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Abstract
The coaddition of Zn and Ca has great potential to improve the ductility of Mg alloys. Herein, the mechanical properties of 
an extruded Mg–Zn–Ca solid-solution alloy were studied by quasi-in situ electron backscatter diffraction (EBSD)-assisted 
slip trace analysis. The dominant deformation mechanisms of the Mg–Zn–Ca alloy were studied, and the origins of enhanced 
ductility were systematically revealed. The results indicate that most grains deformed by basal slip. In addition, multiple 
non-basal slip traces were detected (particularly prismatic, pyramidal I < a > , and pyramidal I < c + a > slip traces), and their 
activation frequency was promoted with increasing tensile strain. The enhanced participation of non-basal slip systems is 
believed to play a critical role in achieving homogeneous plastic deformation, thus effectively promoting the ductility of the 
Mg–Zn–Ca alloy. Furthermore, first-principle calculations revealed that the coaddition of Zn and Ca significantly reduces 
the unstable stacking fault energy for non-basal slip, which contributes to the activation of non-basal slip systems during 
plastic deformation.

Keywords Mg-Zn-Ca alloy · Non-basal slip activities · First-principle calculations · Generalized stacking fault energy · 
Deformation mechanisms

1 Introduction

Owing to their low density, high specific stiffness, and supe-
rior biodegradability, Mg alloys have great potential for use 
in the automotive, aerospace, and biomedical industries 
[1–3]. However, most Mg alloys have low ductility, which 
reduces their formability and limits their potential applica-
tions. Their low ductility originates from their anisotropic 
hexagonal close-packed (HCP) crystal structure, which has 
a limited number of available deformation modes. Generally, 
Mg alloys plastically deform by basal slip and {10 

−

1 2} ten-
sile twinning, which possess relatively low activation barri-
ers (represented by the critical resolved shear stress (CRSS)) 
[4, 5] compared to non-basal slip [6]. Basal slip allows easy 
deformation along the basal plane, whereas tensile twin 

occurs when the shear stress specifically favors the extension 
of the c-axis. However, the number of deformation modes 
is insufficient to satisfy the von Mises criterion for homo-
geneous strain, which requires five independent operating 
systems. Thus, during plastic deformation, Mg alloys accu-
mulate a large amount of strain that is not released homoge-
neously, resulting in poor ductility.

An effective method of improving the ductility of Mg 
alloys is to promote alternative deformation modes, such 
as non-basal slip [7–10] and cross-slip [11]. This can 
give rise to additional pathways for dislocation motion to 
accommodate the strain and generate homogeneous plas-
tic deformation. In this regard, reducing the discrepancy 
in the activation barriers between soft and hard deforma-
tion modes is a promising strategy for the design of Mg 
alloys with complex slip activities and, therefore, high 
ductility [8]. This has been achieved by the addition of 
certain solid solution alloying elements, such as Y, Gd, 
Ca, Li, Ce, and Zn [12–24]. For instance, Zhu et al. [17] 
reported that the addition of 0.47 wt% Ca to Mg signifi-
cantly reduces the CRSS discrepancy between pyramidal 
I < a > and basal < a > slip, which facilitates the activation 
of non-basal < a > slip, thus leading to enhanced ductil-
ity (tensile elongation of approximately 18%). Stanford 

 * Jingya Wang 
 jingya.wang@sjtu.edu.cn

 * Xiaoqin Zeng 
 xqzeng@sjtu.edu.cn

1 National Engineering Research Center of Light Alloy 
Net Forming and State Key Laboratory of Metal 
Matrix Composites, Shanghai Jiao Tong University, 
Shanghai 200240, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-022-01437-z&domain=pdf


1974 T. Ying et al.

1 3

et al. [24] reported that the addition of Zn to Mg facili-
tates the participation of prismatic dislocations during 
plastic deformation on account of the reduced CRSS ratio 
between prismatic and basal slip.

Recently, an increasing number of researchers have 
investigated the effect of simultaneous additions of sol-
ute Zn and Ca atoms on the mechanical performance of 
Mg alloys. Mg–Zn–Ca alloys, which can be produced at 
low cost, reportedly exhibit excellent ductility [25–31]. 
Kang et al. [26] achieved superior ductility (tensile elonga-
tion of 12.3%) and ductile fracture in a Mg–Zn–Ca alloy 
with the aid of pyramidal < c + a > dislocations. However, 
the active slip systems were not verified. Zeng et al. [27] 
observed a larger density of pyramidal II < c + a > slip 
traces in a rolled Mg–0.3Zn–0.1Ca (wt%) sheet, contrib-
uting to appreciably improved ductility (tensile elonga-
tion of over 20%). Wang et al. [25] revealed that extensive 
prismatic slip activities occur during the plastic deforma-
tion of Mg–1.8Zn–0.2Ca (wt%) alloy, bestowing the mate-
rial with excellent ductility. Meanwhile, the tensile twin 
and pyramidal < c + a > slip activities were identified as 
inactive.

The influences of Zn and Ca additions on the deformation 
mechanisms of Mg alloys have been fully investigated via 
microscale testing [32]. The coexistence of Zn and Ca signif-
icantly reduces the CRSS ratio between non-basal and basal 
slip. This can activate prismatic and pyramidal < c + a > slip 
and consequently enhance the ductility. From a theoretical 
perspective, Yuasa et al. [33] predicted through first-prin-
ciple calculations that the coexistence of Zn and Ca atoms 
would significantly reduce the stacking fault energy on the 
prismatic planes, thus promoting basal-to-prismatic cross-
slip. However, the dominant deformation mechanisms and 
crucial factors for high ductility in Mg–Zn–Ca alloys are still 
under debate on the basis of the abovementioned analyses.

The scope of the present work is to ascertain the deforma-
tion mechanisms in Mg–Zn–Ca alloys through experiments 
and theoretical calculations. The deformation behavior of a 
Mg–Zn–Ca alloy was studied by using quasi-in situ electron 
backscatter diffraction (EBSD)-assisted slip trace analysis. 
The slip activities were identified via slip trace analysis 
under different deformation strains. With the aim of eluci-
dating the dominant plastic deformation mechanisms and 
exploring the origins of the improved ductility of the alloy, 
the deformation behavior was investigated at relatively high 
tensile strains (8% and 11%). Furthermore, to understand 
the effect of the coaddition of Zn and Ca on the deforma-
tion mechanisms, generalized stacking fault energy (GSFE) 
curves were calculated via the first-principle calculations 
for each slip plane in the Mg–Zn–Ca alloy and pure Mg 
for comparison. The unstable stacking fault energy γus was 
determined for the corresponding slip planes as an indicator 
of the activation barriers of the slip systems [34–36].

2  Methodology

2.1  Experimental Procedures

Commercially pure Mg (99.99%), Zn (99.9%), and 
Mg–30 wt% Ca master alloys were used to prepare the 
Mg–Zn–Ca alloy in an electric resistance furnace under 
a protective atmosphere of  CO2 (99 vol.%) and  SF6 (1 
vol.%). The chemical composition of the cast ingot was 
Mg–1.8Zn–0.067Ca (wt%), as confirmed by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES). 
The cast ingots were solution-treated at 400 °C for 12 h 
followed by extrusion at 300 °C with an extrusion ratio of 
approximately 18:1.

The microstructure of the extruded alloy was observed 
using an optical microscope (Zeiss Axioscope 5). The 
sample was mechanically ground using abrasive SiC 
papers and electropolished to remove the residual surface 
damage using a chemical solution of 10 vol.% perchloric 
acid and 90 vol.% ethanol at − 30 °C and a constant volt-
age of 30 V. The phase constitution was then analyzed by 
X-ray diffraction (XRD, D8-advance) in the 2θ scanning 
range of 10°–90° at a scan speed of 5°/min. The initial 
extruded texture of the alloy was characterized parallel to 
the extrusion direction by EBSD using a Tescan GAIA3 
(GMU Model 2016) scanning electron microscope (SEM) 
equipped with an Oxford Instruments Nordlys EBSD 
detector. The EBSD data were analyzed using Channel 
5 software.

Tensile tests were performed to characterize the 
mechanical properties of the extruded alloy. Tensile spec-
imens with a flat dog-bone shape with a gauge size of 
15 mm (length) × 3.5 mm (width) × 2.0 mm (thickness) 
were machined from the extruded material. The gauge 
length was parallel to the extrusion direction; therefore, 
the tensile direction was equivalent to the extrusion direc-
tion. Quasi-static tensile tests were conducted at a strain 
rate of 5 ×  10−4  s−1 by using quasi-in situ EBSD [37, 38] 
to probe the slip activity during deformation.

A typical tensile test was performed on a polished spec-
imen and interrupted at strains of 8% and 11% to acquire 
post-mortem EBSD data and secondary electron (SE) 
images in the same region. The EBSD data were analyzed 
using MTEX Toolbox v5.2.8 [39] to identify the orienta-
tions of the grains in which slip traces were observed. 
Simultaneously, the expected traces arising from the slip 
systems with the highest Schmid factors were predicted by 
inputting the Euler angles of the corresponding grains into 
MTEX Toolbox. Then, the assignment of each slip trace to 
a specific slip system was distinguished by comparing the 
actual slip traces to those output by the code [37]. Based 
on this, the activated slip systems were identified.
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2.2  First‑Principle Calculations

The GSFE curves of each slip system in the Mg–Zn–Ca 
alloy and pure Mg were calculated via the first-principle 
calculations using the Vienna ab initio simulation package 
(VASP) with the Perdew–Burke–Ernzerhof (PBE) functional 
[40] and projector-augmented wave (PAW) [41] methods. 
The cutoff energy was set to 480 eV with a Gaussian smear-
ing width of 0.2 eV for geometric relaxation until the elec-
tronic energy converged to less than  10−4 eV/cell and the 
Hellmann–Feynman force on all atomic sites was less than 
0.01 eV/Å.

Supercells comprising 12 slabs and a total of 48 atoms 
were established, as shown in Fig. 1. Each slab was sepa-
rated by a 15 Å vacuum to eliminate artificial interactions. 
The Brillouin zone for the GSFE of the basal slip system, 
prismatic slip system, and pyramidal slip system was set 
as 8 × 8 × 1, 10 × 6 × 1, and 6 × 10 × 1, respectively, with an 
energy cutoff of 480 eV. To model the solute Zn and Ca 
atoms in Mg, the cohesive energy was firstly calculated to 
determine the configurations with different atomic occupan-
cies. The configuration with the lowest cohesive energy was 
considered stable. In the Mg–Zn–Ca alloy, one solute atom 
Ca atom was substituted for a Mg atom at the center site of 
different atomic layers (from the first layer to the sixth layer 
owing to symmetry). The corresponding cohesive energy 

was tested to determine the atomic occupancy of Ca. Then, 
one of the six Mg atoms nearest the Ca atom was substituted 
with a Zn atom, and the occupancy of Zn was determined 
based on the lowest cohesive energy. The GSFE curves of 
each slip system were then calculated by cutting the perfect 
crystals into two free parts and displacing one part of the 
crystal along the slip direction within the slip plane. The 
atomic positions were relaxed along the direction perpen-
dicular to the slip plane.

3  Results

3.1  Microstructure and Mechanical Properties

Figure 2 shows the representative optical micrographs of the 
Mg–Zn–Ca alloy before and after extrusion. Before extru-
sion, the solution-treated alloy comprised an α-Mg phase 
with coarse equiaxed grains, as displayed in Fig. 2a. No pre-
cipitates were detected, as confirmed by the XRD pattern 
(Fig. 3a), which only contained peaks corresponding to the 
Mg α-phase. Precipitation was suppressed because the alloy 
composition was within the solution range at the heat treat-
ment temperature of 400 °C, as confirmed by the isopleth 
section of the Mg–Zn–Ca system (Fig. 4) calculated using 
Thermo-Calc software. After extrusion, the alloy exhibited a 

Fig. 1  Schematic illustrations of the supercells used to calculate the GSFE for different slip systems: a basal slip plane; b prismatic slip plane; c 
pyramidal I slip plane; d pyramidal II slip plane
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fully recrystallized microstructure with fine equiaxed grains 
owing to dynamic recrystallization during the hot extrusion 
process (Fig. 2b). As the solution-treated alloy, no precipi-
tates were observed in the extruded alloy, as confirmed by 
XRD result (Fig. 3b). This means the extrusion process has 
a negligible effect on the phase constitution.

The texture of the extruded alloy was characterized 
by EBSD. Figure 5a and b shows an inverse pole figure 
(IPF) map of the alloy and the corresponding pole fig-
ures, respectively. The {0001} pole figure displays a typi-
cal fiber texture, where the texture intensity is strongest 
along the transverse direction (TD). This implies that the 
basal planes preferably approach the TD, which is consist-
ent with the previous results [27, 30]. The texture intensity 
of ~ 7.9 mrd is weaker than that of pure Mg (~ 18.7 mrd) 
and a Mg–Zn alloy (~ 12 mrd) [27]. This indicates that the 
coexistence of Zn and Ca weakens the texture intensity, 

which is in good agreement with previous work [26, 27]. 
The grain sizes of the extruded material were randomly 
distributed (Fig. 5c), with a mean grain size of 27 μm.

Figure 6 shows a representative tensile stress–strain 
curve of the extruded Mg–Zn–Ca alloy. The yield stress 
(YS) and ultimate tensile strength (UTS) were determined 
to be 128 and 211 MPa, respectively. Simultaneously, an 
excellent ductility was attained with the tensile elongation 
of approximately 15%, pronouncedly outperforming pure 
Mg, with a tensile elongation of approximately 3% [27]. 
The difference between the YS and UTS in the extruded 
Mg–Zn–Ca alloy was around 83 MPa, which demonstrates 
that the alloy underwent pronounced strain hardening. 
This has been extensively reported for Mg–Ca [17] and 
Mg–Zn–Ca [25] alloys and is thought to originate from the 
massive slip activities and dislocation interactions during 
plastic deformation.

Fig. 2  Optical micrographs of the Mg–Zn–Ca alloy a before and b after extrusion

Fig. 3  XRD patterns of the Mg–Zn–Ca alloy a before and b after extrusion
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3.2  Slip Activity Analysis

To ascertain the plastic deformation behavior of the 
Mg–Zn–Ca alloy, EBSD-assisted slip trace analysis was 
performed after applying tensile strains of 8% and 11% to 
identify the dominant deformation modes. Figure 7a shows 
the EBSD map of the Mg–Zn–Ca alloy after applying 8% 
tensile strain, with a SEM image presenting the activated 
slip traces in Fig. 7b and the corresponding {0001} pole 
figure in Fig. 7c. The texture was consistent with that of 
the initial extruded microstructure, and the texture intensity 
remained at ~ 7.9 mrd. This implies that the 8% deformation 
strain had a negligible influence on the texture.

Slip trace analysis was then conducted within the area 
of the EBSD analysis. The expected slip traces (corre-
sponding to the intersections of the slip planes and the 
sample surface) were computed for each grain using 

MTEX Toolbox by inputting the orientation information. 
By comparing the theoretically predicted lines with the 
observed slip traces, the activated slip systems were iden-
tified. The slip trace analysis was performed in approxi-
mately 200 grains. The analysis results of a partial area 
are enlarged in Fig. 7b. The activated basal, prismatic, 
pyramidal I < a > , pyramidal I < c + a > , and pyramidal 
II < c + a > slip traces are represented by the red, green, 
blue, purple, and orange lines, respectively. Among the 
observed grains, approximately 82 contained the basal slip 
traces, which dominates the plastic deformation. Indeed, 
it is normal for the highest activation to be of basal slip, 
due to the lower CRSS than non-basal slips. In addi-
tion, approximately 22 and 12 grains developed the pris-
matic < a > and pyramidal I < c + a > slips, respectively, 
while only 2 and 5 grains presented pyramidal I < a > and 
pyramidal II < c + a > slip traces, respectively.

A tensile strain of 11% was then applied to the same 
Mg–Zn–Ca alloy specimen. Figure 8 presents the EBSD 
map of the same area as that in Fig. 7, as well as an SEM 
image of an enlarged region showing activated slip traces, 
and the corresponding {0001} pole figure. The texture fea-
tures were retained as the plastic deformation facilitated. 
In addition, more slip systems were activated, as shown 
by the increased number of existed slip traces. Among 
the observed grains, approximately 117 exhibited traces of 
the basal slip which remained the dominant deformation 
mode. Prismatic < a > and pyramidal I < c + a > slip traces 
were detected in 45 and 25 grains, respectively, demon-
strating that these deformation modes were significantly 
enhanced. Interestingly, pyramidal I < a > slip activation 
was also markedly promoted, with slip traces observed in 
14 grains. In contrast, pyramidal II < c + a > slip activation 
was still limited, with slip traces observed in only 8 grains. 
These results indicate that basal slip still plays a dominant 
role in plastic deformation at 11% strain. However, non-
basal slip activity was significantly promoted at higher 

Fig. 4  Isopleth section of the Mg–Zn–Ca system at 1.8 wt% Zn

Fig. 5  Microstructures of Mg–Zn–Ca alloy extruded at 300 °C: a IPF map; b corresponding pole figures; and c grain size distribution
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tensile strains to accommodate the strain. This is beneficial 
for achieving homogeneous plastic deformation.

It should be noted that tensile twin is generally con-
sidered an alternative dominant deformation mode in Mg 
alloys. Hence, the tensile twin activity was also analyzed. 
Figure 9a and b shows the boundary misorientation maps 
of the Mg–Zn–Ca alloy under tensile strains of 8% and 
11%, respectively. The {10 

−

1 2} tensile twin boundaries 
are indicated by the red lines and the grain boundaries are 
marked by black lines. A limited number of grains gener-
ated tensile twins during deformation. The twin volume 
fraction was approximately 1.1% at 8% strain and 1.5% at 
11% strain. Thus, tensile twinning has a negligible effect on 

the deformation behavior, which is consistent with previous 
work on Mg–Zn–Ca alloys [25, 27].

4  Discussion

4.1  Non‑Basal Slip Activity

The identified slip activity at tensile strains of 8% and 11% 
was statistically analyzed and is summarized in Fig. 10. 
Owing to its low CRSS, the basal slip accounted for the 
majority of the slip traces at both strains, with an activity 
frequency of 66.7% at 8% strain and 56% at 11% strain. The 
prismatic and pyramidal I < c + a > slip also played a cru-
cial role in plastic deformation, with relatively high activity 
frequencies of 17.9% and 9.6% at 8% strain, respectively. 
In contrast, pyramidal I < a > and pyramidal II < c + a > slip 
only had activity frequencies of 1.6% and 4.2% at 8% strain, 
respectively. This is significantly different from the slip 
activity in pure Mg reported by Zheng et al. [42], where 
22 of the 24 investigated grains exhibited basal slip under 
7% tensile strain, while pyramidal < c + a > slip traces were 
absent. Evidently, extensive non-basal slip occurred when 
8% tensile strain was applied to the Mg–Zn–Ca alloy. As 
the tensile strain increased to 11%, more grains underwent 
non-basal slip, with the fractions of prismatic, pyramidal 
I < a > , and pyramidal I < c + a > slips rising to 21.5%, 12%, 
and 6.7%, respectively. Meanwhile, the activity frequency of 
pyramidal II < c + a > slip remained at 3.8%, which is com-
parable to that under 8% strain.

Interestingly, extensive activation of the prismatic slip 
system occurred during plastic deformation, which is con-
sistent with previous work [25, 32]. Wang et al. [25] reported 
that the coaddition of solute Zn and Ca atoms enhances the 

Fig. 6  Representative stress–strain curve of the extruded Mg–Zn–Ca 
alloy

Fig. 7  Slip trace analysis of Mg–Zn–Ca alloy after 8% tensile strain: a IPF map; b SEM image of part of the deformed region with identified slip 
traces; c corresponding {0001} pole figure. The solid lines represent the relevant slip plane traces with maximum Schmid factors, as simulated 
by the MTEX Toolbox
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activation of prismatic slip relative to that of other slip 
modes in polycrystalline Mg–Zn–Ca alloys. In addition, 
prismatic slip activation and cross-slip between the pris-
matic and basal slip planes have been observed previously 
in Mg–Zn–Ca alloys subjected to single-crystal micropil-
lar compression tests [32]. As increasing the tensile strain, 
the pyramidal I < a > slip was gradually activated with the 
increased activity frequency. This likely originated from the 
addition of Ca, since extensive pyramidal I < a > slip traces 
have been found during the plastic deformation of Mg–Ca 
alloys [17]. Apart from that, the non-basal < c + a > slip 
increased, especially along the pyramidal I plane, as dem-
onstrated by the higher activity frequency of slip along the 

pyramidal I plane than the pyramidal II plane. The onset of 
the non-basal < c + a > slip is mainly attributed to the reduc-
tion in CRSS ratio between pyramidal < c + a > and basal 
slip to approximately 6 [32], ascribed to the coaddition of 
Zn and Ca. The non-basal < c + a > slip has been extensively 
observed in polycrystalline Mg–Zn–Ca alloys [26, 27, 43].

The increased activity frequency of non-basal slips 
reveals that different slip systems are gradually activated 
as plastic deformation progresses in the Mg–Zn–Ca 
alloy. The prismatic slip is the preferred non-basal slip 
owing to the reduced CRSS ratio between prismatic and 
basal slip [32], followed by the occurrence of pyramidal 
I < c + a > and < a > slips, as deformation progresses, while 

Fig. 8  Slip trace analysis of Mg–Zn–Ca alloy after 11% tensile strain: a IPF map; b SEM image of part of the deformed region with slip traces; 
c corresponding {0001} pole figure. The solid lines represent the relevant slip plane traces with maximum Schmid factors, as simulated by the 
MTEX Toolbox

Fig. 9  Boundary misorientation maps of Mg–Zn–Ca alloy deformed under a 8% strain and b 11% strain. The red and black lines represent {10 
−

1 
2} tensile twin boundaries and grain boundaries, respectively
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the activity frequency of pyramidal II < c + a > slip remains 
consistent as the applied strain increases. Thus, the appear-
ance frequency and activation possibility of the deformation 
modes follow the trend: basal slip > prismatic slip > pyram-
idal I < c + a > slip > pyramidal I < a > slip > pyramidal 
II < c + a > slip.

The multi-activation of non-basal slip systems provides 
alternative pathways for dislocation motion and potentially 
improves the ductility of Mg–Zn–Ca alloys. It is worth 
noting the importance of pyramidal < c + a > slip activity, 
because < c + a > dislocations are crucial to accommodat-
ing strain along the c-axis, and therefore achieving more 
homogeneous plastic deformation. For instance, Pan et al. 
[43] found a higher density of pyramidal dislocations after 
the plastic deformation of a Mg–Ca–Al–Zn alloy, which 
contributed to enhanced ductility. Sandlöbes et al. [19, 44] 
concluded that < c + a > dislocation activity was responsible 
for the improved ductility of a Mg–Y alloy, which exhibited 
a tensile elongation of approximately 25%. Additionally, 
it is worth noting that quite limited tensile twin occurred 
during the plastic deformation of the Mg–Zn–Ca alloy, 
which implied that the twin nucleation was suppressed by 
the presence of Zn and Ca. This is consistent with previ-
ous work [32], which found that the addition of Zn and Ca 
significantly increased the CRSS for twin growth. The inhi-
bition of tensile twin effectively benefits for the weakened 
basal texture and contributes to the improved ductility [45]. 
Therefore, it can be concluded that the prismatic, pyramidal 
I < a > , and pyramidal I < c + a > slip systems are the domi-
nant non-basal plastic deformation modes in the Mg–Zn–Ca 
alloy. The multi-activation of various slip systems is consid-
ered an intrinsically promising strategy to achieve homo-
geneous plasticity and enhance the ductility of Mg alloys.

4.2  Effect of Alloying Element on the Non‑Basal Slip 
Activity

To ascertain the intrinsic effect of solid solution atoms on slip 
activity, the GSFE (γ) curves were computed via first-prin-
ciple calculations for the basal, prismatic, pyramidal I < a > , 
pyramidal I < c + a > , and pyramidal II < c + a > slip systems 
of the Mg–Zn–Ca alloy and pure Mg for comparison. For the 
Mg–Zn–Ca alloy, the atomic occupancies of the solute atoms 
were determined preliminarily, as shown in Fig. 11. Two Mg 
atoms in the sixth atomic layer of the basal plane were substi-
tuted by one Zn atom and one Ca atom, as shown in Fig. 11a. 
Furthermore, the atomic occupancies of the solute Zn and Ca 
atoms for computing the GSFE curves of the prismatic, pyram-
idal I, and pyramidal II slip planes are displayed in Fig. 11b-d, 
respectively.

Figure 12 presents the calculated GSFE curves for all the 
slip systems in the Mg–Zn–Ca alloy and pure Mg. From the 
GSFE curves, the unstable stacking fault energy γus was deter-
mined, as shown in Fig. 12. γus is relevant for estimating the 
dislocation motion barriers for the slip systems [46]. In the 
present work, it was employed as an indicator of the activation 
possibility of the different slip systems.

The addition of Zn and Ca significantly decreased γus 
for the basal, prismatic, pyramidal I < a > , and pyramidal 
I < c + a > slip systems. In particular, the γus value for pris-
matic slip reduced significantly upon alloying from 323 to 
197 mJ/m2 (Fig. 12b), which is consistent with the results of 
Yuasa et al. [33]. The reduced activation barrier enhanced 
the activation of the prismatic slip systems, resulting in the 
increased activity frequency during plastic deformation. The 
γus values for the pyramidal I < a > and < c + a > slip systems 
decreased upon alloying from 316 to 267 mJ/m2 and from 
267 to 216 mJ/m2, respectively. This activated the pyramidal 
I < a > and < c + a > slip systems, producing a high frequency 
of the corresponding slip traces. In contrast, the γus value of 
pyramidal II < c + a > slip increased from 289 mJ/m2 for pure 
Mg to 305 mJ/m2 for the Mg–Zn–Ca alloy. The increased acti-
vation barrier for the pyramidal II < c + a > slip explains its 
limited activity frequency during plastic deformation. Based 
on the aforementioned analysis, it can be concluded that the 
presence of Zn and Ca provides an impressive reduction in the 
activation barriers for non-basal slip systems, particularly for 
prismatic, pyramidal I < a > , and pyramidal I < c + a > slips. 
This alters the dominant deformation modes during plastic 
deformation and improves the ductility of the Mg–Zn–Ca 
alloy.

Fig. 10  Frequency of the activated slip systems at different tensile 
strains for the Mg–Zn–Ca alloy
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Fig. 11  Schematic models of atomic occupancies in the Mg–Zn–Ca alloy determined by calculating the cohesive energy for different slip sys-
tems: a basal slip; b prismatic slip; c pyramidal I slip; and d pyramidal II slip

Fig. 12  Calculated GSFE curves for a basal slip; b prismatic slip; c pyramidal I < a > slip; d pyramidal I < c + a > slip; and e pyramidal 
II < c + a > slip



1982 T. Ying et al.

1 3

5  Conclusions

The microstructure and mechanical properties of an extruded 
Mg–Zn–Ca alloy were investigated in this study. The defor-
mation behavior and dominant deformation modes were ana-
lyzed via the EBSD-assisted slip trace analysis. Basal slip 
was the prevalent deformation mode during plastic deforma-
tion, with a high activity frequency. In addition, the multi-
activation of non-basal slip systems was promoted, with high 
activity frequencies of the prismatic, pyramidal I < a > , and 
pyramidal I < c + a > slips, conducting the improved ductil-
ity of the Mg–Zn–Ca alloy. The effect of alloying elements 
on the activation of different slip systems was studied using 
the first-principle calculations. The presence of Zn and Ca 
significantly reduces the unstable stacking fault energy of the 
prismatic, pyramidal I < a > , and pyramidal I < c + a > slip 
systems, giving rise to the activation of these slip systems. 
The enhanced participation of non-basal slip systems plays a 
critical role in achieving homogeneous plastic deformation, 
thus effectively promoting the ductility of the Mg–Zn–Ca 
alloy.
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