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In this study, the Mg-15Al (wt.%) alloy was processed via equal channel angular pressing technology
through different passes. The effect of the grain size, b-Mg17Al12 particles and texture on the mechanical
properties was systematically investigated. It is found that the grain size was significantly refined, and the
reticular b-Mg17Al12 phase was broken into dispersed particles after multi-pass ECAP. A large amount of
nanoscale Mg17Al12 particles also precipitate from a-Mg matrix. After 4-pass ECAP, the texture features a
favorable alignment of the basal planes along 45� from the extrusion direction. In addition, the tensile
strength and ductility are remarkably improved with increasing the extrusion pass and the best mechanical
properties are achieved for the 4-pass ECAP (UTS = 269.3 MPa, EL = 8.1%), which can be ascribed to the
grain boundary strengthening, the precipitation strengthening as well as the declined fragmentation effect
of the reticular b-Mg17Al12 phase. However, under the ECAP conditions with large deformation, the yield
strength shows a contrarily decreasing tendency. This is because the orientations of the basal poles in the
texture present a nearly 45� to the extrusion axis proven by the higher Schmid factor (SF), making it much
easier to start the sliding system of the Mg-15Al alloy during ECAP.
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1. Introduction

Nowadays, Mg–Al alloys have become the most widely
used commercial magnesium alloys (Ref 1-5). This is mainly
attributed to the fact that the maximum solid solubility of Al
element in Mg is 12.7%, while only 2.0% at room temperature.
The Al element plays a role of refining grains as well as
facilitating the precipitation of b-Mg17Al12 phase, and the
strengthening effects increase with increasing the Al content
(Ref 6). However, the hard and brittle b-Mg17Al12 phase will be
connected into a network, while the Al content exceeds
9.0 wt.%, which breaks up the matrix and deteriorates the
mechanical properties of Mg–Al alloy.

The ductility and strength are the main mechanical proper-
ties of any material but generally belong to the opposite
features. Thus, materials may be ductile or strong, but they are
rarely both (Ref 7, 8). Equal channel angular pressing (ECAP)
technology is an effective means to refine the grain size and
fragmentize the second-phase particles in the Mg–Al alloys
(Ref 9), resulting in the improvement of strength and plasticity
simultaneously (Ref 10, 11). Much research has obtained the
Mg–Al alloys with excellent mechanical properties via ECAP

process (Ref 12, 13). For example, the AZ61 with high yield
strength of 205 MPa and elongation of 23.5% was prepared
through ECAP by Jufu Jiang et al. (Ref 14). L.L. Tang et al.
(Ref 15) obtained the AZ80 Mg alloy consisting of ultrafine-
grained microstructure and nanoscale ellipsoidal-shaped parti-
cles, which is in favor of its outstanding properties (YS = 235
MPa, EL = 14.0%). The dispersed hard particles improve the
strength through hindering the motion of dislocations and grain
boundaries.

It was indicated that the deformation texture formed during
ECAP process can also greatly influence the mechanical
properties of Mg–Al alloys, since Mg alloy with HCP
crystal lattice is sensitive to the crystallographic texture (Ref
16). It is usually considered that stronger texture after ECAP
can improve the strength of Mg–Al alloy (Ref 17). In addition,
the second-phase particles with larger size ( ‡ 1 lm) influence
the deformation texture due to the increased dislocation density
and generation of a large deformation energy gradient in lattice
defects, which also contributes to the strength increment (Ref
18, 19). However, some studies found that with increasing the
ECAP pass, the tensile strength increases, while the yield
strength obviously decreases for the AZ31 alloy (Ref 20, 21),
which was ascribed to the formation of soften texture.

Therefore, in the past decades, many researches focus on
improving the strength and plasticity of magnesium alloy with
low aluminum content through ECAP via changing the grain
size, the second-phase particle size and the texture. However,
for Mg–Al alloys with high aluminum content (Al > 9 wt.%),
the reticular second-phase structure is the key to affect its
mechanical properties, and it will significantly affect the
formation of deformation texture, yet there are few studies on
it. Hence, in the present study, Mg-15Al alloy with reticular
structure was selected for multi-pass ECAP deformation. The
effects of grain, reticular second phase and texture on the
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mechanical properties of alloy were investigated systematically,
and the corresponding mechanisms were discussed in detail.

2. Experimental Procedure

Commercially pure Mg and pure Al were used to prepare
Mg-15Al (wt.%) alloy by heating to the temperature of 1043 k
under protective gas atmosphere of SF6 + CO2 with the ratio of
99:1 in an induction resistance furnace. The melt was poured
into a steel mold preheated to 473 k with a inner diameter of
88 mm. The chemical compositions of Mg-15Al alloy were
measured using the inductively coupled plasma (ICP) spec-
trometer, as listed in Table 1. For ECAP experiment, the billets
with the cross-section of 10 mm 9 10 mm and the length of
100 mm were machined from the ingot. As-cast billets were not
homogenized prior to ECAP. The lower the experimental
temperature is, the easier it is to obtain fine grain. After ECAP
at 543 K, there are shallow cracks on the surface layer, while at
553 K, the sample has no crack, so ECAP experiment was
performed at 553 K using a tool steel die with an intersection
angle of u = 110� and an outer arc of curvature of w = 20�.
The specimens together with die were heated to 553 K and
preserved for 15 min. Then, the samples were pressed at
0.04 mm/s for 1, 4 and 8 passes through route Bc.

The microstructure characterization was performed using an
optical microscope ((LOM, Leica Microsystem GmbH, Wet-
zlar, German), a x-ray diffraction (XRD, Cu-Ka Dandong Ray
instrument Co., Ltd., Dandong, China), a scanning electron
microscope (SEM, TESCAN Ltd., Brno-Kohoutovice, Czech
Republic) equipped with an electronic backscatter diffraction
(EBSD, FEI Nova400, HKL-EBSD) and a transmission
electron microscope (TEM, JEOL Ltd., Tokyo, Japan). The
etching solution was a mixture of 4 vol.% HNO3 and 96 vol.%
alcohol. The samples for TEM analysis were prepared by
Gatan691 ion milling. The sample speed is 4 rpm, the ion beam
energy is 3.5 keV, and the angle of ion gun is ± 7�. The
average grain size of the ECAPed samples and the uniform
diameter of precipitate were calculated by the linear intercept
method. Tensile testing was conducted on an universal testing
machine (WDW-100KN) at room temperature and a constant
tensile speed of 0.5 mm/min, and the gauge dimension of the
tensile sample is 2 mm 9 4 mm 9 18 mm. At least three
specimens were examined for each processing state.

3. Results and Discussion

3.1 Microstructure Development

The optical photograph of the as-cast Mg-15Al alloy is
shown in Fig. 1(a). It is observed that the rose-like matrix about

70-100 lm is surrounded by the continuous network-shape
second phase. The EDS results show that the rose-like phase is
a-Mg matrix and the network-shape phase is eutectic b-
Mg17Al12 phase, as shown in Fig. 1(c) and (d). The test points
are indicated by arrows in Fig. 1(b).

The microstructures and grain size distributions of ECAPed
Mg-15Al alloys are exhibited in Fig. 2. For all the ECAPed
alloys, the grain size distribution exhibits a log-normal shape
approximately. The average grain size of 1-pass ECAPed
sample is 10.64 lm. Homogeneous and fine microstructure is
formed after 4 passes, with an mean grain size of 3.97 lm, as
shown in Fig. 2(c) and (d). It is observed that the grain size
increases to 7.22 lm after 8 passes, and some grains even grow
up to � 23 lm. No recrystallized grain is observed in 1-pass-
processed sample, showing that the grain refinement mecha-
nism is mainly the mechanical shearing in the early period of
ECAP process. Besides, after 4-pass EACP, numerous sub-
crystals less than 1 um are formed, which indicates that the
recrystallization behavior occurs due to the increasing strain.
The combination effects of dynamic recrystallization and
mechanical shearing lead to the remarkable grain refinement
after 4 passes. The grain growth after 8 passes can be ascribed
to two main reasons. Firstly, the nucleation possibility of new
recrystallization grain decreases due to the reduced density of
dislocations attributed to the faster dislocation annihilation rate
during the further processing (Ref 9, 22). Secondly, the
mobility of grain boundary is enhanced due to the extension of
heat preservation time for the 8-pass ECAP. Consequently, it is
easy for the tiny grains with a large number of dislocations to
recover and grow.

Figure 3(a), (b) and (c) exhibits SEM micrographs of the
ECAPed Mg-15Al alloys. For the 1-pass process, some
reticular b-Mg17Al12 phase is fractured and elongated along
the extrusion direction on account of shear effect, as shown in
Fig. 3(a). However, most of the b phase remains interconnect
and aggregate severely. After 4 passes, the b phase is broken
into island-shape particles and the reticular structure can be
hardly observed. In addition, a great many of dispersed
nanoscale particles precipitate from the a-Mg matrix (Ref
23), marked by yellow arrows shown in Fig. 3(d). The TEM
observation and SAD patterns of fine particles demonstrates
that the precipitated phase is Mg17Al12, as shown in Fig. 3(e).
This is because, after 4-pass ECAP, the dislocation density in
the a-Mg increases rapidly due to the large plastic deformation
of first three passes and the dislocation tangles, resulting in the
formation of many subgrain boundaries (Ref 24). Thus the
grains are obviously refined and the amount of the grain
boundaries is greatly increased. These grain boundaries,
subgrain boundaries and dislocation provide abundant nucle-
ation sites for the precipitated Mg17Al12 phase. Otherwise, the
precipitation is also related to the thermal duration. The longer
the holding time, the more energy in the crystal, and the easier
for the nucleation of b-Mg17Al12. After 8 passes of ECAP, the
reticular b phase is fractured seriously and few particles are
precipitated from the matrix, as shown in Fig. 3(c). From the
TEM micrographs of 8 passes, a little dislocation is observed
around the grain boundary, which indicated that the resistance
of grain growth decreases resulting in the grain coarsening.

Figure 4(a) displays the XRD patterns of as-cast and ECAP-
processed Mg-15Al alloys. It can be seen that the alloys mainly
consist of a-Mg matrix and b-Mg17Al12 phase. The volume
fraction of the a-Mg and b-Mg17Al12 phases in Mg–Al alloys

Table 1 The chemical compositions of Mg-15Al

Alloy

Chemical compositions, wt.%

Al Si Cu Ni Fe Be Mg

Mg-15Al 14.6 0.19 0.21 0.07 0.12 0.05 Bal.
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for different passes was quantitatively studied using the XRD K
value method (Ref 25). We have:

wa ¼ 1=ð1þ Ka
bIb=IaÞ ðEq 1Þ

va ¼
wa=qa

wa
�
qa þ wb

�
qb

ðEq 2Þ

va þ vb ¼ 1 ðEq 3Þ

where wa is the weight fraction of a mixture, wb is the weight
fraction of b phase, Ka

b ¼ Ka
�
Kb, Ka and Kb are constant,

which depends upon the geometry of the diffractometer and the
nature of component a and b, respectively, Ia intensity of x-rays
diffracted by a selected plane (hkl) of component a, Ib intensity
of x-rays diffracted by a selected plane (hkl) of component b, va
the volume fraction of the a-Mg phase, qa and qb are the
density of a phase and b phase, respectively. As for the Mg–Al
alloy, Ka = 4.01, Kb = 2.41 (Ref 26), qa = 1.738 g cm�3 and
qb = 2.1 g cm�3 (Ref 27). Thus the calculated results are
shown in Fig. 4(b). It is not difficult to observe that the volume
fraction of b-Mg17Al12 phase increases with increasing the
ECAP pass number and a skip appears between 1 and 4 passes,
which is in accordance with the precipitation of a large amount
of nanoscale b phases (Fig. 3b).

3.2 Texture Development

It is generally known that texture type and strength
(concentration degree) have significant effects on the properties
of polycrystalline materials, especially for magnesium alloys
with few slip systems. The pole diagrams of (0001) and (10-10)
planes of ECAPed Mg-15Al alloys are depicted in Fig. 5. In the
pole figures, the center of the coordinate is extrusion direction
(ED), while X and Z are two directions perpendicular to ED. In

1-pass-processed samples (Fig. 5a), the maximum pole density
is 10, and the areas with high pole density are mainly
concentrated in the range of 38�-62� with the ED direction,;
meanwhile, some areas with medium pole density appear at the
two poles. Then, after 4 passes, the maximum pole density
increased to 16.55, but the included angle between the area
with high pole density and the extrusion axis decreased to 34�-
56�, and no moderate pole density area appeared. Figure 5(b)
clearly shows that the texture features the alignment of the basal
planes along 45� away from ED. This texture was frequently
observed in ECAPed Mg-based alloys (Ref 28, 29). During
ECAP process, the rotation of basal planes is thought to be
caused by shearing parallel to the basal planes (Ref 30).
Eventually, after 8 passes of ECAP, it is noted that maximum
density of (0001) pole diagram dropped to 7.17 heavily and the
distribution range of angle between relatively high density area
and extrusion axis narrowed to 44�-54�. However, more
moderate density areas appear at two poles even other areas,
which illustrates the formation of other oriented textures. The
values of Schmid factor of Mg-15Al alloy with different states
are calculated from the experimentally measured texture and
are plotted in Fig. 6. It is found that the Schmid factor of 1-pass
alloy is lower and the Schmid factor gradually increases with
increasing the extrusion pass. Since a die with a channel angle
of 110� is used in this investigation, the base plane of most
grains is rearranged when the billet passes through the die. The
base plane of magnesium alloy will be parallel to the extrusion
direction or at an angle along the shear plane, featuring a higher
Schmid factor, which is in favor of sliding of dislocation (Ref
31).

3.3 Mechanical Properties

The ultimate tensile strength (UTS), yield strength (YS) and
elongation to fracture (EL) of the as-cast and the ECAP-

Fig. 1 (a) OM and (b) SEM micrographs with (c), (d) EDS spectra of as-cast sample
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processed samples are exhibited in Fig. 7(a). Figure 7(b)
displays the engineering stress–strain curves. It is found that
after ECAP process, the UTS, YS and EL present a great rise.
With increasing the extrusion pass, the UTS firstly increases
and then decreases. This is because after ECAP process, the
coarse grains were dramatically refined and the reticular b-
Mg17Al12 phase was broken into small particles, which
promotes the pinning effect of the grain boundary motion.
Moreover, massive precipitation of nanoscale b-Mg17Al12
particles also contributes a lot to the UTS improvement via
impeding dislocation motion. For the 8-pass ECAP process, the
slight UTS decrease is mainly attributed to the grain coarsening
because of the significant recovery and grain growth. The
elongation of the as-cast alloy is 1.36%, which is on account of
the coarse grains and the bulky reticular second phase cutting
apart the a-Mg matrix. After the 4- and 8-pass ECAP, the Mg-
15Al samples exhibit significantly increased elongation, which
is 8.40% and 9.81%, respectively. There are two main reasons.
Firstly, the finer microstructures reduce the stress concentration
during the plastic deformation, which lowers the possibility of

the crack generation. Secondly, the breakup of the reticular b-
Mg17Al12 phase weakens the fragmentation effect to the a
matrix.

It is worth noting that there is a sharp decline of the yield
strength (YS) for the 4-pass ECAPed Mg-15Al alloys, which
shows a great variation compared with the UTS. Similar
phenomenon of the strength variation for the ECAPed Mg–Al
alloys has been reported by other researches (Ref 31-33). It was
mainly attributed to the softening caused by texture. Hence, the
significant factors affecting the mechanical properties of
ECAPed Mg-15Al is rather complicated, including the grain
size, and size, morphology of the second phase as well as
texture.

The strengthening mechanisms of the magnesium alloys
processed by ECAP mainly contain grain boundary strength-
ening (rHP), precipitation strengthening (rOr).

According to the well-known Hall–Petch theory, rHP has to
be calculated by the following equation (Ref 34, 35):

rHP ¼ k d�
1
2 ðEq 4Þ

Fig. 2 Optical photographs and grain size distributions of the samples processed for different passes at 280�C: (a), (b) ECAP 1 pass, (c), (d)
ECAP 4 passes, (e), (f) ECAP 8 passes
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where k is the Hall–Petch slope and d is the average grain size.
From Isaac Toda-Caraballo study, k value can be estimated by
Ref 36:

k ¼ kMg þ
X

i

XiDki ðEq 5Þ

where kMg = 0.21 (MPa m0.5) is the strengthening coefficient
of pure Mg, Xi the atomic solute content of element i and D ki is
its variation on k. When i represents the Al element,
Dki= 2 MPa m0.5at.�1 (Ref 36]. The k value is calculated by
the content of elements in the second phase.

A lot of dynamically precipitated nanoscale b-Mg17Al12
particles distribute at the grain boundaries. The precipitation
strengthening mechanism is assumed to be determined by the
Orowan stress for bowing dislocations around the shear-
resistant particles. Thus, the contribution to the YS can be
calculated using the classical Orowan strengthening equation as
follow (Ref 37):

rOr ¼
MGb

2p
ffiffiffiffiffiffiffiffiffiffiffi
1� m

p 1
k
ln
dp
r0

ðEq 6Þ

where M is Taylor factor taking value of the inverse of the
measured Schmid factor, G is the shear modulus of Mg
(G = 17.2GPa (Ref 38)), b is the Burgers vector (b = 0.32 nm
(Ref 38)).dp is the uniform diameter of precipitate, t is Poisson
ratio (t = 0.35 (Ref 38)), r0 is the inner cut-off radius of the
dislocation taken equal to b (Ref 39), and k is the effective
planar inter-obstacle spacing. The dynamically precipitated
particles can be regarded to be approximately spherical and k
can be calculated by the uniform diameter dp of spherical
particles, using equation (Ref 37).:

k ¼ 0:779
ffiffiffiffi
fp

p � 0:785

 !
dp
2

ðEq 7Þ

where fp is the volume fraction of precipitates.

Fig. 3 SEM micrographs of (a) 1-pass, (b) 4-pass, (c) 8-pass ECAPed Mg-15Al alloys, (d) magnified SEM micrograph of 4-pass ECAPed
sample, (e, f) TEM micrographs obtained from samples for 4 passes, 8 passes

Fig. 4 (a) X-ray diffraction pattern of Mg-15Al alloy under different passes, (b) variation of volume fractions of a-Mg phase and b-Mg17Al12
phase with the number of passes
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In this study, dp and fp were measured from the SEM and
TEM images using the ImageJ software. For good statistics, at
least 15 images from different locations were measured for each
processing state and then the mean value was obtained. The
measured results are shown in Table 2. Based on the above
equation, the calculated strength values from grain boundary
strengthening and Orowan strengthening are given in Table 2.
Hence, the yield strength of ECAPed Mg-15Al alloys by
summing the different strengthening results is obtained.

It can be seen that after 1-pass extrusion, the calculated sum
value of two strengthening mechanisms is 132.1 MPa, which is
close to the experimental result. This indicates that the grain
refinement and precipitation strengthening play the dominant
role in strength increment. For the 4- and 8-pass extruded
samples, the calculated YS strength is 169.0 MPa and
114.9 MPa, respectively. However, the experimental strength

values are much lower than the calculated results. The
experimentally lower YS strength is mainly attributed to the
negative effects of the texture formed during ECAP (Ref 13,
40, 41). During ECAP extrusion, the influence of texture on
yield strength is expressed by the variation of Schmid factor of
different slip systems. After 1-pass extrusion, the average
Schmid factor is small, which indicates that most of the grains
are in the hard orientation. Thus, the texture is not conducive to
the beginning of the sliding system, while after 4 and 8 passes,
the average Schmid factor increases gradually and thus the
amount of grains in soft orientation increases a lot. The sliding
occurs in most grains at the same time and easily propagates
from one grain to the adjacent grain through the grain
boundary. As the Schmid factor on (0 0 0 1) basal planes
increases by the rotation of the basal poles to approximately 45�
from the extrusion axis during ECAP, a lower stress for

Fig. 5 The {0001} and {1010} pole figures of the ECAPed Mg-15Al alloy: (a) 1 pass, (b) 4 passes, (c) 8 passes

Journal of Materials Engineering and Performance Volume 29(7) July 2020—4365



yielding is needed on the basal plane for the ECAPed alloy (Ref
42, 43). Thus, it is easier for 4- and 8-pass-processed samples to
reach the critical yield stress due to high SF, as shown in Fig. 5
and 6. As the softening effect caused by deformation texture is
stronger than the mechanisms of grain refinement strengthening
and precipitation strengthening, the yield strength is decreased
after 4-pass ECAP (Ref 44, 45). Hence, the UTS of 4- and 8-
pass ECAPed sample increases and the YS greatly decreases.

Figure 8 exhibits the SEM images of tensile fractures of the
studied alloys. It can be observed that the fracture surface of as-
cast alloy consists of several cracks (indicated by C), cleavage
facets (indicated by A) and some residual second-phase

particles (indicated by B), indicating a brittle cleavage fracture.
After 1-pass ECAP, the area of cleavage facets and the number
of cracks significantly reduce. Since the fracture surface is flat
and the required energy for fracture is lower, the ductility of the
alloy is still at a poor level. After 4-pass ECAP, some dimpled
regions (indicated by D) appear on the fracture surface,
presenting a ductile fracture (Ref 46), as shown in Fig. 8(c).
For the 8-pass ECAP, the fracture morphology (Fig. 8d) is
similar to that of 4-pass extrusion and the fracture mode is also
ductile fracture. The observation results are in good agreement
with the change of elongation. The longitudinal section images
of Mg15Al alloys with different states show that many tensile
microcracks were formed inside the b-Mg17Al12 phase, which
indicates that the second phase are the origins of microcracks
because of stress concentration between a-Mg matrix and them
due to their high stiffness and brittleness (Ref 47, 48). For the
4-pass ECAP, the microcracks are hardly observed, because the
grains and b phases are significantly broken resulting in
relatively less stress concentration. Therefore, the 4-pass
ECAPed alloy exhibits the best plasticity (Fig. 9).

4. Conclusions

In this study, the Mg-15Al alloy was processed via equal
channel angular pressing (ECAP) technology at 553 K through
different passes. The influence of grain size, precipitation and
texture on mechanical properties of Mg-15Al alloy was
systematically explored. The main conclusions can be drawn
as follows:

Fig. 7 (a) The relationship between strength and elongation and ECAP pass number at room temperature, (b)tensile stress and strain curves of
the as-cast and ECAPed Mg-15Al alloys at room temperature

Table 2 The parameters and the calculation results

Pass time m k, MPaÆlm0.5 fp, % dp, lm rHP, MPa rOr, MPa Sum value, MPa

As-cast … 304.2 … … 33.0 0 33.0
1-pass 0.124 296.6 1.3 0.52 90.9 41.2 132.1
4-pass 0.194 248.8 3.4 0.55 124.9 44.1 169.0
8-pass 0.281 248 3.3 0.76 92.3 22.6 114.9

Fig. 6 The Schmid factors of Mg-15Al alloy with different states
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1. ECAP processing has a remarkable refining effect on the
grain of Mg-15Al alloy. With increasing the extrusion
pass, the grain size decreases greatly. In addition, the
reticular b phase is broken into island-shape particles,

and numerous nanoscale Mg17Al12 particles precipitate
from the a-Mg matrix after multi-pass ECAP.

2. After ECAP process, the fiber textures whose base orien-
tation of [0001] was concentrated in the ED–Z plane and
deviated from ED about 45� were formed. Meanwhile,

Fig. 9 Longitudinal of the fractured specimens of Mg-15Al alloys with different states: (a) as-cast, (b) 1 pass, (c) 4 passes, (d) 8 passes

Fig. 8 SEM fracture morphology of the as-cast and ECAPed Mg15Al alloy after tensile test at room temperature: (a) as-cast, (b) 1 pass, (c) 4
passes, (d) 8 passes
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the Schmid factor gradually increases with the increasing
extrusion pass.

3. With increasing the extrusion pass, the UTS of the Mg-
15Al alloy firstly increases and then decreases, and the
elongation greatly increases. The 4-pass ECAPed speci-
men shows the best mechanical property with UTS of
269.3 MPa and elongation of 7.4%. This is due to the
grain boundary strengthening, the precipitation strength-
ening as well as the declined fragmentation effect of
reticular b-Mg17Al12 phase.

4. With increasing the extrusion pass, the yield strength of
the Mg-15Al alloy firstly increases slightly and then de-
creases remarkably, which is due to the softening of the
a-Mg matrix caused by the texture variation that the ori-
entations of the basal poles are nearly 45� to the extru-
sion axis. This can be proven by the higher Schmid
factor (SF) for the multi-pass ECAP condition.
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41. T. Krajňák, P. Minárik, J. Gubicza, K. Máthis, R. Kužel, and M.
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