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MECHANICAL PROPERTIES AND MICROSTRUCTURE OF WE43 Mg ALLOY PROCESSED 
BY WARM ECAP FOLLOWED BY EXTRUSION

In the present paper, the effects of the subsequent extrusion after multi-pass equal-channel angular pressing (ECAP) process 
on the mechanical properties and microstructure of WE43 magnesium alloy are investigated. First, second and fourth passes 
ECAP followed by an extrusion process are applied on WE43 magnesium alloy to refine the microstructure and to improve the 
mechanical properties for biomedical applications. The results showed that among the ECAPed samples, the highest and lowest 
strength were obtained in the second and the first pass processed samples, respectively. The four passes processed sample showed 
the highest elongation to failure with moderate strength. The sample processed via first pass ECAP followed by extrusion exhibits 
an excellent combination of ductility and strength. The highest strength was obtained in the sample processed via the second pass 
ECAP followed by extrusion while the highest elongation was achieved in the sample processed via fourth pass ECAP followed by 
extrusion. Moreover, Vickers micro-indentation tests demonstrate that hardness is enhanced by an increase in the number of ECAP 
passes. Furthermore, a grain refinement process is presented for ECAP processing of WE43 alloy which shows a good agreement 
with microstructural investigations.
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1. Introduction

It is well known that the use of severe plastic deformation 
(SPD) techniques is one of the most effective ways to refine the 
grain size and microstructure of polycrystalline metals. Hence, 
many SPD techniques with various parameters were developed 
in the last two decades. Diverse studies were also devoted to 
optimizing the effective parameters [1,2]. High-Pressure Tor-
sion (HPT) [1], Equal Channel Angular Pressing (ECAP) [3-6], 
Twist Extrusion (TE) [7,8], Cyclic Extrusion Compression (CEC) 
[9], and Tubular Channel Angular Pressing (TCAP) [10, 11] are 
among principal SPD processes suitable for deforming bulk met-
als. A very large plastic strain of about 4-6 or higher is applied to 
the sample which causes refining the metal structure. This grain 
refinement can improve some of the mechanical properties such 
as hardness and strength according to Hall-Petch equation [12]. 
Among the SPD methods, ECAP is one of the most practical 
techniques introduced by Segal in 1970s [13]. In this approach, 
the sample laterally extruded through two equal cross-sectional 
channels that intersecting with a specific angle normally 90°. 
Plastic strain is induced into the sample at the intersecting shear 
region. This procedure can be repeated for more than one time 
via different routes. Four common routes are A in which the 
sample pressed without any rotation, BA in which the sample is 
rotated 90° alternatively, Bc in which the sample is rotated 90° 

in the same direction and C in which the sample is rotated 180° 
between consequent passes [12]. The combination of ECAP 
and extrusion may give better properties than the only ECAP. 
Therefore, various studies have been conducted on different 
metals and alloys to investigate technique above. Vladimir et 
al. [14] applied it to commercially pure titanium (CP). Another 
research was performed to study the mechanical behavior and 
microstructural evolution of CP Ti by Kang et al. [15].

Magnesium and its alloys due to their relatively low strength 
are appropriate candidates for SPD processing to enhance their 
properties [16,17]. Tao et al. [18] conducted a study on ZK60 
alloy taking four different conditions into account to compare 
effects of subsequent extrusion on the microstructure and prop-
erties of ZK60 Mg alloy. Their results showed that subsequent 
extrusion has a significant effect on the microstructure refined 
by ECAP. Vinogradov et al. [19] improved fatigue behavior of 
ZK60 Mg alloy. Observations showed that the mechanical prop-
erties such as ductility and ultimate strength are enhanced beside 
fatigue strength. Another research was carried out on AZ31 Mg 
alloy by Kim et al. [20] to produce high strength micro gears. 
Grain refinement due to ECAP was achieved while extrusion 
restored ECAP texture to the state before ECAP which result in 
hardness improvement. Straska et al. [21] analyzed the thermal 
stability of ultra-fine grained (UFG) AZ31 Mg alloy. A study 
was conducted by Miyahara et al. [22] to achieve UFG micro-
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structure in AZ61 Mg alloy. It was reported that EX-ECAP is 
an excellent method to get UFG with a grain size of 0.6-1.3 μm 
after pressing at 200 and 250°C. Microstructural refinement 
of the Mg-2Y-1Zn alloy was investigated by Garces et al. [23] 
to optimize its strength. They reported that extrusion achieved 
higher strengthening at lower temperatures. Akbaripanah et al. 
[24] processed AM60 Mg alloy samples up to six passes ECAP at 
220°C and obtained grain size reduction from 19.2 μm to 2.3 μm. 
Their results showed that the yield and ultimate tensile strengths 
were improved up to two passes. Also, some researchers stud-
ied Mg alloys suitable for bioabsorbable biomedical implants. 
Among them, Minarik et al. [25,26] investigated microstructure 
and mechanical properties of LAE442 Mg alloy. Among all the 
biomedical Mg alloy, WE43 is one of the most useful and suitable 
materials because it is free of any toxic elements such as Al [27].

So far, a few studies were conducted on extrusion of 
pre-ECAP processed samples. To the best of our knowledge, 
no studies investigated the extrusion of pre-ECAP processed 
WE43 magnesium alloy and its effect on the microstructure and 
mechanical properties. Therefore, the aim of the present study 
is to examine the effects of subsequent extrusion of pre-ECAP 
processed WE43 samples on the microstructure and mechanical 
properties.

2. Experimental procedure

In this paper, WE43 magnesium alloy with the composition 
shown in Table 1 was used as the experimental material. The 
rod samples with 10 mm diameter and 70 mm length were cut 
out by wire electro-discharge machining from extruded bars. 
ECAP and extrusion dies were manufactured with hot-worked 
tool steel with 55 HRC hardness. A channel angle of φ = 90° 
and the curvatures angle of ψ = 20° were selected for ECAP 
die. The extrusion die designed with a 10 mm entrance and 
5 mm exit channel (75% reduction). Both ECAP and extrusion 
processes were accomplished at a pressing speed of 5 mm/min 

at the temperature of 330°C. The temperature increases by us-
ing an electrical heater around the die set to ensure isothermal 
condition during the process. Before the process, Molybdenum 
disulfide (MoS2) was employed to lubricate sample, die and 
punch surfaces to decrease the friction.

Mechanical properties of the samples were examined by 
tensile testing done at a strain rate of 10–3 1/s at room tem-
perature. Cylindrical tensile test samples of 3 mm diameter 
and 10 mm gauge length were prepared from processed and 
unprocessed specimens.

The schematic of the processes is depicted in Fig. 1. As 
shown, a sample with a diameter of 10 mm is put in the die chan-
nel, and punch starts to move down (Fig. 1a). Then, the punch 
was removed, and the next sample was put in the die channel 
(Fig. 1b). Afterward, it presses again, so that WE43 sample 
completely exits from the die (Fig. 1c). For the next passes, route 
Bc was used. Then, ECAP processed samples up to four passes 
were extruded by the extrusion die shown in Fig. 1d.

TABLE 1

Elemental composition of the WE43 magnesium alloy (wt %)

Element Mg Y Nd Zr La
Value (wt %) Bal. 4.12 2.15 0.43 0.26

Equivalent strain in ECAP process is determined by a rela-
tionship including the channel angle, φ, and the curvature angle, 
ψ, as following [28]:

 
2 / 2 / 2
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For the extrusion process equivalent strain is achieved by 
the following formula [29]:

 ε–Extrusion = lnR (2)

Where R is the extrusion ratio equal to A0/As in which A0 is the 
initial cross-section of the sample and As is the final cross section. 

(a) (b) (c) (d)
Fig. 1. Schematic of subsequent extrusion followed by ECAP process
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So, total accumulated plastic strain after combined process 
could be calculated as follows:

 ε–Total = ε–ECAP + ε–Extrusion (3)

Equivalent plastic strain applied to the samples processed 
in different conditions was calculated by Eq. (3), and the values 
were given in Table 2.

ECAPed and extruded specimens were cut out perpendicu-
lar to the extrusion direction, polished and etched in a proper 
solution of 10 ml acetic acid, 70 ml ethanol, 4.2 g picric acid, 
and 10 ml distilled H2O to examine the microstructural evolu-
tion using optical microscopy (OM). The alloy phases were 
identified by X-ray diffraction (XRD) with Cu Kα radiation. 
The composition of phases was examined using energy dis-
persive X-ray spectrometry (EDS) mode of scanning electron 
microscopy (SEM). Vickers microhardness measurement was 
conducted with a load of 100 gr applied for 10 seconds. As shown 
schematically in Fig. 2, samples for tensile and microhardness 
tests were prepared.

Tensile test sample

Cut for hardness and 
microstructure 

evaluation

Sample

Fig. 2. Schematic demonstration of prepared samples for tensile, mi-
crostructure and hardness tests.

3. Results and discussion

Fig. 3 demonstrates the pictures of unprocessed and pro-
cessed samples via different routes. Due to the circular geometry 
of the matrix and the formation of burrs, samples were machined 
between each pass. At the final pass i.e. fourth, small cracks were 
observed on the sample perimeter. Extruded samples were also 
shown on the right-hand side of Fig. 3.

3.1. Tensile properties

Stress-strain behaviors of the samples prepared via dif-
ferent processes were indicated in Fig. 4. Fig. 4a illustrates the 
comparison of stress-strain curves of unprocessed (denoted as 

“0P”), one pass ECAPed (denoted as “1P”) and one pass ECAPed 
+ Extruded samples (denoted as “1P+Ex”). Fig. 4b and 4c show 
same comparisons for second and fourth ECAP passes, respec-
tively. It can be seen that increase in ECAP passes results in 
improvement of the material strength. The results showed that 
among the ECAPed samples, the highest and lowest strengths 
were obtained in second and the first pass processed sample, 
respectively. The four passes processed sample showed the 
highest elongation to failure with moderate strength. However, 
the trend in combined multi-pass ECAP and Extruded samples 
are different with ECAP processed specimens. The sample 
processed via first pass ECAP followed by extrusion exhibits 
an excellent combination of ductility and strength. The highest 
strength was obtained in the sample processed via the second 
pass ECAP followed by extrusion while the highest elongation 
was achieved in that processed via fourth pass ECAP followed 
by extrusion. It is important to note that containing some amount 
of Zr in solid solution that is an effective grain-refining factor in 
Al-free magnesium alloys also assist sample strengthening [30]. 

TAB LE 2

Equi valent strain applied to the samples

Sample 1P-ECAPed 2P-ECAPed 4P-ECAPed 1P + Ex 2P + Ex 4P + Ex
Equivalent plastic strain 1.015 2.03 4.06 2.402 3.4177 5.4491

Unprocessed

1P-ECAPed

2P-ECAPed

4P-ECAPed

1P+Ex

2P+Ex

4P+Ex

Fig. 3. Unprocessed, ECAPed and extruded samples illustration
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Furthermore, plastic deformation mechanisms due to disloca-
tion movement and locking can be taken into account as other 
reasons of mechanical properties enhancements. By increasing 
the number of passes, recrystallization of new grains occurs. 
Therefore, new grains pin the grain boundaries and thus, lock-
ing them to each other. Also, the yield strength after the fourth 
pass ECAP decreases in comparison with the second pass. 
Such reduction in yield strength was seen in Akbaripanah et al. 
[24] study on AM60 alloy. They explained this characteristic 
by texture modification that is typical in ECAP process of Mg 
alloys. Yield strength reduction was also reported by Kim et al. 
[20] clarified by a change in texture. Also, results demonstrate 
that extrusion significantly improves the strength which can be 
justified by an increase in dislocation density due to plastic defor-
mation and total work hardening. Fig. 4d represents the ultimate 

tensile strength, the yield strength, and elongation of samples 
before and after ECAP and extrusion processes. It is important 
to note that ECAP passes improve elongation. As result shows, 
the elongation of the sample after four ECAP passes is 19.8% 
which is 230% higher than 6% elongation of the unprocessed 
sample. It is proven that only basal slip dominates the plastic 
deformation of Mg alloys at room temperature due to the high 
critical resolved shear stress (CRSS) of prismatic slip [31]. So, 
the non-basal slip has a major effect on the Mg alloys ductility. 

The ratio of prismatic

basal

CRSS
CRSS

  can be affected by grain size, while 

grain size reduction will result in lowering the mentioned ratio. 
As a result, prismatic slip can be activated by grain refinement 
and afterwards enhance the ductility [32]. However, tensile test 
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Fig. 4. True stress-strain curves for the ECAPed and ECAPed+extruded WE43 alloy for (a) one (b) two, (c) four passes and (d) YS, UTS and 
Elongation to the failure of all samples
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results clarify the fact that extrusion process in higher ECAP 
passes leads to a reduction in material elongation. Extrusion 
process changes equiaxed grains formed after ECAP to elongated 
grains. Moreover, the tensile direction is parallel to these elon-
gated grains. As a result, elongation is reduced due to a decrease 
in grain boundary density.

3.2. Microstructure

The as-received microstructure of WE43 alloy is shown 
in Fig. 5. As it can be seen, as-cast sample structure consists 
of coarse equiaxed grains with ~135 μm in size. The typical 
microstructure of the alloy is a α-Mg matrix with some dis-
persed Mg41Nd5 phases through the grains and grain boundaries 
[33]. Fig. 5 also shows the microstructure of WE43 alloy after 
multi-pass ECAP and multi-pass ECAP+Extrusion processes. As 
shown, by increasing deformation passes, the volume fraction 
of recrystallized grains is increased, and the average grain size 

is reduced. Furthermore, the alloy contains some rare elements 
(RE) such as Y which is larger than Mg [34]. REs inhibit the 
movement of grain boundaries that are well known as Zener 
pinning effect. Such alteration in grain shapes is demonstrated 
in right-hand side images of Fig. 5. Also, new grains are nucle-
ated near the original grain boundaries that can be associated 
with the strain-induced boundary migration (SIBM) [35]. After 
the first pass of ECAP process, grain refinement, and better 
distribution of Mg41Nd5 phase is achieved as shown in Fig. 6. 
Fig. 7 schematically illustrates grain refining process in multi-
pass ECAP process. Fig. 7a shows the unprocessed sample with 
large equiaxed α-Mg grains and dispersed Mg41Nd5 phase. After 
the first pass of ECAP, fine new grains with some new Mg41Nd5 
phases nucleate along the grain boundaries (Fig. 7b). As shown 
in Fig. 7c, by performing the second pass of ECAP, the structure 
becomes more homogenous, the fraction of new grains increases 
and some coarse grains gradually dissipate. Eventually, at the 
end of the fourth pass, a structure with fine homogeneous grains 
develops (Fig. 7d). As shown, large Mg41Nd5 phase within the 
grain interiors is seen in the unprocessed microstructure. After 
the first pass of ECAP new small Mg41Nd5 phase and new 
dynamically recrystallized grains are formed along the initial 
grain boundaries. Further straining leads to the forming of more 
new finer recrystallized grains. In this stage, the area fraction 
of the un-recrystallized α-Mg regions is reduced. Finally, a full 
recrystallized grains having distributed small Mg41Nd5 phase is 
obtained. By XRD analysis two phases are detected namely α-Mg 
and Mg41Nd5 which are indicated in Fig. 8. Furthermore, EDS 
analysis to investigate the elemental composition of the phases 
was performed in both phases. These results are shown in Fig. 9.

New grains

50 μm

Fig. 6. Nucleation of new grains along the grain boundaries after the 
first pass of ECAP process

3.3. Microhardness

Microhardness of the samples processed via different con-
ditions is illustrated in Fig. 10a. Each value is the average of at 
least five tests with 5% scatter error. As shown, Vickers hardness 
of the samples increases with the increase of the ECAP passes 

P1

P2

P4

ECAP+ExECAP

α-Mg 

As-received

50 μm 50 μm

50 μm 50 μm

50 μm 50 μm

50 μm

Fig. 5. The microstructure of WE43 before and after ECAP through 
different passes and ECAP+Extrusion processes
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Fig. 7. Schematic of grain refinement process of WE43 in ECAP processing (a) unprocessed sample and after (b) one (c) two and (d) four passes

Fig. 8. X-ray diffraction patterns of the unprocessed WE43 alloy
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Fig. 9. EDS result of (a) Mg41Nd5 phase and (b) SEM image of Mg41Nd5 phase
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due to grain refinement that is in conformance with Hall-Petch 
relation [21,36]. Not to mention that due to plastic deformation 
microhardness increases due to the cross-sectional reduction that 
occurs during the extrusion process. Accumulation of plastic 
strain enhances the density of defects which are immovable at 
room temperature. Microhardness test also conducted along the 
radius of each sample to evaluate microhardness variations in 
sample cross section. To this end, five points on the sample cross 
section were considered along A-B path as shown in Fig. 10b. 
Results show that the maximum microhardness corresponds to 
a region between the center and the outer diameter of samples. 
According to Fig. 10b, the center of the samples has the minimum 
microhardness. However, the as-cast sample has nearly uniform 
microhardness along its radius. Such difference in microhardness 
between ECAPed and as-cast samples can be explained by the 
fact that plastic strain has an effective role in sample microhard-
ness and it is mostly carried on the sample periphery due to higher 
shear zone at this region [37]. As well, such phenomenon occurs 
in extruded ECAP samples. As described earlier, an equivalent 
strain that is applied to each sample is a combination of equiva-
lent strain due to ECAP and extrusion processes. In other words, 
the strain increases the dislocation density which is one of the 
key parameters of hardness improvement [38].
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Fig. 10. (a) Microhardness of samples processed via different conditions 
(b) Microhardness distribution along the sample’s diameter

4. Conclusions

In this study, the effect of subsequent extrusion of ECAPed 
samples on the mechanical properties and microstructure of 
WE43 Mg alloy were investigated. The achieved conclusions 
can be categorized as the following:
• Both of ECAP and extrusion processes enhanced the mi-

crohardness of the samples. However, combine extruded 
samples represented higher microhardness in comparison 
with the ECAPed samples.

• The homogeneity level enhanced by increasing the number 
of ECAP passes.

• The maximum microhardness was observed in a region 
between the center and outer diameter of samples which 
are processed by ECAP and ECAP + Extrusion.

• Among the ECAPed samples, the highest and lowest 
strength were obtained in the second and the first pass 
processed sample, respectively. The four passes processed 
sample showed the highest elongation to failure with mod-
erate strength.

• The trend in combined multi-pass ECAP and Extruded 
samples are different with ECAPed specimens.

• The sample processed via first pass ECAP followed by 
extrusion exhibits an excellent combination of strength and 
ductility. 

• The highest strength was obtained in the sample processed 
via the second pass ECAP followed by extrusion while the 
highest elongation was achieved in that processed via fourth 
pass ECAP followed by extrusion.
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