSD ð10�10Þ pole figure including all grains in the sample processed by 1 pass.



Fig. 15. (a) The shear planes activated during individual ECAP passes performed via
different routes and (b) the orientation of slip planes for BE slip systems activated
during the various routes.

Fig. 14. Schematic representation of formation of (a) texture component B and (b) texture component A during the 1st pass of ECAP.
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large grains (dN 2 μm)are different, therefore in the following their con-
tributions to the pole figures are considered separately. Fig. 13a and b
present the (0001) pole figures for grains smaller and larger than
2 μm, respectively, in the sample processed by 1 pass. Only slight differ-
ences were observed for the two groups of grains. It is clearly seen that
the texture component A dominates over the component B in both pole
figures. The formation of texture component B already after the first
pass can be explained by the activation of basal slip system, which
causes the rotation of the (0001) basal planes parallel to the theoretical
shearing plane activated during the first pass (see Fig. 14a). This mech-
anismwas proposed previously byMukai et al. [23]. Texture component
A originates from the combination of twinning in compression, occur-
ring already in the feed-in channel and consequently the activation of
the second order pyramidal slip system, by which the pyramidal plains
f11�22g remain orientated parallel to ECAP shearing plane, cf. Fig. 14b.
Such orientation of hexagonal cells produces 4 maxima lying on the y
axis of theð10�10Þpolefigure including all grains (see Fig. 13c). The pres-
ence of compression twining in the extruded pure magnesium and its
alloys was documented by many authors [39,40]. This explanation of
the formation of texture component A was provided by Minarik et al.
[38]. As the intensity of component A is higher than that of component
B for both groups of grains, it can be concluded that the influence of the
second order pyramidal slip dominates over the basal for N= 1, proba-
bly due to the easier twining activation than the basal slip.

The texture components forming during the ECAPprocesswere sim-
ulated by Beausir et al. using VPSCmodel [41]. Despite the fact that their
simulations were performed for pure Mg, and without considering the
dynamic recrystallization during the ECAP process, the qualitative
agreement between the simulations and our experimental results for
routes A and Bc is good. In the case of route C their model predicts
well the formation of texture component A, but not the component B.

As it was mentioned above, the basic mechanism of texture forma-
tion in magnesium alloys during ECAP consists of the rotation of the
slip plane of prevailing slip system parallel to the theoretical shearing
plane activated during ECAP. As the individual shearing planes activated
during ECAP for N ≥ 2 varied according to the route of processing (see
Fig. 15a) [20], the activation of dislocation slip systems varies for the dif-
ferent routes. The analysis of the distribution of dislocations in the par-
ticular slip systems showed, that the evolution of basal dislocation
population for route A resembles that for route Bc, cf. Fig. 9a, while the
evolution of Py2E dislocations population for route A resembles that
for route C, cf. Fig. 9c. The different behavior of BE and Py2E dislocations
can be explained by considering the orientation of the shearing planes.
As for both routes A and Bc, the shearing planes after the Nth and
(N + 1)th passes are not parallel, the basal planes activated during
the Nth pass must rotate after the (N + 1)th pass, in contrast to route
C, where the shearing planes are parallel and the basal planes remained
favorably orientated for slip, cf. Fig. 15b. Forf11�22gpyramidal slip, route
A resembles route C since for both cases the crystallites consisting of ac-
tivated pyramidal slip systems in the Nth pass remain favorably
orientated for pyramidal slip in the (N + 1)th pass, considering twin-
ning due to compression in the feed-in channel (see Fig. 16). At the
same time, for route Bc the activation of f11�22g pyramidal slip systems
in the (N + 1)th pass requires crystallite rotation, cf. Fig. 16b. Conse-
quently, the evolution of the relative fraction of Py2E dislocations is sim-
ilar for routes A and C.

In contrast to the sample processed by 1 pass, the orientation of
small and large grains for N = 2 significantly varied, cf. Fig. 17. As it is
apparent from Fig. 17a showing the texture of grains smaller than
2 μm, in sample 2xA the texture component A still dominates, in con-
trast to routes C and Bc, where the intensity of component B increases
at the expense of component A. The formation of individual textures
with increasing strain imposed by ECAP is consistent with the behavior
of small grains for N=2. As for route A there is no sample rotation after
consecutive passes, the orientation of the hexagonal cell for N ≥ 2 is sim-
ilar to that in the specimen N= 1 (component A), cf. Fig. 18a. Thus, the
process of twinning and the activation of the second order pyramidal
slip system is repeated, which leads to the preservation of the texture
component A up to the final processing step (8 passes). In the case of
route C, the gradual formation of single texture component B can be ex-
plained by the increasing activity of basal slip, as already after 1 pass the
basal planes belonging to the texture component B are favorably orien-
tated for its activation, cf. Fig. 18b. The enhanced activity of basal slip in
route C is consistentwith the results of thepost-mortemanalysis of Bur-
gers vectors population (Fig. 9a). Simultaneous weakening of texture
component A was confirmed by decreasing activity of the second
order pyramidal slip (Fig. 9c). Themechanism of texture formation dur-
ing processing via route Bc is similar to that for the route C. However,



Fig. 16. (a) The shear planes activated during individual ECAP passes performed via different routes, considering the twinning in compression after the Nth pass and (b) the orientation of
slip planes for the pyramidal slip systems activated during the various routes.
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additional rotation of the texture component B in the 2xBc sample to-
wards the y axis is the result of the billet rotation by 90° between con-
secutive ECAP passes. In addition, starting from 2 passes via route Bc,
the repeated formation of texture component Awas observed, as a con-
sequence of increasing activity of the second order pyramidal slip (Fig.
9c).

Above we explained the formation of texture components A and B
by the activation of basal and the second order pyramidal slip systems
during ECAP. However, the analysis of Burgers vector population per-
formed post-mortem showed that in all ECAP-processed samples the
prismatic (PrE) and pyramidal (PyE) edge dislocations have the highest
population (see Fig. 9), which was not reflected in the texture observa-
tions. This apparent dichotomy can be explained by the difference be-
tween the dislocations being active during ECAP-processing and the
Fig. 17. EBSD (0001) pole figures after 2 passes of ECAP fo
remaining dislocations after ECAP. Dislocations gliding through the
grains may be annihilated at grain boundaries, therefore they do not
contribute to the measured dislocation slip system population [42].
Moreover, the active dislocations may react with each other and form
another type of dislocations with reduced activity, thereby causing the
difference between themost active and the post-mortemmeasured dis-
location populations.

4.3. Mechanical Properties

From the results of mechanical testing it can be concluded that pro-
cessing via route A leads to the highest values of σ0.2 after 8 passes,
which contrasts to routes Bc and C, where the highest value of σ0.2

was obtained already after the 4th pass. In order to discuss the influence
r different routes (a) grains b 2 μm, (b) grains N 2 μm.



Fig. 18. Schematic representation of the formation of texture during the 2nd pass of ECAP via (a) route A and (b) route C.
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of texture and grain size (Hall-Petch) strengthening onσ0.2, the strength
increment caused by dislocations was subtracted from the measured
proof stress. The dislocation hardening was calculated according to the
Taylor formula as:

σD ¼ αMTGbρ1=2 ð2Þ

where G is the shear modulus (17 GPa [43]), b is the average length of
the Burgers vector calculated according to the fractions of the different
slip systems, and ρ is the dislocation density. As the Taylor factor MT

and dislocation-dislocation interaction constant α depend on the tex-
ture and the activated slip system, different values of these parameters
were used for individual samples. The parameter α varies in the range
between 0.2 for basal-basal interaction to a maximum of 1.9 for basal-
pyramidal interaction [44]. For the samples where larger participation
of basal slip was assumed (i.e., for route C), the MT was selected to be
about 4.5 [45] and α ≈ 0.3, reflecting the basal-basal interaction. For
samples processed via route Bc, where balanced mixture of basal, pris-
matic and pyramidal slip can be assumed, the MT was selected to be
about 2.5 [45] and α ≈ 0.6, as these values are the average of the
basal-basal and basal-prismatic interaction constants. For samples
inhibiting basal and prismatic slip while favoring pyramidal polyslip
(route A),MT was about 2.1 [45] and α≈ 0.8, representing the average
of the basal-basal, basal-prismatic and basal-pyramidal interaction con-
stants. The dependence of the proof stress reduced by dislocation hard-
ening, denoted as (σ0.2−σD), on the number of ECAP passes for all
deformations routes is plotted in Fig. 19.

For all deformation routes, a gradual increase of reduced proof stress
(σ0.2−σD) up to 4 passes is observed, which is consistent with the grain
refinement, cf. Fig. 3a. The difference in the proof stress after 8 passes for
various routes can be attributed to different grain sizes and textures. The
higher grain size for 8xC sample in comparison with 8xA and 8xBc
Fig. 19. Evolution of the reducedproof stress at room temperaturewith increasing number
of ECAP passes for different processing routes.
specimens contributes to the lower proof stress. The texture influences
the proof stress via the variation of Schmid factors of the different slip
systems as a function of routes and number of passes, as shown in Fig.
12. The increasing value of Schmid factors for basal slip between 4 and
8 passes for routes Bc and C yields a softening of these specimens (see
Fig. 10b). After 8 passes, softening due to the texture change
overwhelmed the strengthening owing to grain size refinement and a
decrease in the reduced proof stress can be observed. As a consequence,
the proof stress of the 8xC sample is similar to that after extrusion. This
observation is consistent with the common finding in the literature,
where the decrease of the proof stress was usually explained by texture
softening [10,36]. In contrast, the Schmid factors for basal, prismatic and
pyramidal slip systems for the samples processed by route A are approx-
imately constant for N N 1. As a consequence, the contribution of the tex-
ture to softening/hardening remains practically unchanged. For the
samples processed by route A, the Schmid factor for basal slip is the low-
est compared to other routes, therefore the activation of basal slip dur-
ing tensile test is much more difficult. On the other hand, the values of
Schmid factors for prismatic and the second order pyramidal slip sys-
tems are the highest for route A. As the orientation of grains is not suit-
able for twinning during tension along the x-axis after ECAP, the higher
probability of activation of non-basal slip systems and the interaction of
non-basal dislocation with basal ones caused additional hardening.
Contrary to specimens 8xBc and 8xC, the reduced proof stress (σ0.2 -
σD) for sample 8xA increases between 4 and 8 passes as a result of fur-
ther grain refinement. Finally, it can be concluded that the proof stress
reduction for routes Bc and C between 4 and 8 passes can be attributed
to texture softening.

The evolution ofσ0.2with increasingN at 100 °C strongly depends on
the ECAP route and is consistentwith the evolution of Schmid factors for
basal slip. It indicates that the observed reduction of σ0.2 at 100 °C in
comparison to the room temperature values can be mainly attributed
to the increasing activation of basal slip. The similar prominent role of
the basal slip during high-temperature deformation was also observed
in microcrystalline pure Mg [46].

5. Conclusions

The influence of deformation routes A, Bc and C of ECAP processing
on the development of microstructure, texture and mechanical proper-
ties in extruded AX41 alloy was studied. The following conclusions can
be drawn from this investigation:

1. The highest refinement of the microstructure was achieved after 8
passes via route A, where the mean grain size decreased to 2 μm
and the fraction of high angle grain boundaries reached 82%.

2. The crystallite size and density of dislocationswas not affected by the
deformation routes. After 8 passes of ECAP, the crystallite size and the
dislocation density were about 220 nm and 0.7 × 1014 m−2,
respectively.
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3. The texture was found to be significantly influenced by the process-
ing route. In all samples, twomain texture componentswere formed,
but their intensities were different for the different ECAP routes. As a
consequence, the Schmid factors for individual slip systems were
also different. The samples processed via routes Bc and C for 8 passes
exhibited high tendency for basal slip in tensile tests carried out par-
allel to the longitudinal axis of the billets. In contrast, the activation of
non-basal slip systems during tension was the easiest in the sample
processed by route A.

4. In room temperature tension, the highest proof stress (~227 MPa)
was achieved for sample 8xA, as a consequence of the significant tex-
ture hardening and the substantial grain size reduction. The ductility
was between 20 and 30% for all routes. At 100 °C, the sample 8xA ex-
hibited the highest strength (~140MPa) among the specimens proc-
essed by the three routes. At 200 °C, a strong strength degradation to
20–30 MPa was found for all specimens, while the ductility was en-
hanced to 100–175%.

5. Route A was found to be the most effective processing route for ex-
truded AX41 magnesium alloy from the viewpoint of both grain re-
finement and mechanical properties.
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