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Abstract
A new Mg-2.2 wt% Zn alloy containing 1.8 wt% Ca and 0.5 wt% Mn has been developed and subjected to extrusion under 
different extrusion parameters. The finest (~ 0.48 μm) recrystallized grain structures, containing both nano-sized MgZn2 
precipitates and α-Mn nanoparticles, were obtained in the alloy extruded at 270 °C/0.01 mm s−1. In this alloy, the deformed 
coarse-grain region possessed a much stronger texture intensity (~ 32.49 mud) relative to the recrystallized fine-grain region 
(~ 13.99 mud). A positive work hardening rate in the third stage of work hardening curve was also evident in the alloy 
extruded at 270 °C, which was related to the sharp basal texture and which provided insufficient active slip systems. The high 
work hardening rate in the fourth stage contributed to the high ductility extruded at 270 °C/1 mm s−1. This alloy exhibited 
a weak texture, and the examination of fracture surface revealed highly dimpled surfaces. The optimum tensile strength was 
achieved in the alloy extruded at 270 °C/0.01 mm s−1, and the yield strength, ultimate tensile strength and elongation to 
failure were ~ 364.1 MPa, ~ 394.5 MPa and ~ 7.2%, respectively. Fine grain strengthening from the recrystallized fine-grain 
region played the greatest role in the strength increment of this alloy compared with Orowan strengthening and dislocation 
strengthening in the deformed coarse-grain regions.
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1  Introduction

Mg–Zn series alloys have received widespread attention 
owing to their low cost, high creep resistance and biocom-
patibility [1–3]. However, these alloys exhibit some limita-
tions, such as poor formability and poor mechanical proper-
ties at room temperature. These properties for Mg–Zn alloys 
have been ascribed to the lack of slip systems originating 
from the hexagonal close packed structure [4]. Recently, 
it has been shown that Mg–Zn micro-alloyed with Ca can 
significantly refine the grain size, decrease basal texture 

intensity and boost formability [5]. Kang et al. [6] reported 
that a low Ca concentration (e.g., 0–0.5 wt%) led to the inhi-
bition of the growth of recrystallized grains in a Mg–Zn 
alloy. Furthermore, the grain size of magnesium alloys also 
decreased by alloying additions such as Zr [7] or Mn [8]. For 
instance, the grain size of as-extruded Mg–5.25Zn–0.6Ca 
(wt%) was significantly refined by adding 0.3 wt% Mn [9].

There has been much attention given to magnesium alloys 
containing high concentrations of Zn (usually between 3 
and 6 wt%) [10–12] and low concentrations of Ca (usually 
between 0.2 and 1 wt%) [13–18]. Du et al. [10] found that 
the tensile strength of an as-extruded Mg-6 wt% Zn alloy 
could be effectively improved by Ca (0.36–0.82 wt%) addi-
tion. Xu et al. [11] reported that during indirect extrusion 
process, fine-grained structures were preferentially formed 
in the untwinned matrix and near the intermetallic com-
pounds in Mg–5.99Zn–1.76Ca–0.35Mn (wt%) alloy. Shuai 
et al. [12] investigated the anisotropy of the solid–liquid 
interfacial energy for Mg–Zn alloys, which increased with 
increasing the Zn concentration to 50  wt%. Oh-ishi et al. 
[13] obtained the highest peak hardness of a Mg–0.3Ca–Zn 
alloy as Zn additions up to 0.6 (at%). Further, the second 
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Ca2Mg6Zn3 phases distributed at the grain boundaries of as-
cast Mg–4.50Zn–1.13Ca (wt%) alloy led to poor mechanical 
properties and can be improved after extrusion [14]. Jiang 
et al. [15] found that Mg–0.21Zn–0.30Ca–0.14Mn (wt%) 
alloys extruded at die-exit speed over 6 m/min showed a 
fully dynamically recrystallized microstructure and weak 
rare earth (RE) texture. Zhang et  al. [16] investigated 
the effects of calcium on texture and mechanical proper-
ties of hot-extruded Mg–1Zn–Ca (wt%) alloys and found 
that the increase in Ca concentration could weaken extru-
sion textures and refine grains, resulting in tensile elon-
gation improvement. Kang et al. [17] reported that there 
is a high dynamic recovery rate at the third stage of the 
Mg–4Zn–0.5Ca (wt%) alloy, which can be attributed to the 
large amount of fine recrystallized grains after the combi-
nation of forging, homogenization and extrusion process. 
Hofstetter et al. [18] developed a Mg–1Zn–0.3Ca (wt%) 
alloy which exhibited yield strength of ~ 265 MPa and elon-
gation to failure of ~ 30% after indirect extrusion at 300 °C. 
However, the previous Mg–Zn–Ca series alloys typically 
exhibited an ultimate tensile strength less than 380 MPa 
as well as poor ductility. The increase in the concentration 
of alloying elements can significantly enhance the tensile 
strength of the Mg alloys, but inevitably push up material 
cost. Further, the formation of coarse second phases which 
can act as crack initiators would be promoted by adding high 
alloying concentrations, so reducing the ductility of as-cast 
magnesium alloys [19, 20]. Therefore, in the current work, 
a new Mg-2.2 wt% Zn alloy containing 1.8 wt% Ca and 
0.5 wt% Mn has been developed as one means to overcome 
these limitations.

Extrusion as an industrially economic and effective defor-
mation technology has been widely used to further optimize 
the strength of Mg alloys. Li et al. [21] reported that the 
grain size of a Mg–3.0Zn–0.2Ca (wt%) alloy monotonically 
increased as extrusion temperature increased from 25 to 
300 °C, and an excellent elongation of 36.7% was obtained 
when the alloy was extruded at 300 °C. The influence of 
extrusion parameters such as temperatures (190–400 °C) [3, 
20] and extrusion speeds (5–0.01 mm s−1) on Mg-RE-based 
alloys [19] has also been investigated in previous studies. 
However, the literature suggests that there is little work 
regarding the relationship between extrusion conditions 
and microstructure, texture, mechanical properties as well 
as strain hardening behavior of low-alloyed Mg–Zn-based 
compositions, especially with a high 2.2 wt% Ca concentra-
tion and dilute 0.5 wt% Mn concentration.

Therefore, in the present study a Mg-2.2 wt% Zn alloy 
containing 1.8 wt% Ca and 0.5 wt% Mn was prepared and 
extruded at different extrusion parameters. The effect of 
extrusion speeds and extrusion temperatures on the micro-
structure, tensile strength and work hardening behavior of 
this alloy was investigated.

2 � Experimental

2.1 � Preparation and Extrusion of the Alloy

The pure magnesium (99.98%), Zn (99.99%), Mg–15Mn 
(wt%) and Mg–20Ca (wt%) master alloys were used to 
prepare the Mg–2.2Zn–1.8Ca–0.5Mn (wt%) alloy, which 
was denoted as ZXM alloy. The melting process of ZXM 
alloy was completed in an electric resistance furnace, and 
the mixture of CO2–SF6 was used as shielding gas. Finally, 
the alloy melt was solidified in a steel mold which was pre-
heated to 250 °C. Before extrusion, the ingots were firstly 
subjected to homogenized. The two-step homogenization 
treatment was applied according to Ref. [5]. The homoge-
nization process was as follows: Firstly, the ingot was kept 
at 320 °C for 8 h, and then reheated to 430 °C and held for 
16 h, subsequently quenched in water. The first process 
at 320 °C for 8 h was to prevent the remelting of grain 
boundaries leading to the deterioration of the strength. 
During the second process at 430 °C for 16 h, the eutec-
tic Ca2Mg6Zn3 phases can be almost dissolved. After the 
homogenization treatment, each billet (ϕ 40 mm × 50 mm) 
was heated to the set temperature (270–350 °C) using a 
resistance furnace and held for 0.5 h before extrusion. The 
direct extrusion conditions were set as follows: with a con-
stant extrusion ratio of 16:1, extrusion temperatures of 270 
and 350 °C at a constant extrusion speed of 0.01 mm/s, 
or extrusion speeds of 0.01 and 1 mm/s under an extru-
sion temperature of 270 °C. The as-extruded bars were 
denoted as ZXM-270/0.01, ZXM-270/1, ZXM-350/0.01, 
respectively.

2.2 � Microstructure Observation

Microstructure characterization of the ZXM alloy was car-
ried out using a 4XC optical microscope (OM), LMH 
scanning electron microscope (SEM, TESCAN Ltd., Brno-
Kohoutovice, Czech Republic) equipped with energy-
dispersive spectrometry (EDS). Phase analysis was carried 
out by X-ray diffraction (XRD) and transmission electron 
microscopy (TEM, JEM-2100(HR)). The textures of the 
specimens were investigated via electron backscattered 
diffraction (EBSD, Hitachi S-3400 N SEM) equipped with 
an HKL-EBSD system. Samples for OM, SEM and EBSD 
analysis were all cut along the extrusion direction (ED). 
The EBSD samples were prepared by grinding on the dif-
ferent emery papers, then followed by electro-polished 
with the 5% perchloric acid solution at—30 °C for 1.5 min. 
The dates from the EBSD were analyzed by using the 
channel 5 software. After grinding (using emery papers up 
to #4000) and polishing, the OM and SEM samples were 
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chemically etched in a liquid mixture of oxalic acid solu-
tion (200 mL distilled water + 8 g oxalic acid) and a mix-
ture nitric acid and alcohol (200 mL alcohol + 7 ml nitric 
acid) and with a volumetric ratio of 3:2. The fraction of 
dynamic recrystallization (DRX) was determined using 
low-magnification OM images, and the average size of 
dynamic recrystallized (DRXed) grains was measured by 
higher-magnification OM images. Quantitative analysis of 
the precipitates was performed on the SEM micrographs, 
and the average size and volume fraction were measured 
using Image-Pro Plus 6.0 software. Firstly, each precipitate 
in SEM image was marked using a Photoshop software, 
and then, the average precipitate size can be calculated by 
an IPP software. The corresponding statistical results were 
put into Origin software, and the volume fraction of pre-
cipitates can be also obtained. The volume fraction (VDRX) 
of DRXed grains can be calculated by the following equa-
tion [22]: VDRX =

SDRX

SDRX+SunDRX

 , where SDRX stands for the total 

area of DRXed regions while the SunDRX represents the 
remnant unrecrystallized zones, which were measured 
from at least three images for each condition.

2.3 � Tensile Test

Plate-shaped specimens along the extrusion direction (ED), 
with a gage section of 15 mm and cross-sectional area of 
6 mm × 2 mm, were subjected to uniaxial tensile test. Test-
ing was performed at room temperature under a strain rate 
of 0.5 mm/min using an Instron Series 3369 test machine. 
Three tensile samples were machined from each processing 
condition.

3 � Results and Discussion

3.1 � Microstructures of the As‑Cast 
and As‑Homogenized Alloy

Figure 1a–d depicts OM and SEM images of the alloy 
before and after the homogenization treatment. There exist 
many coarse dendritic grains with average size of ~ 293 μm 
in the as-cast alloy (Fig. 1a, c). Many discontinued net-
like intermetallic compounds are preferentially aligned 
along grain boundaries as well as globular-like com-
pounds located within inter-dendritic. An XRD spectrum 
(in Fig. 2) shows that the as-cast alloy is comprised of �
-Mg and Ca2Mg6Zn3 phases. By combining the XRD and 
EDS results, both the net-like intermetallic and spherical 

Fig. 1   OM and SEM micrographs of the ZXM alloy: a, c as-cast, b, d homogenization treatment
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compounds in the as-cast billets can be confirmed as 
Ca2Mg6Zn3 phases. The formation of coarse dendrite 
grains can be related to the anisotropy of the solid/liquid 

interfacial energy originating from solute atoms and the 
movement of the solid–liquid zone during non-equilib-
rium solidification [12, 23]. After the homogenization 
treatment, there is clear change in the grain size in the 
alloys (~ 296 μm, Fig. 1b), while the eutectic phases are 
almost completely dissolved in the matrix. The remnant 
Ca2Mg6Zn3 particles tend to distribute both inside grains 
and on grain boundaries (Fig. 1b–d). Mg-Zn phase is not 
observed in the as-cast alloy because the diffusion rate of 
Ca in the matrix is higher than that of Zn [5, 24]. In the 
liquid layer, significant constitutional supercooling caused 
by the Ca addition promotes the solidification of primary 
�-Mg phase, resulting in enrichment in Ca and Zn at the 
liquid–solid growth interface. Consequently, the eutectic 
composition forms in the inter-dendritic regions, result-
ing from the occurrence of the binary eutectic reaction 
(L → α-Mg + Ca2Mg6Zn3 [25]). As a result, both net-like 
and spherical Ca2Mg6Zn3 phases and α-Mg are formed in 
the as-cast ZXM alloy.

Fig. 2   XRD spectra of as-cast ZXM alloy

Fig. 3   OM micrographs and corresponding grain size distributions of a–c ZXM-270/0.01, d–f ZXM-270/1, g–i ZXM-350/0.01
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3.2 � Microstructures of the As‑Extruded Alloy

Figure 3a–i depicts the OM images of the as-extruded alloy 
and corresponding grain size distributions. As depicted in 
Fig. 3a, d, g, all the as-extruded alloys exhibit a mixed struc-
ture consisting of fine grained DRXed regions together with 
coarser unDRXed regions. As marked by yellow arrows in 
Fig. 3a, d, a large number of twins can also be observed in 
the alloys extruded at 270 °C. Limited slip systems can be 
activated for the magnesium alloy when extruded at lower 
temperatures [26, 27], which is distinct from the samples 
extruded at higher temperatures. With the increase in the 
extrusion temperature, more slip systems become activated, 
so fewer twins can be found in the ZXM-350/0.01 sample. 
With the increase in the ram speed or elevating the ram 
temperature, as shown in Fig. 3b, e, h, the DRXed grain 
size gradually increases after extrusion. The distribution of 
DRXed grain size is normal for the ZXM-270/0.01 sam-
ple (Fig. 3c), while with increasing extrusion speed (up to 
1 mm/s, in Fig. 3f) or temperature (up to 350 °C, in Fig. 3i), 
this distribution becomes more asymmetric. There is a rather 
homogeneous microstructure observed in the ZXM-270/0.01 

sample and a mixed microstructure for both the ZXM-270/1 
and ZXM-350/0.01 samples. In addition, there is still some 
residual second phases observed elongated along the extru-
sion direction (marked by brown arrows, e.g., in Fig. 3a, d, 
g).

Figure 4a–c depicts secondary electron images and the 
corresponding EDS composite elemental maps for the 
ZXM-270/0.01 sample. Some undissolved second phases 
distributed along the extrusion direction are broken up under 
pressure after extrusion (Fig. 4a, b). The remnant blocks 
of intermetallic compounds marked by the red circle in the 
secondary electron micrographs contain mainly Zn and Ca 
(see Fig. 4c).

Figure 5a–f presents secondary electron images of the 
alloy extruded under different conditions. The increase in 
the extrusion speed (ZXM-270/1, in Fig. 5c, d) or extru-
sion temperature (ZXM-350/0.01, in Fig. 5e, f) leads to an 
increase in the size of the precipitates. These precipitates 
formed during the hot extrusion process and are confirmed 
to be MgZn2 based on EDS analysis.

Figure 6 shows bright-field transmission electron micro-
scope images of the ZXM-270/0.01 sample. As mentioned in 

Fig. 4   Secondary electron images and EDS composite maps of the ZXM-270/0.01 sample: a SEM image at low magnification, b SEM image at 
high magnification, c EDS composite maps (Mg map, Ca map and Zn map)
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the description of the images shown Fig. 4, during extrusion 
some second phases appear to be broken into fine particles. 
The phase composition of these fractured particles can be 
confirmed as Ca2Mg6Zn3 by both selected area electron dif-
fraction (SAED) and EDS analysis (shown in Fig. 6a). Fur-
thermore, fine DRXed grains appear located near fractured 
particles (Figs. 4b, 6a). Fine precipitates (marked by white 
circles, e.g., “A,” in Fig. 6b) appear in grain boundaries and 
within grains which can be confirmed as MgZn2 based on 
EDS result (Fig. 6c) and SAED results. Further, Mn and 
Mg elements do not form compounds and Mn takes in the 
form of simple substance [15]. Xu et al. [28] reported that 
Mn takes the form of α-Mn particles in the as-extruded 
Mg–5.99Zn–1.76Ca–0.35Mn alloy. In the present study, the 

particles marked by the yellow circle (e.g., “B,” in Fig. 6b) in 
the TEM image contain mainly Mg and Mn (Fig. 6d). Thus, 
it can be deduced that α-Mn particles exist in the present 
work by combining the EDS results and previous literature 
[15, 28]. Both of the α-Mn nanoparticles and finer MgZn2 
precipitates can serve as obstacles and inhibit grain growth.

Generally, the DRXed grain size 
(

dDRX

)

 and DRX frac-
tion (VDRX) are affected by both the initial grain size in the 
as-cast condition and the extrusion parameters (extrusion 
speed and extrusion temperature). Since the initial grain size 
is kept constant prior to extrusion for the present ZXM alloy, 
variations in dDRX are mainly affected by the extrusion speed 
and extrusion temperature. The effect of extrusion 

Fig. 5   Secondary electron images of a, b ZXM-270/0.01, c, d ZXM-270/1, e, f ZXM-350/0.01
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parameters including temperature and strain rate, on the 
dDRX , can be described by the Zener–Hollomon parameter 
(Z) [29]:

where R is the gas constant, 𝜀̇ , Q and T represent the strain 
rate, activation energy and deformation temperature, respec-
tively. The recrystallized grain size is related to Z value, 
which can be expressed as [30]:

where m represents the power law exponent and A is a con-
stant. According to Eq. (2), the grain size is decreased as Z 
increases. As the deformation temperature decreases from 
350 to 270 °C, the value of Z increases and DRXed grain 
size is refined in the ZXM-270/0.01 sample (~ 0.48 μm, 
Fig.  3c), which conforms to the description of the 
Zener–Hollomon parameter. However, the DRXed grain 
size increases from 0.48 to 0.9 μm by increasing extrusion 
speed to 1 mm/s (Fig. 3c, f), which is not consistent with 
the behavior described by the Zener–Hollomon parameter. 
A similar result has been reported in the Mg alloy extruded 

(1)Z = 𝜀̇exp

(

Q

RT

)

,

(2)Zdm
DRX

= A,

at high strain rates [1]. When the ram speed become faster, 
there is less time for heat dissipation, which increases the 
temperature experienced by the alloy during extrusion [31, 
32] and contributes to grain growth. Besides, the variation 
in size and distribution of the second phases can also affect 
the DRXed grain size. On the one hand, particles larger than 
1 μm, which are barely plastically deformed during extrusion 
[2], can induce local lattice rotations around the particles 
that promote recrystallization nucleation leading to smaller 
DRXed grains near the fractured particles (in Fig. 6). On the 
other hand, fine particles less than 1 μm in size can inhibit 
DRXed grains growth due to their Zener pinning effect [1]. 
The volume fraction of precipitates significantly decreases 
ZXM-270/1 sample, resulting in a weakening of the pin-
ning effects acting on the grain boundaries and so a larger 
grain size.

The volume fraction of DRX is related to the average 
strain rate 𝜀̇ , which can be described as [30]:

where VR is the extrusion speed, ER is extrusion ratio, DB 
and DE represent the diameters of the samples before and 

(3)𝜀̇ =
6D2

B
VR ln ER

D3
B
− D3

E

,

Fig. 6   Bright-field TEM images of ZXM-270/0.01 sample: a broken coarse phase, b distribution of second phases, c corresponding EDS point 
(“A” point, in b), d corresponding EDS point (“B” point, in b) (Inset in a shows the selected area diffraction pattern from the block phase, shown 
to be consistent with Ca2Mg6Zn3; inset in b shows the selected area diffraction pattern from the “A” point, shown to be consistent with MgZn2)
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after extrusion, respectively. The 𝜀̇ value increases with 
increasing the ram speed. The higher 𝜀̇ can accelerate dis-
location aggregation and lead to higher stored energy [33], 
which would promote DRX. Therefore, the volume fraction 
of DRX in ZXM-270/1 sample (~ 66.9%, in Fig. 3f) is much 
higher relative to the ZXM-270/0.01 sample (~ 29.8%, in 
Fig. 3c).

The size and volume fraction of precipitates are also 
greatly affected by both extrusion speed and extrusion tem-
perature. During extrusion, the formation of crystalline 
defects, such as dislocations and dense solute clusters [34], 
can facilitate the precipitation of second phases. Further-
more, dissolved Ca solute atoms can move by dislocation-
facilitated pipe diffusion that act as fast diffusion path for 
solute clusters [10, 35], which contributes to the formation 
of precipitates. Further, the slower extrusion speed means 

that there is longer time for the dynamic precipitation of the 
MgZn2 phase, resulting in larger volume faction of precipi-
tates in 270 °C/0.01 mm s−1 as shown in Fig. 7. In contrast, 
the higher extrusion temperature of 350 °C contributes to 
the growth of MgZn2 precipitates.

3.3 � Texture

Figure 8a–c depicts the inverse pole figure (IPF) map and 
Schmid factor of ZXM-270/0.01 sample. The alloy exhibits 
a mixed grain microstructure containing the DRXed region 
(indicated by white arrows) and unDRXed region as shown 
in Fig. 8a. In the unDRXed coarse-grains regions, twin 
bands can be also observed as indicated by black arrows in 
Fig. 8a. As shown by the Schmid factor diagram in Fig. 8b, 
there are two peaks present for the as-extruded alloy with 
a mixed grain structure. The stronger peak (Schmid Fac-
tor of ~ 0.45) and weaker peak (Schmid Factor: ~ 0.02) cor-
respond to the DRXed fine-grain regions and unDRXed 
coarse-grains regions, respectively. There is a lower Schmid 
factor in the coarse deformed grains and a higher Schmid 
factor in DRXed fine-grain regions [36, 37]. The analy-
sis of crystallographic orientations (in Fig. 8a) shows that 
the {0001} basal planes of most deformed grains in the 
unDRXed coarse-grain regions are oriented parallel to the 
ED. The fine recrystallized grains are uniformly distributed 
with a random crystallographic orientation. There is a <10-
10> basal fiber texture for the overall microstructure of the 
alloy after extrusion (Fig. 8c).

The overall texture intensity is determined by all grains 
for the as-extruded ZXM alloy with mixed grain micro-
structure. The basal plane (0002), prismatic I (10-10) 
and prismatic II (11-20) regions of the entire specimens, 
recrystallized and unDRXed regions for the ZXM-270/0.01 

Fig. 7   Average size and volume fraction of MgZn2 phases in the 
ZXM alloys extruded under different conditions

Fig. 8   Inverse pole figure map (IPF) of the ZXM-270/0.01 sample along extrusion direction: a IPF map, b Schmid factor, c inverse pole figure 
for overall region
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sample are presented in Fig. 9a–i. Overall, after extrusion, 
the maximum texture intensity (Imax) for all grains is deter-
mined as ~ 30.62 mud. For the DRXed fine-grain regions in 
Fig. 9a–c, the distribution of poles is broader with a weak 
texture (Imax: ~ 13.99 mud). In contrast, the preferential 
orientation for the unDRXed coarse-grain regions with a 
strong basal texture (Imax: ~ 32.49 mud in Fig. 9d–f) are ori-
ented toward ED, which is not conducive to the activation 
of basal slip under plastic deformation along the ED and 
results in a sharp fiber texture [38]. Zengin et al. [39] found 
that the crystal orientation of the coarse deformed grain in 
the as-extruded Mg–Zn–Y–La–Zr alloy was unconducive 
to the initiation of basal slip when the plastic deformation 
occurs along the extruded direction, which contributes to 
the formation of the fiber texture. As shown in Fig. 9g–i, the 

distribution of concentrated poles in the unDRXed coarse-
grain regions is consistent with the overall structure, that 
exhibits a strong preferred orientation. The poles distribution 
of the DRXed fine-grain regions is disperse, and its texture 
intensity decreases to ~ 13.99 mud, which indicates that the 
basal planes of DRXed fine grains are inclined away from 
the ED. Consequently, it can be predicted that the unDRXed 
coarse grains contribute to stronger <01-10> fiber texture in 
the as-extruded ZXM alloy (Fig. 8c).

Figure 10 presents an IPF map and kernel average mis-
orientation (KAM) map of the ZXM-270/0.01 sample. As 
shown by the red dashed line in Fig. 10a, massive twins 
exist in the as-extruded alloy. The movement of dislocation 
can be inhibited by twins boundaries and unDRXed grain 
boundaries, contributing to the formation of dislocation 
cells. Meanwhile, the misorientation between the cells rap-
idly increased as the degree of plastic deformation increased 
and then changed into sub-grains [4]. In this study, massive 
low-angle grain boundaries (LAGBs) arose near twin bands 
and the front containing coarse deformed grains. Further, 
KAM analysis has been used to evaluate the level of stored 
energy, as presented in Fig. 10b. The colors represent the 
distribution of internal stored energy [40]. The blue color 
means that the region has a low stored energy and small 
dislocation density, while the red color indicates that the 
stress concentration and the pileups of dislocations. For 
the present Mg–Zn–Ca–Mn alloys extruded at low speed 
0.01 mm/s with slow temperature of 270 °C, a high stored 
energy zone near the twin bands and the coarse deformed 
grain front can be observed in Fig. 10b, suggesting disloca-
tion pileups in these regions. This indicates that both twin 
bands and the coarse deformed grain front are the preferen-
tial nucleation of dynamic recrystallization in the ZXM alloy 
during extrusion.

Fig. 9   Basal plane (0002), prismatic I (10-10) and prismatic II (11-
20) for the ZXM-270/0.01 sample: a–c DRXed fine-grain region, d–f 
unDRXed coarse-grains region, g–i overall

Fig. 10   a Inverse pole figure map, b kernel average misorientation (KAM) map of the ZXM-270/0.01 sample
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3.4 � Mechanical Properties

Figure 11 shows the engineering stress–strain curves and strain 
hardening rate curves of the ZXM alloys. Table 1 lists the 
corresponding values of ultimate tensile strength (UTS), yield 
strength (YS) and elongation to failure (EL). Excellent perfor-
mance including a YS of ~ 364.1 MPa, a UTS of ~ 394.5 MPa 

and a EL of ~ 7.2% are achieved in the ZXM-270/0.01 sam-
ple, which is much higher relative to as-cast counterpart. As 
shown in Fig. 12, the strength of the mixed grain-structure 
ZXM-270/0.01 sample with a high Ca and low Zn concentra-
tion is higher relative to as-extruded AZ alloy series [41–43], 
Mg–Sn alloys [31, 44, 45], other Mg–Zn alloys extruded at 
higher temperatures (above ~ 300 °C) or higher extrusion 
speeds (above ~ 10 mm/s) [14, 21] and a Mg–4Zn–0.5Ca 
(wt%) alloy extruded at 280 °C/0.01 mm s−1 with a high Zn 
and low Ca concentration [1]. Furthermore, the YS of the pre-
sent 270 °C/0.01 mm s−1 sample is even greater than that for 
a number of Mg-Re alloys [20, 46–49].

This increment in YS for the present ZXM alloy can be 
attributed to the mixed grain structure containing unDRXed 
coarse-grain regions, DRXed fine-grain regions (in Fig. 3) and 
numerous nano-scale dynamic precipitates (in Fig. 7). Thus, 
the yield strength ( �y ) can be estimated by [3]:

Fig. 11   a Engineering strain–stress curves, b strain hardening rate of the ZXM alloy extruded at different extrusion parameters

Table 1   Tensile properties of the as-cast and extruded ZXM alloys at 
different extrusion parameters

Alloys YS (MPa) UTS (MPa) EL (%)

As-cast ZXM 55.7 ± 1.6 131.6 ± 10.1 4.9 ± 0.7
ZXM-270/0.01 364.1 ± 4.6 394.5 ± 8.5 7.2 ± 0.9
ZXM-270/1 315.0 ± 11.1 318.9 ± 8.8 23.1 ± 2.3
ZXM-350/0.01 287.3 ± 1.5 303.3 ± 0.9 9.8 ± 0.2

Fig. 12   Comparison of mechanical properties among the present ZXM alloys extruded at different conditions and previous works: a UTS versus 
YS, b YS versus elongation
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where Δ�y,DRX represents the contribution resulting from 
DRXed fine-grain regions, Δ�y, unDRX represents the con-
tribution from unDRXed coarse-grains regions. fDRX is the 
volume fraction of DRX, funDRX is the remaining volume 
fraction of unDRXed regions. There are fewer dislocations 
in the DRXed fine-grain regions and a high dense of dislo-
cations in the unDRXed coarse-grain regions (Fig. 6a), but 
the texture density is also different, so the yield strength 
( �y ) for DRXed fine-grain regions and unDRXed coarse-
grain regions should be discussed separately, which can be 
expressed as [10]:

where Δ�gb stands for the increment of the YS affected by 
grain refinement, τ0 represents the intrinsic critical resolved 
shear stresses (CRSS), Δ�s is the CRSS resulted from solid 
solution strengthening, Δ �Orowan is the CRSS resulted from 
Orowan strengthening, and Δτd is the CRSS resulted from 
dislocation strengthening. M is the Taylor factor, and this 
value is associated with the intensity of the texture [3, 10]: 
the unDRXed coarse-grain regions generally present a strong 
texture, and the value of M varies from 2.1 to 3.5, while 
the DRX region exhibits a weak texture and the value of 
M ranges from 4 to 5.5. In this study, the value of MDRX 
was taken as 5 for the DRXed fine-grain regions and the 
corresponding MunDRX was taken as 3.5 for the unDRXed 
coarse-grains regions.

With respect to the present as-extruded alloy, the solid 
solution strengthening intrinsic strength can be considered 
as σ0 because the contribution of solid solution strength-
ening was limited for the improved YS of the alloy and 
barely changed before and after extrusion. The value of σ0 
can be taken as ~ 55.7 MPa based on the YS of the as-cast 
ZXM (Table 1). Besides, MgZn2 are precipitated for both 
coarse deformed and fine DRXed regions (Fig. 5). Thus, the 
improved yield strength related to the DRXed fine-grain and 
unDRXed coarse-grain regions were described as follows:

The grain refinement strengthening after extrusion can 
be described as [1]:

(4)�y = fDRXΔ�y,DRX + funDRXΔ�y, unDRX,

(5)�y,DRX = Δ�gb +MDRX

(

�0 + Δ�s + Δ�Orowan
)

,

(6)�y, unDRX = MunDRX

(

�0 + Δ�s + Δ�Orowan + Δ�d
)

,

(7)�y,DRX = �0 + Δ�gb +MDRXΔ�Orowan,

(8)�y, unDRX = �0 +MunDRX

(

Δ�Orowan + Δ�d
)

.

(9)Δ�gb = kd−1∕2,

where the value of Hall–Petch coefficient k  is 
137.1 MPa μm1/2 (from Fig. 11a), d represents the aver-
age size of recrystallized small grains for the as-extruded 
ZXM alloy, and the values is given in Fig.  3. The val-
ues of Δ�gb for each extruded alloy are 197.8  MPa 
(270 °C/0.01 mm s−1), 144.5 MPa (270 °C/1 mm s−1) and 
106.3 MPa (350 °C/0.01 mm s−1) according to Eq. (9).

In addition, there are a large number of fine precipitates 
less than 1 μm in size as shown in Fig. 7. The pinning effect 
of these precipitates on the dislocation movement can be 
described by Orowan strengthening [14, 50]:

where G represents shear modulus (16.5 GPa), the values of 
Burgers vector b and Poisson’s ratio � are 0.32 nm and 0.35, 
respectively. d is the average diameter of MgZn2 phases, 
while f  is the volume fraction. The relevant data was pre-
sented in Fig. 7. The calculated values of Δ�Orowan for the 
ZXM-270/0.01, ZXM-270/1 sample and ZXM-350/0.01 
sample, respectively, are 52.3 MPa, 29.8 MPa and 27.4 MPa 
according to Eqs. (10) and (11).

The dislocation strengthening ( Δ�d ) which is affected 
by dislocation density, can be calculated by the following 
formula [3]:

where the value of constant α is 0.2, and the value of disloca-
tion density ρ is around 1014 m−2 − 1016 m−2 for a severely 
deformed metal [3]. In present work, the value of ρ is esti-
mated as 2 × 1014 m−2 for the alloy in the unDRXed coarse-
grains regions after extrusion. Accordingly, the Δ�d is cal-
culated from Eq. (12) and its value is 15 MPa.

The theoretical YS for the ZXM-270/0.01, ZXM-270/1 
sample and ZXM-350/0.01 samples, respectively, can be 
predicted using Eq. (4) to be: 0.298 × 515.0 + 0.702 × 291.
2 = 357.9 MPa, 0.669 × 349.2 + 0.331 × 212.5 = 303.9 MPa, 
0.534 × 296.9 + 0.466 × 04.1 = 253.6 MPa. Figure 13 shows 
the calculated values and experimental data for the YS of as-
extruded ZXM alloys. As shown in Fig. 13a, among the four 
strengthening mechanisms, fine grain strengthening contrib-
utes the most in increasing the YS of the extruded ZXM 
alloys. For the alloy extruded at 270 °C/0.01 mm s−1, it 
exhibits a mixed grain structure containing unDRXed coarse-
grains regions and DRXed fine-grain regions and shows an 
excellent strength of YS ~ 364.1 MPa and EL ~ 7.2%. The 
fine grain strengthening resulted from DRXed fine-grain 
region plays a higher contribution compared with dislocation 

(10)Δ�Orowan =
0.4Gb

��

ln
�

d

b

�

√

1 − �

,

(11)� = d
�

√

�∕4f − 1
�

,

(12)Δ�d = �Gb
√

�,
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strengthening caused by the unDRXed region and Orowan 
strengthening, suggesting that the refinement of the grain 
size is more significant to improve the strength of the alloy. 
As shown in Fig. 13b, it is evident that the calculated values 
are close to the experimental data. The predicted strength is 
lower than experimental strength. This may be due to that 
strengthening effect caused by extremely fine precipitates 
in the TEM image (Fig. 6b) is neglected. Further, based on 
some published literatures, back stress strengthening can be 
generated in the magnesium alloys with bimodal grain struc-
tures [51, 52]. For instance, Zhang et al. [53] found that for 
a Mg–Al–Sn–Zn alloy with a bimodal grain microstructure, 
to accommodate the incompatibility between fine DRXed 
grains and coarse deformed grains, geometrically necessary 
dislocations and back stresses could generate in the coarse 
deformed grains, which can generate back stress strengthen-
ing. If the above strengthening can be accurately calculated, 
the predicted strength should be higher than experimental 
strength.

The small differences between the calculated value and 
the experimental data can be mainly attributed to the omis-
sion of precipitate strengthening generated by the fine pre-
cipitates as shown in the TEM s (Fig. 6b).

The work hardening behavior can be analyzed to illustrate 
the tensile ductility of as-extruded alloy, especially for the 
work hardening rate (�) , which is described as [35]:

where � and � stand for true stress and true strain, respec-
tively. From Fig. 11b, it can be found that there are two 
stages for the as-extruded ZXM alloy, which consists of the 
dynamic recovery stage (stage III) and large strain work 
hardening stage (stage IV). As can be observed in Fig. 11b, 
there is a positive work hardening rate (dθ⁄dσ > 0) at the early 
part of stage III for the alloy extruded at 270 °C, which 
indicates that twinning-dominated deformation mechanism 

(13)� =
d�

d�
,

exists. In the case of Mg alloys extruded at low temperature, 
the alloy possesses a sharp fiber texture as shown in Fig. 8 
and twins plays a vital role in deformation due to the insuf-
ficient number of slip systems [54]. {10-12} twinning can 
be usually detected in cold extruded Mg alloys because of 
its low critical resolved shear stress [21], which can act as a 
source of work hardening. During tensile deformation, the 
movement of dislocations is prone to be suppressed by grain 
boundaries, second phase as well as twin boundaries. The 
relaxation time (�) required for dislocation dissociation into 
grain boundaries were demonstrated as [55]:

where � , � and d are the dislocation density, strain rate and 
grain size, respectively. � represents a geometrical term 
associated with the contributions from active dislocations. 
According to Eq. (14), the smaller grain size is conducive 
to dislocation slipping to grain boundaries and results in 
a rapidly increased dynamic recovery rate. For the cur-
rent ZXM-270/0.01 sample, the smallest DRXed grain 
(~ 0.48 μm) contributes to a faster decrease in the value of 
� (at stage III, in Fig. 11b) relative to that of ZXM-270/1 
sample and ZXM-350/0.01 counterparts. The precipitates 
can suppress the movement of dislocations resulting in 
a decrease in dynamic recovery rate [56]. As depicted in 
Fig. 7, the size of the MgZn2 precipitates in ZXM-270/1 
sample is much smaller than that in the ZXM-350/0.01 
sample. The suppression effect of dislocation movement 
caused by precipitates in ZXM-270/1 sample is remarkable 
relative to the ZXM-350/0.01 counterpart, resulting in a � 
value that decreases slowly. The strain hardening at stage IV 
represents the initiation of multiple slip as strain increases 
during the tensile test [36]. The highest θ value at stage IV 
was obtained in ZXM-270/1 sample as shown in Fig. 11b, 
which is related to the large DRXed grain size and smaller 

(14)� =
�bd

��
,

Fig. 13   a Comparison strengthening mechanisms, b comparison of YS among the experimental data and predicted data
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precipitates. On the one hand, the interactions between 
dislocation and boundaries would be reduced for an alloy 
with a larger grain size [57]. On the other hand, the strain 
hardening after yielding caused by dynamic precipitates is 
affected by dislocation strain field interactions, which can 
be described as [55]: � − �YS ≈ �d ∝

√

� . The resistance to 
dislocation slip resulting from dislocation interactions tends 
to be more pronounced with the increase in dislocation den-
sity. The relatively large DRXed grain size (~ 0.90 μm) and 
fine precipitates for the ZXM-270/1 sample are conducive 
to dislocation accumulation, promoting work hardening. The 
investigation of Narayanasamy et al. [58] on a ZM21 alloy 
showed that a high work hardening can effectively distrib-
ute the plastic deformation and so delay necking, resulting 
in uniform elongation. A similar result was reported in Du 
et al. [14] on a Mg–4.50Zn–1.13Ca (wt%) alloy. The higher 
amount of work hardening leads to significant elongation 
(~ 23.1%) for the ZXM-270/1 sample.

3.5 � Fracture Observation

Figure 14a–i shows OM images near fracture surfaces 
and SEM images of ZXM alloys extruded under different 
conditions. Twins appear in all the as-extruded alloys as 

shown in Fig. 14a, d, g. For the as-extruded alloys of a 
strong fiber texture, as the contraction strain component 
is parallel to the c-axis, the {10-11} contraction twins 
and {10-11}–{10-12} double twins are readily nucleated 
in the coarser deformed grains [59, 60]. As presented in 
Fig. 14a, b, there are many cracks in the twinned grains. 
Thus, the cracking along the twins can be considered 
as one of the main fracture mechanisms for the ZXM-
270/0.01 sample. As illustrated in Fig. 14e, f, the vol-
ume fraction of twins clearly decreased with increasing 
extrusion speed, while the fraction of dimples present 
increased. This can be attributed to the relatively fine 
DRXed grain size (~ 0.90 μm) and high VDRX (~ 66.9%) 
giving rise to a weaker texture, which promotes dislocation 
slip and so enhances plasticity [61, 62]. For the ZXM-
350/0.01 sample, it exhibits the largest recrystallized grain 
size (~ 1.24 μm) and low volume faction of DRXed grains 
(~ 53.4%, in Fig. 3i), which is unfavorable for disloca-
tion slip resulting in a poor plasticity. Besides, the lowest 
work hardening θ value at last stage IV appeared in ZXM-
350/0.01 sample (Fig. 11b), is not effective in distributing 
the plastic deformation to delay necking, which gives rise 
to deteriorating elongation. Further, the fracture morphol-
ogy of the ZXM-350/0.01 sample (in Fig. 14h, i) exhibits 

Fig. 14   OM near fracture surfaces as well as the typical SEM surfaces of a–c ZXM-270/0.01, d–f ZXM-270/1, g–i ZXM-350/0.01
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a mixed ductile–brittle fracture, which is consistent with a 
mixed fracture surface consisting of typical brittle fracture 
(tearing ridges, marked with yellow dotted frame) and duc-
tile fracture (dimples, marked with white arrows). There 
are massive micro-cracks caused by twins in the coarse 
unDRXed grains for ZXM-350/0.01 sample as shown in 
Fig. 14g, h. As a result, the appearance of micro-cracks 
resulted from twins in coarse-deformed grains, the largest 
size and low volume faction of DRXed grains, as well as 
the lowest θ value at stage IV leads to the failure of the 
alloy during tension, decreasing the plasticity.

4 � Conclusions

In this present work, a Mg–2.2Zn–1.8Ca–0.5Mn alloy has 
been newly developed and subjected to a range of extru-
sion conditions. The conclusions are drawn based on its 
microstructures and mechanical properties as follows:

(1)	 With the decrease in the speed from 1 to 0.01 mm/s or 
the extrusion temperature from 350 to 270 °C, DRXed 
grain size gradually decreases. The smallest bimodal 
DRXed grain structure in the ZXM-270/0.01 sample 
can be attributed to a large Z value and pinning effects 
of nano-sized MgZn2 precipitates and �-Mn nanopar-
ticles.

(2)	 The overall region which is composed of unDRXed 
coarse-grain region and DRXed grain region exhib-
its an intense preferred orientation. A stronger tex-
ture intensity of ~ 32.49 mud appears in the unDRXed 
coarse-grain region, while more random orientation 
and weaker texture intensity of ~ 13.99 mud is obtained 
in the DRXed grain region.

(3)	 The alloy extruded 270 °C exhibits a positive slope 
of work hardening rate (dθ⁄dσ > 0), which is related to 
sharp basal texture and insufficient slip systems. High 
� values at stage IV of strain hardening for the alloy 
extruded 270 °C/1 mm s−1 with abundant dimples and 
weak texture contribute to a high ductility.

(4)	 The ZXM-270/0.01 sample exhibits a YS 
of ~ 364.1 MPa, UTS of ~ 394.5 MPa and EL of ~ 7.2%. 
The fine grain strengthening resulting from DRXed 
fine-grain region plays a higher contribution relative 
to dislocation strengthening caused by the unDRXed 
region and Orowan strengthening.
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