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In this work, half channel angular extrusion, a recently developed severe plastic deformation (SPD) process, applied to AZ31 Mg

alloy. Effects of the initial microstructure of AZ31 alloy on the microstructural development such as the grain refinement and texture

evolution during the half channel angular extrusion (HCAE) has been studied. It was found that the grains of the AZ31 alloys can

be refined remarkably by single pass of HCAE than other SPD techniques and not only the grain refinement but also the deformation

induced textures result in a noticeable enhancement of mechanical properties.
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1. Introduction

Magnesium (Mg) alloys have been extensively researched in the

transportation and electronic industries since they show high specific

strength, high vibration absorption, and thermal management.1,2

However, there are several limitations in the physical applications for

structural components in automobiles due to poor formability,3-5

corrosion issues, and strength differential effect in the plastic flows

between tension and compression.3,6,7

For bulk processing techniques to fabricate ultrafine-grained

materials, severe plastic deformation (SPD) methods such as high-

pressure torsion (HPT),8 equal channel angular extrusion (ECAE),9-12

multi-axial forging(MAF),13,14 and accumulative roll-bonding (ARB)15

have been proposed as effective ways of enhancement in ductility and

grain refinement. Kim et al.16 proposed the half channel angular

extrusion (HCAE) to increase the efficiency in SPD by integrating both

ECAE and a conventional forward extrusion process, which maximizes

the applied plastic strain to the materials with a small number of

repetitive processes.

There also have been extensive researches for increasing the

strength and ductility of Mg alloys by refining the microstructure via

severe plastic deformation (SPD). Mabuchi et al.17 demonstrated that a

very fine-grained AZ91 magnesium alloy processed by equal channel

angular extrusion showed low-temperature superplasticity. Yamashita

et al.18 conducted equal channel angular pressing (ECAP) to evaluate

the potential for improving the mechanical properties of Mg alloys, and

Mukai et al.19 reported that the elongation-to-failure of the ECAE/

annealed alloy increased up to 50%. Agnew et al.20 showed a wide

range of deformation-induced textures during the ECAE of magnesium

alloys. Xia et al.21 conducted ECAP up to 8 passes in which the initial

coarse-grained structure was transformed into a submicrometer-grained

microstructure. Suwas et al.22 showed that the improved cold formability

was attributed to the initial non-basal texture and grain refinement

introduced by ECAE.

In general, ECAE process with Mg alloys has been carried out at

temperatures around 473K or above since it is difficult to accomplish

the several passes of ECAE at room temperature successfully without

fine cracks in the specimens. It results in undesirable decreases in the

mechanical properties of the ECAE-processed specimen such as the

yield and ultimate strengths since the elevated forming temperature

induces the dynamic recrystallization (DRX) of the Mg alloys, which

develops strain-free grains with low level of dislocation density in the
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whole grain structure.23,24 Therefore, it is substantial to correlate the

enhancement of formability and mechanical strength in the ECAE-

processed materials by microstructural development with the DRX and

texture effects in the Mg alloys, systematically. Foley et al.25

demonstrated that it was effective to decrease the processing

temperature in SPD process for grain refinement with AZ31B Mg

alloy. Tang et al.23 investigated the effects of the initial texture on the

yield strength and ductility of the ECAEed Mg-Zn-Y-Zr alloy. Al-

Maharbi et al.24 reported that the starting texture had strong influences

on the mechanical properties of Mg alloy after ECAE/ECAP such as

flow anisotropy and tension/compression asymmetry. They also

concluded that it was possible to control the level of mechanical

anisotropy in the ECAE-processed samples and obtain strongly or

weakly anisotropic mechanical response in Mg alloys by proper

selection of the starting texture and ECAE route.

In this work, effects of the initial crystallographic texture of Mg-

3Al-1Zn sheet alloy on the microstructural development in terms of the

grain refinement and texture evolution during the half channel angular

extrusion (HCAE) has been studied. Microstructures and mechanical

properties of Mg-3Al-1Zn sheet alloy were evaluated with respect to

the starting textures. Microstructural characterization with HCAE-

processed Mg-3Al-1Zn sheet alloys has been investigated by optical

microscopy (OM) and orientation imaging microscopy (OIM) analysis

using electron backscattered diffraction (EBSD) technique and tensile

tests were carried out to examine the mechanical properties of the

HCAE-processed specimens at the room temperature with the strain

rate of 0.001/sec.

2. Experimental Procedures

Kim et al.16 have proposed a SPD process for applying more severe

plastic deformation to the billet with a small number of repetitive

processes by integrating an equal channel angular extrusion and a

conventional forward extrusion process as shown in Fig. 1. There is

area reduction in the exit channel to a 2:1 since the width of the exit

channel is gradually reduced to half of that of the entry channel. The

HCAE process tends to induce severe plastic deformation with shear

which is employed by the intersecting angle (Φ=90o, Ψ=10o)16 between

the entry and exit channels and compressive plastic deformation to the

initial billet. It does not only induce additional plastic deformation

about 50% compared to the conventional ECAP,16 but also enhance the

process efficiency because two HCAE-processed billets from the first

pass are applied to the second pass of the HCAE, simultaneously, by

combining them into one full billet as shown in Fig. 1.

The initial specimens for the HCAE process have the dimension of

25×50×70 mm3, which are classified into three kinds of specimen-A, B,

and C with respect to texture orientation. The specimen-A, B, and C are

prepared by machining them from the Mg-3Al-1Zn rolled sheet alloy

Fig. 1 Schematic diagrams of HCAE process16

Fig. 2 Initial specimens for HCAE experiments with Mg-3Al-1Zn

rolled sheet alloy: (a) three kinds of specimens with respect to starting

texture; (b) HCAE-processed billets with specimen-A, B, and C

Fig. 3 Initial microstructure of Mg-3Al-1Zn rolled sheet alloy: (a) OM

and EBSD observations; (b) initial texture
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(Mg-3%Al-1%Zn) with the thickness of 50 mm as depicted in Fig.

2(a), which are subjected to compression along the rolling (RD),

transverse (TD), and normal (ND) directions, respectively, during the

HCAE process as shown in Fig. 2(b). Fig. 3 shows the microstructural

characteristics of the Mg-3Al-1Zn rolled sheet alloy in which it has the

average grain size of 72.7 µm. It is apparent that the most of grains are

equiaxed and the distribution of grain sizes in the initial specimen for

HCAE are quite non-uniform, as it has small grains of less than 10 µm

and larger ones than 100 µm. The starting material for the HCAE

process has strong (0001) textures parallel to the ND since the initial

material was fabricated from rolling process, which makes the

specimens for the HCAE process have different textures from each

other according to the orientation of the machined direction of the

rolled sheet.

To guarantee appropriate formability of the test specimen during the

HCAE process, the target temperature was fixed with 523K, which was

maintained with ten heating rods inserted to upper and lower dies,

separately. Fig. 4 demonstrated the initial die-set for the HCAE process

including hydraulic cylinders which are installed at both sides in the

die-set against when the test specimen is stuck between upper and

lower dies as shown in Fig. 4(b). The plunger travels downward in the

450-ton press shop with a crosshead speed of 5mm/sec when the target

temperature of the die-set reaches 523K.

In order to compare the microstructure of HCAE-processed with the

as-received Mg-3Al-1Zn sheet alloys depending on the starting texture

such as specimen-A, B, and C, optical microscopy (OM) and EBSD

experiments installed in a field emission scanning electron microscope

(Hitachi SU6600) were carried out for quantitative analysis. OM

specimens are prepared with cold mounting which is made of epoxy

resin and hardener with the ratio of 100:12 with curing time of 8 hours

at room temperature in case that compressive force during hot

mounting is able to induce minor twins. EBSD specimens are prepared

with chemo-mechanical polishing using colloidal silica under a

pressing force of 17 N for 1 hour after a mechanical polishing with

sand paper up to 800 grit and 3 µm diamond pastes to provide a high

quality of surface finish.

3. Experimental Results

3.1 Microstructure

Three different test specimens-A, B, and C with respect to the initial

textures are applied to the proposed HCAE process as shown in Fig.

2(a) at the forming temperature of 523 K. Figs. 5 and 6 show the OM

investigations according to the observed planes such as 2-3 and 1-3 as

depicted in Fig. 2(b) in the HCAE-processed specimens by applying

specimen-A, B, and C. HCAE-processed-A and -B include large

fraction of deformed grains surrounded by fine DRX grains. The

general features of the microstructures observed on the 1-3 planes in

the HCAE-processed-A and B are mixtures of elongated and equiaxed

grains. The elongated grains oriented approximately 23o CCW from the

1-axis due to the intersecting angle between the entry and exit channels

and compressive deformation during the HCAE process. While the

HCAE-processed-C has more uniform grain structure with large fraction

of recrystallized fine grains as shown in Figs. 5(c) and 6(c).

Fig. 4 die-set for HCAE process: (a) schematic design of upper and

lower dies; (b) installation of die-set with hydraulic cylinders16

Fig. 5 Microstructures of HCAE-processed specimens in 2-3 plane: (a)

HCAE-processed-A; (b) HCAE-processed-B; (c) HCAE-processed-C

Fig. 6 Microstructures of HCAE-processed specimens in 1-3 plane: (a)

HCAE-processed-A; (b) HCAE-processed-B; (c) HCAE-processed-C
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For quantitative comparisons of grain structures in the HCAE-

processed specimens, Fig. 7 demonstrates grain maps constructed by

EBSD. The average grain sizes of the HCAE-processed-A, B, and C

decreased from 72.7 µm in the starting materials to 13.7, 15.4, and 12.9

µm, respectively, with the standard deviation of 4.5, 4.9, and 4.2 µm in

a single pass of HCAE. For comparisons, ECAE can reduce the grain

size of Mg alloys from 24.4 µm to 8.4 µm at 548 K and from 45.5 to

26.7 µm at 523 K after eight passes.26,27 It is concluded that the HCAE-

processed-C has been recrystallized more uniformly during the HCAE

process. Fig. 8 shows the distributions of misorientation angle along the

line with the length of 20 µm in five representative grains which are

selected by the grain size over 20µm for one side of that marked with

thick black line in Fig. 7.

It is interesting that the fraction of low angle grain boundaries with

the misorientation angle of less than 5o is about 30 % in the as-received

and it is not influenced by the HCAE process for the HCAE-processed-

A, B for the whole measured domain as shown in Fig. 9. In general, the

population at low misorientation angle, 0-5o, is not changed after SPD process due to the strain-induced grain fragmentation that evolved by

Fig. 7 Grain maps constructed by EBSD results on 2-3 plane: (a) as-

received; (b) HCAE-processed-A; (c) HCAE-processed-B; (d) HCAE-

processed-C

Fig. 8 Distribution of misorientation angle in the representative grains

along 20 µm: (a) representative grain; (b) as-received; (c) HCAE-

processed-A; (d) HCAE-processed-B; (e) HCAE-processed-C

Fig. 9 Distribution of misorientation angle in measured domain: (a) as-

received; (b) HCAE-processed-A; (c) HCAE-processed-B; (d) HCAE-

processed-C
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the SPD process, in which a fraction of low angle boundaries is always

present due to creation of new subgrain boundaries. Interestingly, the

populations of misorientation angle in 10-40o are noticeably diminished

and transferred to boundaries with a misorientation angle over 40×,

which are most favorable for grain boundary sliding. In addition, the

fraction of low angle grain boundaries with the misorientation angle of

less than 5o is reduces to 15% in the HCAE-processed-C.

It has been reported that DRX tends to be activated easily when the

recovery is slow24,28 in materials with low stacking fault energy (SFE).

Concerning the plastic deformation of Mg alloys at the elevated

temperatures, DRX is readily activated when the basal slip is more

dominant slip system rather than the other non-basal slip systems such

as the prismatic and pyramidal because the basal plane has the lowest

SFE of 32-36 (mJ/m2).24,28 Al-Maharbi et al.24 demonstrated that the

volume fraction of recrystallized grains is substantially low when the

prismatic slip is the most prevalent in the conventional ECAE process

with Mg alloys since activity of prismatic slip acts as a relaxation

mechanism, which does not only reduce the amount of internal stress

but also decrease the available energy for DRX. Therefore, they

presented the highest volume fraction of deformed grains in the

processed specimen when applying 1A-II specimen24 which has the

same starting texture with the specimen-C in this paper. It is worthy of

notice that it produces the most uniform grain structure in the proposed

HCAE process even though applying the specimen-C which is able to

induce the prismatic slip dominantly. In case of the HCAE-processed-

C, dominant prismatic slip does suppress concentration of DRX, which

results in large fraction of elongated deformed grains in shear zone of

the HCAE process as shown in Fig. 2(b). Then, they tend to experience

the DRX around the compressive zone of the HCAE process,

sequentially, which leads to the uniform grain structure in the HCAE-

processed-C compared with HCAE-processed-A and -B.

3.2 Mechanical properties of HCAE-processed

Tensile tests were carried out to evaluate the mechanical properties

of the HCAE-processed specimens at the room temperature with the

strain rate of 0.001/sec. The tensile test specimens of 1 mm thickness

are fabricated along 1-axis from the HCAE-processed-A, B, and C as

shown in Fig. 10. The tensile axis was always parallel to the 1-axis.

Fig. 11 shows the engineering stress - engineering strain curves of the

as-received and HCAE-processed of Mg-3Al-1Zn alloy. Mechanical

properties including the yield (YS), ultimate tensile strengths (UTS),

and elongation (EL) along the transverse (specimen-A) and rolling

directions (specimen-B) from the as-received Mg-3Al-1Zn sheet alloy

show almost identical result as shown in Fig. 11 since the (0001) basal

texture is strongly distributed along the thickness direction of the sheet

alloy, which are induced from the manufacturing stage of the rolling

process. However, the tensile test along the thickness direction

(specimen-C) cannot be presented due to a dimensional restriction

since we have utilized the Mg-3Al-1Zn sheet alloy with the thickness

of 50 mm.

In Fig. 11, the improvement in the EL with HCAE-processed

materials is prominent that the EL of all the HCAE-processed specimens

substantially increases about 200% compared with the as-received Mg-

3Al-1Zn sheet alloy (Table 1). And there are increases in the YS and

UTS of the HCAE-processed-C when applying the specimen-C in the

HCAE process, while they decreases about 10 MPa in YS due to the

enhancement of the EL with the HCAE-processed-A and B compared

with the as-received. It is observed that the EL of the HCAE-processed-

C is slightly shorter than of the HCAE-processed-A and B. It is

interesting to note that mechanical properties of the HCAE-processed-

C are enhanced considerably without YS drop although it experiences

the DRX which leads to recrystallized strain-free grains during the

HCAE process. Fig. 12 shows (0001) and (1010) pole figure distributions

after one pass of the HCAE process with specimen-A, B, and C. The

deformation induced textures by the HCAE process are characterized

that the majority of basal planes are distributed with tilting angle of 30o

from the 3-axis, which deviates from previous report presenting the

weak basal textures with inclination angle of 45o from extrusion direction

(it is same as 1-axis in this work)29 and the most strong basal textures

are developed in the HCAE-processed-C among three HCAE-processed

specimens. This discrepancy can be attributed to the combination of

shear and extrusion ratio, which results in the enhancement of YS and

UTS of the HCAE-processed-C with increase of the EL, simultaneously.

Fig. 10 Dimension of tensile test specimen

Fig. 11 Comparison of tensile test results with as-received and HCAE-

processed at room temperature

Table 1 Comparison of mechanical properties in HCAE-processed

Specimens
Yield strength

(YS, MPa)

Ultimate tensile

strength

(UTS, MPa)

Elongation

(EL, %)

RD (as-received) 142 238 12

TD (as-received) 150 239 12

HCAE-processed-A 134 248 23

HCAE-processed-B 136 243 22

HCAE-processed-C 166 257 19
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4. Conclusions

Mg-3Al-1Zn rolled sheet alloy is applied to half channel angular

extrusion which is integrating both ECAE and a conventional forward

extrusion process. The effects of starting textures on the microstructural

evolution and change of mechanical properties by HCAE were

investigated. The initial specimens for the HCAE process are classified

into three kinds of specimen-A, B, and C with respect to texture

orientation, which are subjected to compression along the rolling (RD),

transverse (TD), and normal (ND) directions during the HCAE process,

respectively. The starting material for the HCAE process has strong

 textures parallel to the ND since it was fabricated from rolling

process. It was found that the microstructures of the AZ31 alloys

subjected to the HCAE are refined considerably. HCAE-processed-C

has more uniform grain structure with large fraction of recrystallized

fine grains than those of HCAE-processed-A and -B. There are

increases in the yield strength and ultimate tensile strength of the

HCAE-processed-C while HCAE-processed-A and B decreases about

10 MPa in yield strength. And elongation of all the HCAE-processed

specimens increases substantially increases about 200% compared with

the as-received Mg-3Al-1Zn sheet alloy. In addition, the HCAE-

processed-C induced the strong basal textures which are distributed

with tilting angle of 30o from the 3-axis. This may results in the

enhancement of yield strength and ultimate tensile strength of the

HCAE-processed-C with increase of the elongation, simultaneously.
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