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Abstract 

An ultrafine-grained (UFG) Mg-5.25 wt.% Zn-0.6 wt.% Ca-0.3 
wt.% Mn alloy was produced by subjecting the as-extruded alloy 
to equal channel angular pressing (ECAP) for 4 passes at 250 and 
300 °C, respectively. ECAP resulted in a remarkable grain 
refinement. After ECAP processing at 250°C, basal planes are 
oriented both parallel and inclined about 45° to the extrusion 
direction, while most the basal planes are oriented parallel to the 
extrusion direction after ECAP processing at 300 °C. Both yield 
strength and elongation were increased after ECAP processing. 
The yield strength was higher in the ECAPed alloy processed at 
300 °C with larger grain size, indicating that the texture 
strengthening effect was dominant over the strengthening from 
grain refinement in the ECAPed alloy. The grain refinement may 
lead to dislocation slip on non-basal plane and grain boundary 
sliding, which improved the ductility of the ECAPed Mg-Zn-Ca-
Mn alloy. 

Introduction 

Magnesium and its alloy are especially attractive for applications 
in aeronautics and automobile components due to their low 
density, high specific strength and good castability [1]. However, 
the poor ductility of Mg alloys at room temperature due to the 
limited number of slip systems available in the hep crystal 
structure [2], restricts their widespread application. Grain 
refinement is an effective way to increase the strength and 
ductility of Mg alloys at ambient temperature [3]. During the last 
decade, equal channel angular pressing (ECAP) has emerged as a 
widely-known procedure for the fabrication of UFG metals and 
alloys through introducing intensive strain during processing [4]. 

In addition to the grain refinement, texture modification has a 
great influence on the mechanical properties in Mg alloys [5]. It 
has been reported that the yield stress of Mg alloys was decreased 
after ECAP processing in despite of grain refinement, exhibiting 
an inverse Hall-Petch relationship, because of the intensive 
development of texture after ECAP processing [6]. 

Alloying Mg with Ca increases the strength and corrosion 
resistance [7], while the presence of Zn in the binary Mg-Ca 
alloys enhances the precipitation hardening response [8], and Mn 
addition can improve the strength of Mg alloy effectively through 
grain refinement [9]. Recently, Mg-Zn-Ca alloys with high 
hardness and good creep resistance have been developed, due to 
the existence of fine stable precipitates in the alloys [10, 11], 
which are considered as Ca2Mg6Zn3 [11, 12]. However, the 
investigation on the possibility of improving the mechanical 
properties in Mg-Zn-Ca-Mn alloy by using ECAP processing has 
not been investigated yet. 

The purpose of the current research is to investigate the influence 
of the ECAP processing on the microstructure and mechanical 
properties of the as-extruded Mg-Zn-Ca-Mn alloy, with the main 
focus on the effect of grain size and texture on the mechanical 
properties. 

Experimental Procedures 

The alloy with a chemical composition of Mg - 5.25 wt.% Zn - 0.6 
wt.% Ca - 0.3 wt.% Mn was prepared from pure Mg (99.99%), 
Zinc (99.98%), Ca (99.98%) and Mg-1.18 wt.% Mn master alloy, 
using electric resistance heating furnace in a SF6 and C02 
protective atmosphere. The melting alloy was held at 720 °C for 
10 min and then cast into a steel mold. 

The as-cast ingot was extruded at 300 °C with a reduction ratio of 
10. The as-extruded alloy was machined into billets for ECAP 
with cross-sectional dimensions of 10 mm x 10 mm and a length 
of 70 mm. The ECAP die had characteristic angles <I> = 90° and y 
= 37°. The ECAP processing was conducted at 250 and 300 °C for 
4 passes (corresponding to a total strain of e ~ 4.2), using 
processing route Be (the sample was rotated by 90° in the same 
direction between each pass) with constant displacement rate of 
10 mm/s. The samples for microstructure observation and tensile 
tests were cut along y-plane (parallel to ECAP direction and 
normal direction). EBSD data were obtained from a JEOL 
FESEM JSM-7000F scanning electron microscopy equipped with 
TSL MSC-2200. The tensile tests were performed using Instron 
5569 tensile machine with an initial strain rate of 1 mm/min at 
room temperature. 

Results and discussion 

Microstructure 
Fig. 1 shows the microstructure of the as-extruded and as-
ECAPed Mg-Zn-Ca-Mn alloy from EBSD analysis. As shown in 
Fig. la, in addition to some elongated grains, fine equiaxed grains 
with well-defined grain boundaries was observed, with average 
grain size of 4 urn, which indicated that dynamic recrystallization 
process occurred during hot extrusion, but it was not completed. 
After ECAP processing for 4 passes, the homogenous structure 
was observed, and grain size was decreased substantially due to 
the dynamic rescrystallization. The average grain size of the as-
ECAPed alloys prepared at 250 and 300 °C was 1.0 and 1.2 um, 
respectively, as shown in Fig.l (b) and (c). Some low angle grain 
boundaries (LAGBs) were observed in the as-ECAPed alloy, 
which resulted from the dynamic recovery during the repeating 
ECAP process. 

Texture 
Fig. 2 shows the texture of the as-extruded and as-ECAPed alloy. 
A basal texture was observed in the as-extruded alloy, but some 
basal planes were inclined about 15° to extrusion direction, which 
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was derived from the recrystallization during the hot extrusion 
[13]. After ECAP for 4 passes at 250 °C, most of basal planes 
were inclined about 45° to extrusion direction, in addition, part of 
the basal planes are oriented parallel to the extrusion direction. 
While the ECAP was carried out at 300 °C, a distinct texture was 
observed with basal plane parallel to ED, which was similar with 
that in the as-extruded alloy. Similar texture evolution was 
observed in the extruded AZ31 Mg alloy after ECAP processing 
for 1 pass at 250 and 300 °C. The texture in the specimen 
processed at 250 °C, may be dominated by tensile twin and basal 
slip, while in the specimen processed at 300 °C, c+a pyramidal 
slip occurred at initial stage of deformation, the following crystal 
rotation dominated by basal slip and grain boundary sliding. The 
different textures formed during ECAE processing at the 
different processing temperature perhaps caused by the 
deformation mechanism at the initial stage of the deformation [14]. 

Fig. 1 The orientation imaging microscopy (OIM) maps of Mg-
Zn-Ca alloy after (a) extrusion, (b) ECAP for 4 passes at 250 °C 
and (c) at 300 °C. 

Tensile Properties 
Nominal stress vs. nominal strain curves of Mg-Zn-Ca alloys in 
the tensile tests at room temperature were shown in Fig. 6. The 
ultimate tensile strength (UTS), tensile yield strength (TYS) and 
elongation of the as-extruded and as-ECAPed alloy were shown in 
Table 1. After ECAP for 4 passes at 300 °C, both the strength, and 
elongation were increased, while after ECAP for 4 passes at 
250°C, yield strength was decreased and elongation to failure was 
increased. 

Fig. 3 Tensile stress vs. strain curves of the Mg-Zn-Ca alloy at 
room temperature after extrusion and ECAP processing. 

Table 1 Tensile properties of the as-extruded and as-ECAPed Mg-
Zn-Ca alloy. 

As-extruded 
ECAP at 250 °C 
ECAP at 300 °C 

TYS 
(MPa) 

242 
228 
258 

UTS 
(MPa) 

305 
309 
324 

Elongation 
(%) 
11.4 
19.1 
22.7 

Fig. 2 Pole figures of the Mg-Zn-Ca alloy after (a) extrusion, (b) 
ECAP for 4 passes at 250 °C and (c) ECAP at 300 °C. 

In general, the yield stress of polycrystalline materials varied with 
grain size, the relationship usually following the Hall-Petch 
equation [15]: 

-1/2 ay=aQ+kd~ (l) 
where d was a measure of the grain diameter and c0 and k were 
experimentally derived constants. As shown in Fig.l, the alloy 
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processed by ECAP at 300°C has larger grain size than that at 250 
°C. However, the tensile strength was higher in the alloy 
processed by ECAP at 300°C. This indicated that such grain size 
dependency of yield strength did not exist in the present study. 
The variation of yield strength was considered to be derived from 
crystallographic texture modification during ECAP processing at 
different temperatures. 

The Schmid factor for basal plane slip varied with the basal plane 
orientation, according to the definition of Schmid factor m: 

m = rc/c s =COSÂCOSÇ (2) 
where X and ip were the angles between the stress axis and the slip 
direction and slip plane normal, respectively, TC was the critical 
resolved shear stress, os was the applied stress. As shown in Fig. 
4, the average Schmid factor of basal slip system was decreased to 
0.136 in the as-extruded alloy processed at 300 °C. 

The TYS of the Mg alloys with hexagonal close packed structure 
was thought to be dependent on both the grain size and the 
texture. Although the grain size of the Mg alloy was significantly 
reduced after ECAP at lower temperature, the TYS of the as-
ECAPed alloy was lower than that of the as-extruded alloy. In the 
alloy processed by ECAP at 250°C, the basal plane was more 
favorably oriented for basal slip. This indicated that texture 
softening dominated over the strengthening from the grain 
refinement in the alloy processed by ECAP at 250°C, leading to a 
lower yield stress. While after ECAP for 4 passes at 300 °C, both 
Schmid factor and average grain size were decreased, therefore, 
both the strengthening effect from grain refinement and texture 
modification contribute to the increase of the TYS (258 MPa). 

Fig. 4 Schmid factor for basal slip system of the Mg-Zn-Ca alloy 
after (a) extrusion, (b) ECAP at 250 °C and (c) ECAP at 300 °C. 

Ductility 
The increased elongation was obtained in the ECAPed Mg-Zn-Ca 
alloy. It was reported that non-basal slip was induced in fine 
grained Mg alloys by compatibility stress that operates to 
maintain continuity at grain boundary [16]. Thus, the activity of 
non-basal slip near grain boundaries would be helpful for the 
improvement of ductility of the present ECAPed Mg alloy. 

Grain boundary sliding was observed to occur at room 
temperature in AZ31 alloy with average grain size of 8 urn, and 

the ratio of the strain by grain boundaries (GBs) to total strain is 
about 8% at room temperature [17]. The UFG structure in the 
current study might enhance the grain boundaries sliding at high 
strain, leading to the improved ductility. 

The improved tensile elongation in the ECAPed Mg-Zn-Ca alloy 
may be resulted from non-basal slip and grain boundary sliding, in 
addition to basal slip of dislocations. 

Conclusion 

1. The obvious grain refinement of the as-extruded Mg-Zn-Ca 
alloy was obtained through ECAP processing at 250 and 300 °C, 
respectively. 
2. After ECAP for 4 passes at 250 °C, most of basal planes were 
inclined about 45° to ED, but the basal planes in the as-ECAPed 
alloy processed at 300 °C were parallel to ED. 
3. The yield strength was higher in the alloy processed by ECAP 
at high temperature than that that at low temperature, which 
indicated that the texture strengthening was dominant over the 
strengthening from grain refinement. 
4. Dislocation slip on non-basal plane and grain boundary sliding 
may lead to the improved the elongation of the as-ECAPed alloy 
with fine grains. 
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