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Abstract 

Two severe plastic deformation (SPD) techniques of simple shear extrusion (SSE) and equal channel angular pressing (ECAP) were 
employed to process an extruded Mg −6Gd −3Y −1.5Ag (wt%) alloy at 553 K for 1, 2, 4 and 6 passes. The microstructural evolutions were 
studied by electron back scattered diffraction (EBSD) analysis and transmission electron microscopy (TEM). The initial grain size of 7.5 μm 

in the extruded alloy was reduced to about 1.3 μm after 6 SPD passes. Discontinuous dynamic recrystallization was suggested to be operative 
in both SSE and ECAP, with also a potential contribution of continuous dynamic recrystallization at the early stages of deformation. The 
difference in the shear strain paths of the two SPD techniques caused different progression rate of dynamic recrystallization (DRX), so that 
the alloys processed by ECAP exhibited higher fractions of recrystallization and high angle grain boundaries (HAGBs). It was revealed that 
crystallographic texture was also significantly influenced by the difference in the strain paths of the two SPD methods, where dissimilar basal 
plane texture components were obtained. The compression tests, performed along extrusion direction (ED), indicated that the compressive 
yield stress (CYS) and ultimate compressive strength (UCS) of the alloys after both SEE and ECAP augmented continuously by increasing 
the number of passes. ECAP-processed alloys had lower values of CYS and UCS compared to their counterparts processed by SSE. This 
difference in the mechanical responses was attributed to the different configurations of basal planes with respect to the loading direction 
(ED) of each SPD technique. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

During the recent decades, the anthropogenic emissions of
he greenhouse gasses have been recognized as the promi-
ent contributor to global warming, a detrimental worldwide-
lass phenomenon which substantially stems from the pollu-
ion generated by the ceaseless-flourishing transportation in-
ustries. Thus, reducing the consumption of the fossil fu-
ls through lowering the weight of the vehicles would be
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 promising approach to address such adversity. Adopting
g alloys could serve the aforementioned weight-saving pur-

ose, as they are recognized to be the lightest structural met-
ls [ 1 , 2 ]. However, this well-known advantage of Mg al-
oys has come with a price that limits their industrial ap-
lications. Since magnesium has only two independent slip
ystems [ 3 , 4 ], it suffers from poor formability at room tem-
erature that makes their deformation challenging [5] . More
mportantly, suitable Mg alloys with high strength are de-
anded for structural components. This has raised a renewed

nthusiasm in the literature to develop and process different
g alloys with the required structural qualifications. Even
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hough raising the working temperature improves the forma-
ility of Mg alloys during conventional forming processes of
ot extrusion and hot rolling, through activating the non-basal
lip systems [6] , the occurrence of inevitable dynamic grain
rowth during hot working leads to the deterioration of post-
eformation mechanical properties. 

Different severe plastic deformation (SPD) techniques such
s equal channel angular pressing (ECAP), accumulative roll
onding (ARB), friction stir processing (FSP), high pressure
orsion (HPT), cyclic extrusion and compression (CEC), multi
irectional forging (MDF), and constrained groove pressing
CGP) have all been known as effective processing meth-
ds to improve the mechanical properties of Mg alloys by
ausing remarkable grain refinement [7–11] and reducing
he anisotropy [ 12 , 13 ] through modifying the crystallographic
exture. Among these SPD techniques, ECAP has been found
o be one of the most efficient ones in refining the microstruc-
ure, and also recognized as an affordable processing tool due
o its simplicity of design and ease of equipment fabrication
14] . 

After 8 ECAP passes of a cast Mg −10.6Gd −2Ag alloy at
23 K, conspicuous rise in the respective tensile yield and
ltimate strength values from 100 to 210 MPa for the as-
ast alloy to 317 and 417 MPa for the ECAPed one was re-
orted [15] . This significant improvement in the strength was
scribed to the decrease in the grain size from 150 μm in
he as-cast state to the fine dynamically recrystallized grains
ithin the range of 1 to 2 μm, and also the formation of
recipitates after being processed by ECAP. Similar enhance-
ent in mechanical response was reported [16] for a homoge-

ized Mg −13Gd −4Y −2Zn −0.6Zr cast alloy after 3 passes of
CAP at 723 K, wherein the grain size reduced from 105 μm

n the homogenized state to 10.9 μm after ECAP. This aug-
entation in mechanical behavior was attributed to the con-

urrent effects of the increase in fraction of fine dynamically
ecrystallized (DRXed) grains and the fragmentation of the
ntragranular long period-stacking order (LPSO) phases after
rocessing through ECAP. Although most of the works in the
iterature report the refined grain sizes greater than 1 μm for

g alloys after being processed by ECAP [17–19] , achieving
uch finer microstructures in the ultra-fine grained (UFG)

r submicron category would be practical through tailoring
he processing parameters such as lowering of the processing
emperature [ 20 , 21 ] 

Developing new SPD techniques or reconsidering the tools
esign of the existing ones would always be demanding to op-
imize the processing conditions for the hard-to-deform metals
ith HCP structure such as Mg alloys. Accordingly, Pardis

nd Ebrahimi [22] came up with the idea of gradually impos-
ng shear strain on the workpiece as the specimen advances
hrough a forward extrusion channel. This newly developed
PD technique was named simple shear extrusion (SSE). The
xtrusion die in the SSE method is comprised of a deforma-
ion channel with a specific curved-shape, the inner periph-
ry of which causes the workpiece to experience a strain in
he simple shear deformation mode in a reciprocal manner.
ater, Bayat Tork et al. [23] investigated the feasibility of
rocessing pure Mg at room temperature via two methods of
SE and ECAP. Their results showed that pure Mg specimens
ere successfully processed by SSE technique, whereas the
nes processed through ECAP were fractured and segmented,
howing a characteristic shear pattern appearance due to the
train localization in the shear plane of the process. The intrin-
ic low strain rate of SSE makes it an advantageous method
ver ECAP in order to process the hard-to-deform alloys even
t temperatures lower-than-expected. 

The Mg-6Gd-3Y-1.5Ag (wt%) alloy was chosen in this
tudy to serve as a high-strength model material to investi-
ate the differences in microstructural, textural and mechani-
al features, caused by the two methods of SSE and ECAP.
he similarities in terms of identical shear deformation modes
nd also similar strain levels per each pass are the reasons
hat make the comparison between SSE and ECAP inter-
sting and noteworthy. Despite these similarities, there are
ubstantial differences in the geometrical features and tool
esign that leads to emerging a totally different strain path
n each of these techniques. In some certain circumstances,
uch as processing of the hard-to-deform materials, the SSE
echnique could be a more suitable candidate than ECAP, as
he shear strain is imposed on the workpiece gradually lead-
ng to reduced chance of fragmentation and failure. However,
o previous report has been published on industrializing SSE
ethod as its tool design and fabrication is more complicated

han ECAP. Hitherto, no systemic study has been reported on
he role of different strain paths in SSE and ECAP on the

icrostructural, textural and mechanical features of an Mg
lloy. Thus, the aim of this study was set to investigate the
icrostructural characteristics and crystallographic texture of

he extruded Mg −Gd −Y −Ag alloy, processed by both SSE
nd ECAP under identical processing conditions and relating
hese observations to the mechanical properties. 

. Experimental procedure 

A magnesium alloy with the nominal composition of
g −6wt% Gd −3wt% Y −1.5wt% Ag was prepared by the
elting of high purity (99.9 wt%) Mg ingot, silver pellets,

nd two master alloys of Mg −30Gd and Mg −30Y. Melting
as performed in an electrical resistance furnace at temper-

ture of 1053 K under a covering flux to prevent oxidation.
he melt was kept in the furnace for 20 min before being
oured into a steel mold which was preheated to 453 K. The
s-cast billet was homogenized at 773 K for 10 h and then
ooled to room temperature in the air. Afterwards, the homog-
nized billet of 40 mm diameter was hot extruded at 673 K
t a cross-head speed of 5 mm min 

−1 with an extrusion ratio
f 11.4 to produce bars with a cross section of 11 × 11 mm.

Specimens with a length of 30 mm were cut from the
xtruded bars and their cross sections were reduced to
0 × 10 mm using grinding in order to be fed into the SSE
ie channel. The SSE process was performed at the temper-
ture of 553 K and a ram speed of 0.1 mm s −1 for 1, 2, 4
nd 6 passes using route “C” [24] , in which the specimen
s rotated 90 ° clockwise around the extrusion direction (ED)
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Fig. 1. Schematic illustrations of the way in which the extruded alloys are 
deformed in the processing channel of SSE (a) and ECAP (b) techniques, 
and how the compression test specimens are cut perpendicular to the ED 

direction. 
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etween consecutive passes. To reduce friction, all the SSE
pecimens were wrapped in poly tetra fluoro ethylene (PTFE)
apes before starting each new pass. The SSE method em-
loyed in this study consists of a forward extrusion die hav-
ng a parabolic profile path along the inner periphery of the
eformation channel with an effective length of 60 mm and
 maximal distortion angle of αmax = 45 ° in the middle of
he channel of the SSE die. The maximum distortion angle of
max equal to 45 ° leads to an equivalent mean strain of 1.15

or each pass of SSE. The schematic presentation of a de-
ormed specimen in the deformation channel of SSE process
s displayed in Fig. 1 a. For more detailed information on the
haracteristics of the SSE process used in the current study,
he readers are referred to our previous work [25] . 

The dimensions of the ECAP specimens were
0 × 10 × 10 mm and the temperature and ram speed
ere chosen exactly identical to those for the SSE method,

.e., 553 K and 0.1 mm s −1 , respectively. The ECAP spec-
mens were also processed for 1, 2, 4 and 6 passes using
oute B C 

, in which the workpiece is rotated 90 ° around ED.
he ECAP die had two intersecting channels with a die
ngle of φ = 90 ° and an outer arc of curvature of ψ = 20 °
he mean strain for each pass of ECAP would be equal

o 1.02 that is slightly smaller than that for SSE method.
ig. 1 b demonstrates the schematic illustration of the de-
orming specimen during ECAP process. Table 1 summarizes
nformation on the processing conditions of all specimens,
nd also the nomenclatures designated to different specimens
ither processed by SSE or ECAP. 

Electron back scattered diffraction (EBSD) analysis was
erformed on a plane normal to ED for all conditions.
he sample preparation details for EBSD studies are given
lsewhere [25] . The EBSD data were processed by MTEX
26] that is operative on the basis of MATLAB computer
oftware. For all the EBSD results, the boundaries with mis-
rientation angles within the range of 2 ° and 15 ° were con-
idered as low angle grain boundaries (LAGBs); and those
ith misorientation angles greater than 15 ° were taken as
igh angle grain boundaries (HAGBs). The recrystallization
ractions were calculated according to the grain orientation
pread (GOS) values of the grains; the grains with GOS val-
es lower than a critical limit of 2 ° were defined as recrys-
allized, while the ones with the greater GOS values were
abeled as deformed. The density of geometrically necessary
islocations (GNDs) obtained from the EBSD data through
TEX software was based on calculating lattice curvature

ensor for each pixel and correlating it to dislocation density
ensor, while holding a minimum stored dislocation energy.
 more detailed investigation on calculating GND density

rom the EBSD data is given in the work of Pantleon [27] .
canning electron microscopy (SEM) was also utilized to in-
estigate the initial microstructure of the extruded alloy. The
ample preparation procedure for SEM studies were iden-
ical to those for EBSD. Transmission electron microscopy
TEM), using an FEI-Tecnai-Osiris instrument equipped with
our Super-XSDD EDS detectors, was carried out to study the
icrostructural features of the alloys after being processed by
 passes of both SSE and ECAP at higher magnifications in
 plane normal to ED. The procedure for the preparation of
he TEM foils can be found in our previous study [28] . 

Mechanical properties of the as-extruded and severely de-
ormed conditions were assessed through uniaxial compres-
ion testing with the loading direction along ED. The cylin-
rical compression specimens with the respective diameters
nd heights of 5 and 8 mm were cut via electro-discharge
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Table 1 
The nomenclature designated to the Mg −6Gd −3Y −1.5Ag alloy in this study according to their processing conditions. 

Specimen designation Processing technique Number of passes Mean strain Route 

SSE-1P SSE 1 1.15 –
ECAP-1P ECAP 1 1.02 –
SSE-2P SSE 2 2.3 C 

ECAP-2P ECAP 2 2.04 B C 

SSE-4P SSE 4 4.6 C 

ECAP-4P ECAP 4 4.08 B C 

SSE-6P SSE 6 6.9 C 

ECAP-6P ECAP 6 6.12 B C 
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achining (EDM) from the as-extruded and processed ma-
erials. The way in which the compression specimens were
repared with their longitudinal axis parallel to ED for both
SE and ECAP is illustrated in Fig. 1 . The compression tests
ere carried out using a universal screw driven testing ma-

hine under an initial strain rate of 1 × 10 

−4 s −1 , where the
nds of the specimens were lubricated to reduce the friction
nd the corresponding barreling effect. 

. Results 

.1. Initial microstructure of the extruded alloy 

Fig. 2 a and b displays the SEM micrographs of the ex-
ruded alloy at two different magnifications in a plane nor-
al to ED. As can be observed in Fig. 2 b, there are two

ets of second phase particles distributed mainly at the grain
oundaries: (1) some particles with a cuboid shape that are
arger in size marked by a red arrow as “A”, and (2) an-
ther group of particles with irregular shape and smaller size
arked as “B” ( Fig. 2 b). The EDS analysis showed that the

uboid particles are Mg 2 (Gd,Y) ( Fig. 2 c). The finer par-
icles with irregular shape, however, have a stoichiometry
lose to the Mg 16 Gd 2 YAg composition ( Fig. 2 c) that can
e categorized as Mg 5 Gd-type intermetallic phase. In our
revious work [29] , it was shown via XRD analysis that
he large cuboid shape particles formed in an Ag-free ex-
ruded Mg −6Gd −3Y alloy have characteristic picks corre-
ponding to the FCC Mg 2 Gd-type phase. In the case of the
g-containing alloy, smaller particles had the composition of
g 16 Gd 2 YAg. Such a phase was already observed after ad-

ition of 1 wt% Ag to an extruded Mg −6Gd −3Y alloy [29] .
imilarly, Movahedi-Rad and Mahmudi [30] observed Ag-
ontaining second phase particles with a composition similar
o the one recorded in this study after addition of 2 wt% Ag
o an extruded Mg −8.5Gd −2.5Y −0.5Zr alloy. 

Fig. 2 d and e illustrates the respective inverse pole figure
IPF-Z, with Z//ED) map and GOS map of the extruded alloy
n a plane perpendicular to ED. The (0001) pole figure of the
xtruded alloy in the TD-ND section is also provided in the
orner of Fig. 2 d, demonstrating that the majority of basal
lanes are inclined relative to ED. A concentrated basal pole
ith the maximum intensity of 2.7 shows that most of basal
lanes are arranged about 65 ° relative to ED ( Fig. 2 d). The
orresponding grain size and misorientation angle distribution
istograms are also depicted in Fig. 2 f and g, respectively. The
PF map shown in Fig. 2 d clearly demonstrates a recrystal-
ized microstructure along with equiaxed grains, already ob-
erved in the SEM micrographs. The grain size distribution
iagram illustrated in Fig. 2 f presents a normal distribution
ith an average grain size of 7.5 μm. The GOS map result

hown in Fig. 2 e confirms the existence of a fully recrys-
allized microstructure with a high fraction of recrystallized
rains ( f REX 

= 95%) for the extruded alloy, being well cor-
oborated by the misorientation angle distribution histogram
resented in Fig. 2 g exhibiting a high fraction of HAGBs
 f HAGBs = 97%). 

.2. The microstructural features after SSE and ECAP 

The microstructures of the processed samples after 1, 2,
 and 6 passes of SSE and ECAP at 553 K are depicted by
PF maps in Fig. 3 , and the corresponding grain size dis-
ribution diagrams, expressed in term of the area fraction of
he grains, are provided in Fig. 4 . The area-weighted average
rain size ( d ave (weighted) ) for each condition is also demon-
trated in the distribution diagrams ( Fig. 4 ). The standard er-
or for a weighted mean value was calculated using Galloway
ethod [31] for each case. It can be observed that after 1 pass

f SSE and ECAP, the microstructure of both conditions con-
ains coarse deformed grains. However, the size of the large
n-DRXed grains in SSE-1P is much higher than those in the
CAP-1P condition, as shown in Fig. 3 a and b. This is also
iscernible in Fig. 4 a and b, where the grain size distribu-
ion of ECAP-1P shows a more pronounced accumulation of
rains at smaller sizes. After 2 passes, the microstructures of
he specimens processed by both SPD methods have experi-
nced some changes. According to the IPF maps shown in
ig. 3 c and d, both SSE-2P and ECAP-2P conditions possess
oarse severely deformed grains surrounded by fine freshly
RXed grains. The emergence of sharp peaks at small grain

izes in the grain size distribution histograms in Fig. 4 c and
 for SSE-2P and ECAP-2P can also be interpreted as the
roceeding of the DRX phenomenon throughout the entire
icrostructure, as the straining rises in both SSE and ECAP

rocesses. However, a significant portion of the microstructure
till contains the severely deformed coarse grains with sub-
tructures formed within them. This situation is even more
ronounced for the SSE-2P condition, as the deformed grains
eem much more elongated and even larger in size com-
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Fig. 2. SEM micrographs of the extruded alloy at different magnifications in a plane perpendicular to ED (a and b) and the EDS analysis results (c) for the 
particles “A” and “B” marked in (b); IPF map along with its corresponding (0001) pole figure (d) and GOS (e) map of the extruded alloy in a plane normal 
to ED, and the corresponding grain size (f) and misorientation angle (g) distribution diagrams obtained from the EBSD results. 
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Fig. 3. IPF maps of the alloys processed for 1, 2, 4 and 6 passes of: SSE (a, c, e and g) and ECAP (b, d, f and h) at 553 K in a plane normal to ED. 
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Fig. 4. Grain size distribution diagrams obtained from the EBSD results for the alloys processed after different passes of 1, 2, 4 and 6 by SSE (a, c, e and 
g) and ECAP (b, d, f and h). 
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Fig. 5. Comparison of the recrystallization fraction after different passes of 
SSE and ECAP at 553 K. 
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ared to its counterpart specimen processed by ECAP. After 4
asses of SSE and ECAP, the microstructures of SSE-4P and
CAP-4P become much more homogenous according to the

PF maps exhibited in Fig. 3 e and f. A similar trend can be
bserved by further increasing the number of passes from 4 to
 for SSE-6P and ECAP-6P, achieving the most homogenous
icrostructures in this working condition for both processing
ethods ( Fig. 3 g and h). However, the ECAP-6P condition

as exhibited a higher degree of homogeneity compared to
SE-6P, as there are still some large un-DRXed regions in

he microstructure for the latter one. The significant rise in
he peak value of the newly formed fine grains after 4 and 6
asses of SSE and ECAP is evident in the grain size distribu-
ion histograms of Fig. 4 e–h. According to the EBSD results,
he size of the newly formed fine recrystallized grains for
oth SPD methods were similar, so that the average values of
.3 and 1.4 μm were recorded for the SSE-6P and ECAP-6P
onditions, respectively. 

The bar chart provided in Fig. 5 compares the faction of
ecrystallization for the alloy processed by different passes of
SE and ECAP. Considering the GOS criterion, the fraction
f the newly recrystallized grains ( f REX 

) is 5% for SSE-1P
nd 24% for the ECAP-1P specimens ( Fig. 5 ). This large gap
etween the recrystallization fractions after one pass will be
iscussed in Section 4.2 . Recrystallization fractions of 31%
nd 43% are recorded for SSE-2P and ECAP-2P, respectively.
t is clear that the fraction of the DRXed grains increased
ompared to those processed by 1 pass of ECAP and SSE. By
ncreasing the pass number to 4, even more increment in the
raction of fine DRXed grains is observed, where it increased
ignificantly to 73% and 83% for the specimens processed by
SE and ECAP, respectively. The recrystallization fraction of
 REX 

= 83% was obtained for SSE-6P, while in the ECAP-6P
pecimen a greater value of f REX 

= 91% was obtained. 
Fig. 6 a–d shows the bright field TEM micrographs of the

SE-6P and ECAP-6P conditions at different magnifications.
oth SSE and ECAP-processed alloys consist of fine DRXed
rains decorated with some globular nano-particles mostly at
he boundaries of the dynamically recrystallized areas. Some
arge un-DRXed regions were also detected in the microstruc-
ure of SSE-6P, as marked by red borders in Fig. 6 a, which
ere not found for the one processed by 6 ECAP passes. This

s in agreement with the presence of some large deformed
rains that have not yet dynamically recrystallized even af-
er 6 passes of SSE, as shown in IPF map of Fig. 3 g. The
igher magnification TEM micrographs provided in Fig. 6 c
nd d display the bowing of some dislocation lines around
he globular nano-particles. The EDS spectra and chemical
omposition of the nano-particles, obtained by TEM, are pre-
ented in Fig. 6 e. The chemical composition of the globular
ano-particles is close to that of the Mg 5 Gd-type intermetal-
ic compounds with a general form of Mg 5 (Gd, X ), in which
X ” refers to other alloying elements such as yttrium (Y) and
ilver (Ag) that can substitute Gd. The selected area electron
iffraction (SAED) pattern taken from the Mg 5 (Gd, X ) nano-
articles is indexed with a FCC structure having a zone axis
f Z = [ ̄1 12 ] and the lattice parameter of a = 2.21 nm, as
hown in Fig. 6 f. Measurements showed these nano-particles
ad a size in the range of 60 to 380 nm with an area-weighted
verage diameter ( d P(ave) ) of 237 and 225 nm for SSE-6P and
CAP-6P, respectively. 

The misorientation angle histograms are exhibited in
ig. 7 . After the first pass of SSE and ECAP, the corre-
ponding misorientation angle distribution diagrams shown in
ig. 7 a and b exhibit a distinct peak at small angles that is

ndicative of formation of LAGBs. The misorientation angle
istograms after 2 passes of SSE and ECAP still exhibit a
igh fraction of LAGBs, as shown in Fig. 7 c and d. By in-
reasing the number of passes from 1 to 2, the fraction of
AGBs ( f HAGBs ) for the alloy processed by SSE increases

ignificantly from 56% to 63%; while it raises marginally
rom 70% to 72% for the one processed by ECAP ( Fig. 7 a–
). After 4 and 6 passes of SSE and ECAP, drastic changes
re detected in the corresponding misorientation angle distri-
ution diagrams ( Fig. 7 e–h). The abrupt increase of the fine
RXed grains and the subsequent decrease in the fraction of

he large grains having LAGBs can also be easily observed
n the misorientation angle histograms after 4 and 6 passes
f SSE and ECAP. The sharp peaks at the lower misorienta-
ion angle values have faded out for the SSE-4P and SSE-6P
onditions ( Fig. 7 e and g). A similar trend is observed for
CAP-4P and ECAP-6P as well ( Fig. 7 f and h). It is notice-
ble that for both SSE and ECAP, the greatest fractions of
AGBs are recorded for the highest applied strain (6 passes),
here f HAGBs = 91% and f HAGBs = 96% were obtained for

he SSE-6P and ECAP-6P conditions, respectively. It can also
e inferred that after identical passes, the alloys treated via
CAP exhibited greater values of HAGBs compared to the
ne processed by SSE. 

Fig. 8 illustrates the geometrically necessary dislocation
GND) density maps after different passes of SSE and ECAP,
nd their average value are compared for the two SDP tech-
iques after different passages in the bar chart of Fig. 9 . The
rends of variation in the GND density values show that as
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Fig. 6. Bright field TEM micrographs of the alloys after being processed by 6 passes of SSE (a) and ECAP (b) and their respective enlarged areas in (c) and 
(d), wherein the red arrows are pointing to the bowed dislocation lines around the nano-particles; the EDS analysis results (e) and also the SAED pattern (f) 
indexing an FCC structure with the zone axis of Z = [ ̄1 12] from the globular shaped nano-particles chosen from location “A” marked in (c). (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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he applied strain increases the average GND density values
rop significantly compared to those for the early stages of
rocessing for both SSE and ECAP. Moreover, after the same
rocessing passes, the samples deformed by ECAP exhibited
ower average GND density values in comparison to those
rocessed by SSE. 
.3. Development of crystallographic texture during SSE and
CAP 

Fig. 10 depicts textural evolution expressed in terms of
ole figures for (0001) basal planes in the TD-ND surface.
he crystallographic textures of the samples after 1 pass of
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Fig. 7. Misorientation angle distribution diagrams obtained from the EBSD results for the alloys processed after different passes of 1, 2, 4 and 6 by SSE (a, 
c, e and g) and ECAP (b, d, f and h). 
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Fig. 8. GND density maps obtained from the EBSD data for the alloys processed after different passes of 1, 2, 4 and 6 via SSE (a, c, e and g) and ECAP 
(b, d, f and h) techniques at 553 K in a plane normal to ED. 
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Fig. 9. Comparison of the average GND density values for the alloys pro- 
cessed through different passes of SSE and ECAP techniques at 553 K. 
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c  
SE and ECAP exhibit relatively scattered basal poles, with
he highest maximum intensities of 6.1 and 5.7, respectively
 Fig. 10 a and b). It can be inferred that the pole of the basal
lanes for SSE-1P are inclined towards ND, while the basal
oles for ECAP-1P are rotated away from ED. After 2 passes
f SSE and ECAP, both conditions exhibited a more distin-
uished texture along with lower maximum intensities com-
ared to those processed by only 1 pass ( Fig. 10 c and d). It
s clear that the basal planes in SSE-2P are almost perpen-
icular to ND with a few degrees of deviation as shown in
ig. 10 c, whereas ECAP-2P has demonstrated a texture with

he basal planes inclined about 45 ° relative to ED, as shown
n Fig. 10 d. It seems that the angle between the poles of the
asal planes and ED in SSE-2P has increased a few degrees
ompared to SSE-1P. By raising the pass numbers to 4 and 6,
 much more concentrated and defined texture has emerged
or the alloys processed through both SSE ( Fig. 10 e and g)
nd ECAP ( Fig. 10 f and h). In the case of SSE-4P and SSE-
P, two types of strong basal components with different posi-
ions are formed. The first type involves basal planes, the ma-
ority of which being parallel to ED with their poles aligned
long ND. For convenience, this basal component is consid-
red as “type-A” in this study from now on. The basal com-
onent “type-A” can be easily identified by the basal poles
ositioned at the northern-southern parts of the (0001) pole
gures of SSE-4P and SSE-6P conditions in Fig. 10 e and g,
espectively. The second texture component developed in the
amples processed by SSE is comprised of the basal planes
earranged again parallel to ED, but with their normal almost
ligned in the transverse direction (TD), being called basal
omponent “type-B”. According to the (0001) pole figures of
SE-4P and SSE-6P in Fig. 10 e and g, the texture component
type-B” is exhibited by the basal poles concentrated at the
estern-eastern regions of the pole figure maps. 
For further verification of different texture components,

ormed after processing by SSE, the IPF of SSE-6P in three
ain directions of ED, TD and ND are presented in Fig. 11 a,
here the results are in excellent accordance with the (0001)
asal pole figures. The basal component of “type-A” is well
emonstrated by accumulation of the basal poles with a
0001] direction in the IPF of direction ND. Similar justi-
cation can be made for the basal component “type-B” for

he one with TD axis, as shown in Fig. 11 a. On the other
and, the texture component of ECAP-6P is entirely unique
nd differs from those developed for alloys processed by SSE.
t is also worth mentioning that both of SSE-6P and ECAP-6P
lloys have exhibited the lowest maximum intensities among
ll the processed conditions. According to the (0001) pole fig-
res in Fig. 10 d, f and h, the basal planes are rearranged with
n approximate deviation angle of about 45 ° from the main
rocessing direction of ED. However, the positions of their
oles have been changed relative to the transverse direction
ontinuously as the number of ECAP passes increases. 

In order to reach a better understanding of how the crys-
allographic texture has evolved differently after 6 passes of
rocessing by SSE and ECAP, a schematic illustration regard-
ng the position of HCP crystals relative to the shear planes
nd the three main directions (i.e., ED, TD and ND) of both
PD methods is presented in Fig. 12 . The predefined basal
omponents of “type-A” and “type-B” developed in SSE-6P
re well distinguished and introduced in Fig. 12 a, and the po-
ition of the corresponding basal planes are determined with
espect to both shear planes and shear direction imposed dur-
ng the SSE process. It is evident that the basal planes of the
exture component “type-A” are parallel to the shear plane
f the SSE process, which are positioned on ED-TD surface.
his is not the case for the component “type-B”, in which the
asal planes are perpendicular to the shear planes of SSE. In
he case of ECAP-6P, the way in which the basal planes are
earranged relative to the geometrical shear plane in the in-
ersection of the channels in ECAP is exhibited in Fig. 12 b. 

.4. Mechanical properties after SSE and ECAP 

Uniaxial compression testing along ED was carried out to
ssess the mechanical properties of the alloy in the extruded
ondition and after different passes of SSE and ECAP. The
btained compressive true stress–strain curves are presented
n Fig. 13 . The corresponding mechanical properties such as
ompressive yield stress (CYS), ultimate compressive strength
UCS), and fracture strain ( εf ) are summarized in the com-
arative diagrams of Fig. 14 . It is evident that the extruded
ondition has the lowest values of CYS and UCS among all
ested conditions ( Figs. 13 and 14 ). It can be deduced that
y raising the number of passes, the CYS and UCS of the
amples processed by either of SSE or ECAP have increased
ontinuously, those of the SSE process being always higher
han ECAP when compared at same number of passes. In con-
rast to the strength, fracture strain decreases with increasing
he pass numbers in SSE and ECAP, those of ECAP being
igher than the SSE process ( Figs. 13 and 14 ). 

In order to seek the origins of the discrepancies in the me-
hanical properties of the alloys after SSE and ECAP, the role
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Fig. 10. Pole figures of the (0001) basal planes in the TD-ND section obtained from the EBSD results for the alloys processed after different passes of 1, 2, 
4 and 6 by SSE (a, c, e and g) and ECAP (b, d, f and h). 
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Fig. 11. Inverse pole figures in the main three specimen axis of ED, TD and ND obtained from the EBSD results for the alloys processed after 6 passes of 
SSE (a) and ECAP (b) techniques. 
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f different crystallographic textures was investigated through
onsidering the contribution of the most probable slip system,
.e., basal planes. Accordingly, Schmid factor (SF) histograms
f the (0001) < 11 ̄2 0> basal slip system with the loading di-
ection parallel to ED obtained from EBSD results are pro-
ided in Fig. 15 for the conditions processed by 2, 4 and
 passes of SSE and ECAP. One would observe the notice-
ble difference in the distributions of the Schmid factors of
asal planes for the SSE and ECAP. Obvious sharp peaks are
ormed close to the greatest SF value of 0.5 for the ECAP-2P,
CAP-4P and ECAP-6 conditions, as depicted in Fig. 15 b, d
nd f respectively. The SF distribution histograms of the SSE
onditions, however, show an almost uniform pattern with no
pecific accumulation at high SF values. Moreover, the aver-
ge values, SF (ave) , are noticeably greater for the conditions
rocessed by ECAP compared to ones in SSE at the same
rocessing passes. The highest SF (ave) = 0.38 was recorded
or ECAP-6P, while for SSE-6P an SF (ave) value of 0.22 was
btained, which is the least average Schmid factor achieved
mong all the conditions processed by the two SPD tech-
iques in this study. 

. Discussion 

.1. Grain refinement and dynamic recrystallization after 
PD processing 

The microstructural studies by EBSD analysis showed that
oth SPD techniques are efficient in grain refinement via DRX
fter 6 passes of processing at 553 K ( Figs. 3 and 5 ). In
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Fig. 12. Schematic presentation of how the HCP crystals are realigned relative to the shear planes after 6 passes of both SSE (a) and ECAP (b) techniques. 
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he early stages of SSE and ECAP, both conditions have ex-
ibited high fractions of LAGBs developed within the large
eavily deformed grains, and this situation is even more pro-
ounced in SSE-1P and SSE-2P compared to those processed
y ECAP ( Fig. 7 ). After 1 pass of SSE and ECAP, an equiva-
ent mean strain of about ∼ 1 is imposed on the workpiece in
oth methods, leading to an increase in the density of stored
islocations. Since deformation has been performed at the rel-
tively high temperature of 553 K, the accumulated disloca-
ion tangles would easily rearrange to arrays of substructures
o form LAGBs and/or other types of geometrically neces-
ary boundaries (GNBs) in the interior of the large original
eformed grains via dislocation climb and cross slip during
he occurrence of dynamic recovery (DRV) [ 32 , 33 ]. That is
hy a steep rise in the low values ( < 15 °) of misorientation

ngle distribution diagrams in the early stages of straining for
oth SSE-1P and ECAP-1P has been developed ( Fig. 7 a and
). 

After 2 SSE and ECAP passes, although dynamic recrys-
allization has proceeded significantly for each case, there are
till a noticeable fraction of LAGBs remaining in the mi-
rostructure, as shown in the IPF maps ( Fig. 3 c and d) and
lso in the corresponding misorientation angle distribution
istograms in Fig. 7 c and d. This implies that in the interme-
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Fig. 13. True stress-strain curves obtained from the compression tests per- 
formed in the ED direction for the alloys in the extruded state and after 
different passes of 2, 4 and 6 processed by both SSE and ECAP techniques. 
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iate stages of processing, both DRV and DRX are operative
y further straining in either SPD scenarios. That is why the
icrostructures are in their most heterogeneous state, i.e., par-

ially recrystallized, for the SSE-2P and ECAP-2P samples.
owever, the most drastic changes take place by increasing

he number of passes to 4 and 6 in both SSE and ECAP. It
s evident that by raising the imposed strain in passes 4 and
, the fractions of recrystallization and HAGBs have contin-
ed to increase significantly. The noticeable drop of the sharp
eaks at the low values of misorientation angle, which are at-
ributed to LAGBs, can be clearly observed in the distribution
iagrams of Fig. 7 e–h. This could be concomitantly correlated
o the significant proceeding of DRX for large strains imposed
y each SPD process. Therefore, at the early stages of defor-
ation where the fraction of LAGBs is abundant, continuous

ynamic recrystallization (CDRX) which is accompanied by
 persistent and massive conversion of low angle boundaries
o high angle boundaries as the straining raises during the de-
ormation [34–36] , could be considered as the operative DRX
echanism in both SSE and ECAP at 553 K. 
The GND density distribution results obtained from EBSD

tudies depicted in Fig. 8 also shows a progressive consump-
ion of subgrain boundaries or other GNBs that is also in
ccordance with the reduction of LAGBs by increasing the
train. The decrease in the average GND densities for alloys
rocessed by ECAP seems to have occurred more efficiently
han the ones treated via SSE after the same pass numbers
 Fig. 9 ), which will be explained through the higher equiva-
ent strain rate for ECAP (see Section 4.2 ). 

The EBSD results shows also that new LAGBs stopped
eing produced with increasing number of passes to 4 and
. Furthermore, grain subdivision is not apparent inside the
nitial grain structure; new grains only appear at grain bound-
ries. Thus, discontinuous nucleation and growth of new
rains at the former grain boundaries could also explain the
isappearance of LAGBs at the large strains, as they would
e consumed by the motion of newly created HAGBs. The
oticeable reduction in the amount of LAGBs and in the GND
ensity with increasing number of passes to 4 and 6 leads to
he conclusion that DDRX starts becoming active at large
trains. Fine new recrystallized grains keep forming along
he serrated pre-existing boundaries through localized bulging
nd boundary migration [37] , manifesting a necklace-type fea-
ure ( Fig. 3 ). As the deformation proceeds, the recrystallized
rains formed by DDRX in the boundary regions extend to the
entral areas of the deformed parent grains and consume al-
ost the entire microstructure leaving behind volumes having

ower density of dislocations [34] . This massive progression
f DDRX sweeps away the severely deformed grains along
ith the stored dislocations within them [38] , leading to the

harp decrease in the fraction of LAGBs at high straining lev-
ls accordingly. Hence, it is concluded that DDRX operates
uring processing through both SPD methods, with a potential
ontribution of CDRX at the early stages. 

The Mg 5 (Gd, X ) nano-sized particles, shown in the TEM
icrographs of Fig. 6 , have been formed through dynamic

recipitation as the DRX proceeded during straining in both
PD processes. The formation of Mg 5 (Gd, X ) nano-particles
ia dynamic precipitation at high temperature working condi-
ions have been reported for various Mg −Gd −Y alloys [39–
1] . The absence of the Mg 5 (Gd, X ) nano-particles in the large
n-DRXed regions of the SSE-6P alloy, as shown in the bot-
om left corner of the TEM micrograph of Fig. 6 a, totally con-
eys the idea of their formation through dynamic precipitation
uring DRX after being processed by both SPD techniques
t 553 K. The emergence of these Mg 5 Gd-type nano-particles
hrough dynamic precipitation is a strain-induced phenomenon
hat is encouraged via development of dislocation boundaries
r other types of deformation-induced structures during hot
orking as they could provide fast diffusion paths and act

s potential sites of heterogeneous nucleation for new inter-
etallic phases. This could be in accordance with the devel-

pment of LAGBs and dislocations within the interiors of the
eformed grains. 

.2. Effect of strain path on the characteristic features of the
icrostructure 

Although the same dominant dynamic recrystallization
echanisms occur during both of the SPD treatments at

53 K, the rate by which it proceeds by increasing the strain
as been shown to be different for SSE and ECAP according
o the microstructural examinations performed through EBSD
tudies. In other words, the kinetics of evolutions in the mi-
rostructural characteristics such as the fractions of recrys-
allization and HAGBs were more pronounced for the alloys
rocessed by ECAP ( Fig. 5 ). The root of such discrepancy in
he rate of microstructural evolutions for SSE and ECAP must
e explored in different equivalent strain rates of these tech-
iques as the other deformation parameters are identical. For
he SSE process used here, the equivalent strain rate ( ̇  ε x eq, SSE )
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Fig. 14. Comparison of the compressive yield stress, ultimate compressive strength and fracture strain obtained from the compression test results for the alloys 
in the extruded state and after different passes of processing by SSE and ECAP. 
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s a function of distance “x ” from the inlet of SSE channel
ould be obtained as follows [42] : 

˙  x eq, SSE = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

16 tan (αmax ) √ 

3 L 2 
x dx 

dt 

− 16 tan (αmax ) √ 

3 L 2 
(x − L 

2 ) 
dx 
dt 

16 tan (αmax ) √ 

3 L 2 
(x − L 

2 ) 
dx 
dt 

− 16 tan (αmax ) √ 

3 L 2 
(x − L) dx 

dt 

0 ≤ x ≤ L 
4 

L 
4 ≤ x ≤ L 

2 
L 
2 ≤ x ≤ 3 L 

4 
3 L 
4 ≤ x ≤ L 

(1)

here L is the effective length of the deformation channel that
s equal to 60 mm in this study, dx 

dt is the pressing velocity
r ram displacement rate, which was chosen to be 0.1 mm
 

−1 . According to Eq. (1) , the equivalent strain rate for SSE
aries with the ram displacement or the distance “x ” from
he inlet of deformation channel periodically. In SSE with
he maximum distortion angle of αmax = 45 ° and considering
he other geometrical parameters, the greatest equivalent strain
ate of 3.8 × 10 

−3 s −1 is achieved. In a similar manner, the
quivalent strain rate for ECAP technique ( ̇  ε eq, ECAP ) could
e calculated through geometrical parameters of the process
ccordingly as bellow [43] : 

˙  eq, ECAP = 

ε̄ ECAP 

�t 
= 

2 ̄ε ECAP v 

ψa 

. cos 2 
(

π − φ − ψ 

2 

)
(2)

here �t is the required elapsed time for a hypothetical el-
ment to pass through the main deformation zone located in
he corner of the ECAP die, where the two channels inter-
ect, v is the ram displacement rate that is equal to 0.1 mm
 

− 1 identical to the one chosen for SSE, a is the width of
he workpiece having a square cross section and is equal to
0 mm, ε̄ ECAP is the imposed strain per each pass of ECAP,
and ψ are the same parameters as defined earlier. Accord-

ngly, for ECAP with the predefined geometrical and process-
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Fig. 15. Schmid factor distribution diagrams of the (0001) < 11 ̄2 0 > basal slip system with the loading direction parallel to ED obtained from the EBSD 

results for the alloys after being processed by 2, 4 and 6 passes of SSE (a, c and e) and ECAP (b, d and f). 
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ng parameters, the equivalent strain rate is calculated to be
 constant value of 3.9 × 10 

−2 s −1 that is about 10 times
reater than the maximum corresponding value obtained for
SE. 

Some of the microstructural features were found to be quite
ifferent, especially at the early stages of straining after 1 and
 passes of processing for SSE and ECAP. Two major dif-
erences that are rather noticeable are as follows. First, the
CAP-1P condition has already undergone DRX with a re-
rystallization fraction of f REX 

= 24% ( Fig. 5 ). This can be
dentified via the emergence of fine equiaxed grains mostly
ecorated at the sites of pre-existing grain boundaries, as de-
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icted in Fig. 3 b. In contrast, it seems that DRX has not even
egun in the SSE-1P alloy, and the microstructure is com-
rised of large heavily deformed grains with a lower fraction
f HAGBs (56%) compared to f HAGBs = 70% for ECAP-1P
lloy ( Fig. 7 ). Secondly, according to the EBSD data, the
ize of the coarse deformed grains in the case of ECAP-1P,
ith an average value of d DEF(ave) equal to 4.5 μm, was two

imes smaller than the one for SSE-1P alloy with a value of
 DEF(ave) = 9.3 μm as it is deduced from the IPF maps of
ig. 3 a and b. This can be attributed to the greater progres-
ion of DRX in ECAP-1P alloy and the fragmentation of the
nitial parent grains in the extruded state to finer ones after 1
ass of processing through occurrence of DRX. Moreover, as
he rate of deformation in SSE is much lower than of ECAP,
he workpiece is exposed to heating during straining in the
eformation channel for a longer time, leading to more ex-
ensive dynamic grain growth in SSE-processed alloys finally.

However, the main question regarding how strain rates can
verride the kinetics of dynamic restoration processes in the
ases of SSE and ECAP still remains. In studying a strain
ate-sensitive plastic flow, it is customary to attest the strain
ate of plastic deformation ( ̇  ε P ) in terms of density of moving
islocations on the basal plane ( ρ) and their average velocity
 ̄υ) [44] . As a result, a raise in the strain rate of deformation
ould lead to a subsequent increase of dislocations density

hrough their multiplication at the principal sources of dis-
ocation production such as grain boundaries and/or second
hase particles. The augmented pile-up of dislocations and
ncrease in their density as a result of raising the deformation
ate could lead to more intensive misorientation gradients in
he grains interior and also formation of substructures locally,
nd this would be interpreted as higher stored energy [45–47] .
his reinforced stored energy would provide the extra driving

orce to advance dynamic restoration processes with an en-
anced pace when increasing the strain rate. As a result, the
ccurrence of DRV would proceed with an accelerated rate
n the early stages of straining in ECAP technique rendering
 transition to initiation of DRX much sooner than the ones
rocessed by SSE. That is why after an almost identical level
f imposed strain at each pass, the alloys treated via ECAP
ave exhibited greater percentage of recrystallization. It is
lso noteworthy to mention the role of strain reversing during
SE process as a complimentary effect to reduce the neces-
ary driving force and tendency for the occurrence of DRX in
he SSE-processed alloys through elimination of dislocations.
uch interpretation associated with the strain reversal effect
as recently been presented by Sayari et al. [48] , where lower

ractions of HAGBs and recrystallization was reported for a
ure Mg processed by SSE compared to the ones treated by
CAP after identical number of passes at 523 K. 

.3. Effect of strain path on the crystallographic texture 

Since the mode of deformation was simple shear in both
ases, the observed difference in their crystallographic tex-
ure stemmed from different strain paths. Due to different
eometrical tool design, shear planes are positioned in dif-
erent manners with respect to the main pressing direction,
s shown schematically in Fig. 12 . It was revealed that after
arge amounts of strain in 6th pass, the basal planes in both
f the SPD processes have been realigned to become parallel
o their own peculiar shear planes. According to the inverse
ole figures depicted in Fig. 11 , different configurations of
CP crystals relative to ED can be observed for the two pro-

esses after 6 passes. The normal to the prismatic planes, i.e.,
 ̄1 100 〉 direction, is parallel to ED for most of the grains in
he SSE-6P condition ( Fig. 11 a), while in the case of ECAP-
P this is the < ̄3 4 ̄1 6 > direction that is positioned along ED
 Fig. 11 b). 

Development of texture component “type-A” in the pole
gures of (0001) basal planes for alloys processed by SSE

mplies that the basal planes have become rearranged parallel
o the hypothetical shear planes, laying in the ED–TD sur-
ace. This has been clearly shown in both the inverse pole
gure of direction ND in Fig. 11 a and in the schematic illus-

ration in Fig. 12 a. In other words, the formation of compo-
ent “type-A” for the alloys processed by SSE is attributed
o the activity of basal slip system. However, such a con-
lusion cannot be drawn for the texture component “type-
”, as the basal planes are rearranged almost perpendicular

o the shear direction, and also are completely out of align-
ent with respect to the shear planes in SSE schematically

ketched in Fig. 12 a. Moreover, the emergence of texture
omponent “type-B” cannot be simply attributed to the ac-
ivity of non-basal slip systems, as the prerequisite for such
nterpretation is that these planes must be positioned paral-
el to the shear plane of SSE in the ED–TD surface. That
s why in our previous work [25] , development of the basal
omponent of “type-B” was suggested to be a direct result of
otating the workpiece for 90 ° around ED between the con-
ecutive passes during processing by SSE. In other words, the
exture component “type-B” can be considered as a compo-
ent “type-A”, which has been rotated 90 ° around the extru-
ion direction of SSE process. To support our argument, the
eaders are referred to the basal pole figure of SSE-1P alloy
isplayed in Fig. 10 a. As it is evident, there is no sign of
type-B” component poles in the western-eastern regions of
he (0001) pole figure map, as there has not been any speci-
en rotation around ED in the first processing pass. Similar

asal components of “type-A” and “type-B” have been also
bserved for an Mg −6Gd −3Y −0.5Ag alloy [28] and also
or two binary magnesium alloys of Mg −Gd and Mg −Al
49] , all of them being processed by SSE at 553 K under
oute C. 

In ECAP, however, a strong single-type crystallographic
exture component with the basal planes mostly rearranged
bout 45 ° relative to the ED is achieved, as can be observed
n the (0001) pole figures of Fig. 10 , and also schematically
llustrated through the position of HCP crystals for ECAP-6P
n Fig. 12 b. This configuration of basal planes being deviated
bout ∼ 45 ° away from the main processing direction (ED)
or an ECAP process with a die angle of φ = 90 ° operating
nder processing route of B C 

has been known as a common
rystallographic feature of ECAP technique in the literature,
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nd has been observed in various Mg alloys [50–52] all of
hich confirming the role of basal slip system in this regard.

.4. Effect of strain path on the mechanical response 

Regarding the compression testing results, processing
hrough both SSE and ECAP leads to improving the CYS
nd UCS values, compared to one in the extruded condition.
he observed enhancement increases by raising the pass num-
ers in both SPD cases, so that the highest corresponding
alues were obtained for the alloys processed after 6 passes.
y increasing the SPD pass numbers, the continuous rise in

he percentage of freshly developed fine DRXed grins along
ith formation of Mg 5 (Gd, X ) nano-particles via dynamic pre-

ipitation led to a progressive improvement of the CYS of
he SPD-treated alloys through grain boundary strengthening
Hall-Petch effect) and second phase particle strengthening
Orowan mechanism), respectively. 

Further straining in both SSE and ECAP increase the per-
entage of fine DRX grains, and the effect of grain bound-
ry strengthening becomes more pronounced due to the pro-
ressive rise in the density of HAGBs. For a heterogeneous
artially DRXed microstructure, the contribution of recrystal-
ized regions with refined grain size to the yield stress can
e considered by incorporating the fraction of fine recrystal-
ized grains ( f REX 

) into the prominent Hall-Petch relationship
hrough the rule of mixture [53] . This approach has been
dopted [54] to take into account the role of fine DRXed
egions in improving the yield stress of different extruded

g −2Sn −2Ca alloys. 
Similar scenario may be considered for the Orowan

trengthening mechanism, in which the Mg 5 (Gd, X )-type nano-
articles could take part. Since these particles are dynam-
cally precipitated out of the Mg matrix after experiencing
arge strains concomitantly with the occurrence of dynamic
ecrystallization during SSE and ECAP, the progressive rise
n percentage of DRXed regions would result in correspond-
ng increase in volume fraction of Mg 5 (Gd, X ) nano-particles
ccordingly. Thus, the contribution of Orowan strengthening
ould proceed to become more pronounced at higher pass
umbers. According to the respective high magnification TEM
icrographs of Fig. 6 c and d for SSE-6P and ECAP-6P con-

itions, bypassing of Mg 5 (Gd, X ) nano-particles by the bowed
egments of the dislocation lines is evident, implying the ef-
ectiveness of these nano-particles in trapping and hindering
he dislocations glide during straining. 

Despite the effectiveness of both the SPD methods to im-
rove the strength of the alloys relative to the as-extruded
ondition, the ECAP-processed conditions showed lower val-
es of CYS and UCS when compared to the SSE-processed
nes at a given pass number ( Figs. 13 and 14 ). The discrep-
ncy in the mechanical response of the alloys processed by
SE and ECAP should be interpreted on the basis of differ-
nt crystallographic textures. Since the loading direction in
he uniaxial compression is parallel to ED ( Fig. 1 ), it can
e declared that the majority of basal planes in the ECAP-
rocessed conditions are inclined about 45 ° relative to the
ompressive loading axis ( Figs. 10 and 12 ). This kind of con-
guration for basal planes in Mg alloys is considered as the
asy orientation, which favors the yielding and activation of
asal slip system [55] . 

According to Schmid law, as the SF value approaches its
deal maximum value of 0.5, like the cases of the alloys pro-
essed by ECAP in this study ( Fig. 15 ), the required load
o activate the slip system decreases, leading to the texture
oftening effect. This would lead to a drop in yield stress
nd lowering the flow stress of the material in general, as
een for the cases of alloys processed by ECAP compared
o those treated by SSE ( Figs. 13 and 14 ). Developments
f sharp peaks at high SF values in the Schmid factor his-
ograms of the ECAP-processed conditions ( Fig. 15 b, d and
), is in excellent accordance with the inclined arrangement
f basal planes about ∼ 45 ° relative to the loading direction.
he texture softening effect and decline of yield stress has
een reported for different Mg alloys after being processed
ia ECAP [ 56 , 57 ], in which the basal planes were rearranged
o a similar inclined configuration to the loading direction of
echanical testing. 
Even though the ECAP-processed conditions exhibited

ower yield stress and compressive strength, greater fracture
train values were reported for them after the same passes of
rocessing compared to their counterparts processed by SSE
 Figs. 13 and 14 ). This higher ductility can be again attributed
o the easy orientation of basal planes providing a facili-
ated slip during plastic flow, which has also been mentioned
or other Mg alloys processed via ECAP in the literature
 58 , 59 ]. However, in either case of SSE or ECAP, the frac-
ure strain declined continuously by raising the pass numbers.
his behavior can be originated from the noticeable presence
f Mg 5 (Gd, X ) nano-particles and the increase in their vol-
me fraction as the DRX proceeds by further straining during
PD processes. The Mg 5 (Gd, X ) nano-particles would play a
ignificant role in acting as potential sites for stress concentra-
ion and void nucleation during straining in the compression
ests, leading to diminishing the ductility eventually [60] . The
etrimental effect of dynamically precipitated nano-particles
n the ductility of Mg alloys after being processed by SPD
echniques were reported in previous works as well [61] . 

. Conclusions 

An extruded Mg −6Gd −3Y −1.5Ag (wt%) alloy was pro-
essed via two different severe plastic deformation (SPD)
echniques of simple shear extrusion (SSE) and equal chan-
el angular pressing (ECAP) at 553 K for different passes
f 1, 2, 4 and 6. Microstructural and textural evolutions as
ell as mechanical properties of the alloys processed by both
SE and ECAP were compared and the following conclusions
ere drawn. 

(1) EBSD results demonstrated that by progressive strain-
ing, the fraction of recrystallization and high angle grain
boundaries (HAGBs) increased continuously and an av-
erage recrystallized grains size of about 1.3 μm was
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achieved after 6 passes of processing for both tech-
niques. The continuous decrease in the density of low
angle grain boundaries (LAGBs), as deformation in-
creased, was interpreted as the consequence of discon-
tinuous dynamic recrystallization (DDRX) progressively
growing from the grain boundaries to the grain interior.

(2) EBSD studies showed significant differences in the frac-
tion of recrystallization and also density of HAGBs
between SSE and ECAP-processed alloys, these being
more pronounced in the early stages of straining. After
the same number of passes, the samples processed by
ECAP possessed greater fractions of fine recrystallized
grains and also HAGBs compared to the ones processed
by SSE, implying that DRX has proceeded with an ac-
celerated rate for the case of ECAP. The enhanced DRX
rate in ECAP was attributed to the greater equivalent
strain rate in this technique. 

(3) The study of crystallographic texture after processing
via SSE and ECAP showed that after 4 and 6 passes
of both SSE and ECAP the basal planes were arranged
parallel to the shear planes. In the case of SSE, the
basal planes were aligned parallel to extrusion direction
(ED) with their poles along the normal direction (ND)
and transverse direction (TD), while the basal planes
for the ones treated by ECAP were inclined about 45 °
relative to ED. The observed difference in the texture
components was attributed to the different strain paths
and the geometrical position of shear planes relative to
the main axes in both SSE and ECAP. 

(4) As the number of passes increased the compressive
yield stress and ultimate compressive strength of the al-
loys processed by both SSE and ECAP was raised con-
tinuously compared to the extruded alloy. The improve-
ment in the mechanical properties of the SPD-processed
alloys was attributed to the strengthening mechanisms
of Hall-Petch and also Orowan hardening regarding the
presence of dynamically precipitated Mg 5 (Gd, X ) nano-
particles. However, after identical numbers of passes,
the lower yield stress values recorded for the alloys pro-
cessed by ECAP was related to the soft orientation of
basal planes. 
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112 (2016) 1–10, doi: 10.1016/j.matchar.2015.12.002. 

20] P. Minárik, J. Veselý, R. Král, J. Bohlen, J. Kubásek, M. Janeček,
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