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Abstract
The poor ductility of magnesium (Mg) alloys at room temperature restricts its large-scale usage in industry. In this work, we 
design low-alloying Mg-3Li−xEr(x = 0.2, 0.8 wt%) alloys with high ductility. Quasi-in-situ electron back-scatter diffraction 
observation, combined with slip trace analysis and in-grain misorientation axes analysis, was carried out to systematically 
characterize the microstructural evolution and slip deformation mode during the tensile deformation of the Mg-3Li-xEr alloys. 
The results showed that the synergy effect of solute Li and Er dramatically reduces the critical resolved shear stress  ratios 
between non-basal and basal slip, thus contributing to the activation of considerable non-basal dislocations. Additionally, Er 
microalloying increases the frequency of grain boundaries with misorientation angles (θs) being in the range of 75 < θs < 90°, 
enhancing intergranular coordination ability by activating more basal-slip-induced prismatic < a > slips.
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1  Introduction

Mg alloys have attracted extensive attention in industrial 
fields for their low density and ease of recycling. However, 
their low ductility at RT still restricts the scale-up usage 
of Mg alloys. The hexagonal close-packed (HCP) crys-
tal structure is the essential cause of poor plastic in Mg 
alloys, which is more likely to activate the basal slip when 
deformed at RT [1, 2]. Since basal slip only provides a 
limited slip system and cannot coordinate the strain along 
the c direction, increasing the possibility of activating 
non-basal < a > and < c + a > dislocations, is the critical 
prerequisite in obtaining desirable plasticity of Mg [3–6]. 
Furthermore, the ductility of polycrystalline Mg materi-
als depends not only on the activation of slip system, but 
is also significantly affected by intergranular deformation 
incompatibility. Therefore, the investigation of slip defor-
mation behavior and intergranular coordination is crucial 
for developing high ductility Mg alloys.

Numerous theoretical researches indicate that adding 
proper alloying elements into Mg effectively improves its 
plastic formability by activating non-basal slip through 
decreasing the c/a ratio or stacking fault energy (SFE). For 
example, Ganeshen et al. [7]. showed that adding Al/Ba/
Ca/Cu/Li/Y elements decreases the c/a ratio in different 
degrees by using first-principles methods. Zhang et al. [8, 
9] calculated that all RE elements can reduce Ι1 stacking 
faults, while Li and Zn can ease the {11–22}<11–23 > slip 
system. On the other hand, there are many experimental 
efforts to illustrate the effect of Li and RE addition on the 
activation of non-basal slip. Ando et al. [10] and Agnew 
et al. [11] found many < a > and < c > edge dislocations 
and high-density < c + a > dislocations distributed in the 
Mg-Li matrix based on the detailed transmission elec-
tron microscope (TEM) analysis. Sandlöbes et al. [12, 13] 
observed massive pyramidal < c + a > dislocations in solid 
solution Mg–Y alloys. Further studies have reported that 
prismatic < a > and pyramidal < a > dislocation slips show 
more activity in Li/RE-containing alloys compared to pure 
Mg [14, 15].

As we all know, the slip behavior of dislocations is 
intensely inhibited by grain boundaries (GBs) and cre-
ated local stress concentrations detrimental to Mg materi-
als’ ductility. Some studies have shown that slip transfer 
across grain boundaries (i.e., slip-induced slip behavior) 
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can effectively release the heterogeneous stress distribu-
tion [16–18]. Further studies reported that slip transfer 
behavior is closely related to the GB disorientation angles 
(θs). For instance, Boehlert et al. [19]. reported that most 
of the slip transfer is more likely to happen at low angle 
grain boundaries (LAGBs) and GBs with θs higher than 75 
°. Khosravani et al. [20]. showed basal-slip-induced exten-
sion twinning behavior occurred more easily with θs of 30 
°~ 65 °. In addition, Zhao et al. [21] reported that adding 
dilute Ca and Zn increases the frequency of GBs with θs 
lower than 35 °, thus promoting slip transfer across GBs.

Based on the research above, Li and RE elements are 
the potentially preferred alloying elements to improve the 
ductility of Mg. Moreover, the solid solubility of Li and 
RE is much higher than that of most other elements in the 
Mg matrix [22]. Among rare earth elements, Er elements 
of high solid solubilities in α-Mg, with its maximum solid 
solution being 33.8 wt% [23]. Therefore, ternary Mg-Li-Er 
is a potential Mg alloy with excellent plasticity. However, the 
relevant experimental data is rare, and the effect of solutes Li 
and Er alloying on the activation of non-basal slip and GB 
disorientation angles deserves further investigation.

In this work, we develop low-alloying Mg-3Li−xEr 
(x = 0.2, 0.8 wt%) ternary alloys with high ductility. Firstly, 
quasi-in-situ experiments were performed to systematically 
characterize the microstructural evolution and slip deforma-
tion mode during the tensile deformation of the Mg-3Li-xEr 
alloys. Furthermore, to clarify the mechanism for the high 
ductility of the Mg-3Li-xEr, the CRSS ratios between non-
basal and basal < a > slip (CRSSnon−basal/ basal) were estimated 
by a methodology based on the Schmid factor analysis. In 
addition, the effect of Er could be explored by comparing the 
microstructural and activated deformation mode at the same 
strain of the two different Er-containing alloys with similar 
grain size and texture type. Hopefully, the work will pro-
vide basic data and fundamental knowledge for the design 
of high-performance Mg alloys, which have crucial scientific 
research and practical application value.

2 � Experimental Procedure

2.1 � Alloy Composition Design and Experimental 
Materials

According to the purpose of the alloy design in this work, 
i.e., to reduce the detrimental effect on the ductility brought 
about by the precipitated particles, the Er concentration 
was chosen to be at a low level. The Thermo-calc phase 
diagram calculation software was further used to determine 
the amount of Er addition. Figure 1 shows the calculated 
phase fraction diagram of the Mg-3Li-xEr (x = 0.2, 0.8 wt%) 
alloys, respectively. The Mg-3Li-0.2Er alloy is a completely 

single-phase α-Mg, and the Mg-3Li-0.8Er alloy precipitates 
a small amount of the Mg24Er5 phase, whose mass fraction 
is 0.6%.

The as-cast Mg-3Li-xEr (x = 0.2, 0.8 wt%) alloys were 
used as raw material, which was synthesized from pure Mg 
(99.97 wt%), Li (99.90 wt%), and Mg-25 wt% Er master 
alloys. The actual chemical compositions of the investi-
gated alloys were determined to be Mg-3.01 Li-0.22 Er and 
Mg-3.02 Li-0.78 Er (wt%) by Inductively Coupled Plasma 
Optical Emission Spectrometer (ICP). As shown in Fig. 2, 
the cast ingot has few particles left after homogenizing at 
300 ℃ for 12 h and then water-quenched. Herein, a slightly 
larger amount of the second phase is distributed in the α-Mg 
matrix of the Mg-3Li-0.8Er billets, consistent with the phase 
diagram calculations.

The two alloys underwent different thermal processing 
and heat treatment to obtain a similar uniform recrystallized 
microstructure. For the Mg-3Li-0.2Er alloy, the billet was 
extruded at 260 ℃ using an XJ-500 horizontal extruder with 
an extrusion ratio of 25:1, then annealed at 400 ℃ for 2 h. 
The Mg-3Li-0.8Er alloy was extruded at 300 ℃ and then 
annealed at 400 ℃ for 3 h.

2.2 � The Quasi‑in‑situ Tensile Tests

The microstructural evolution and slip activities were ana-
lyzed by quasi-in situ tensile tests, interrupting the tensile 
tests and then characterizing the same specimen region 
under different strains. The tensile test sample was a dog-
bone shape plate machined with the length paralleling to 
the extrusion direction with a gauge of 30.0 mm (L) × 
11.0 mm (W) × 1.5 mm (T). After grounding and electro-
polishing in ethanol − 5% perchloric acid electrolyte for 
240 s with direct voltage 20 V and temperature − 30 °C, 
the initial microstructures of the specimen were character-
ized by using scanning electron microscopy (SEM, FEI 
Nova400) equipped with an HKL EBSD system at 20 kV 
with a step size of 1 μm. Then, the specimen was tensile 
tested to the target strain on a CMT5105 testing machine 
at RT with a loading velocity of 3 mm min-1, and the 
same region of the deformed specimen was investigated by 
EBSD and SEM again by appropriate labeling. EBSD data 
was analyzed by channel 5.0 data acquisition software.

2.3 � Slip Trace Analysis and IGMA Method

The activated slip deformation mode during tensile plastic 
deformation was identified by the slip trace analysis and 
IGMA (in-grain misorientation axes) analysis based on elec-
tron backscattered diffraction (EBSD) data. The slip trace 
analysis enables the determination of the activated slip sys-
tem by comparing the observed slip lines in grain with all 
theoretical slip trace directions [24, 25], as shown by the 
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example in Fig. 3. Figure 3a and b show the SEM image and 
grain orientation, respectively, of grain (#298) with 3% 
strain in Mg-3Li-0.2Er alloy. The theoretical slip trace angle 
was calculated by a self-developed code according to the 
Euler angle of the target grain, as listed in Fig. 3c. Since the 
visible slip traces near the grain boundaries are nearly paral-
lel to theoretical slip trace 5, it implies that the 
(

01
−

1 0
)

<

−

2 110 > prismatic <a> slip is activated during 
deformation. In addition, Fig. 3c displays the Schmid factor 
corresponding to all 18 theoretical slip systems for grain 
298.

Note that theoretical slip trace direction only provided 
information about the slip crystal plane. However, some slip 
systems share the basal or the pyramid I plane ( 

{

1
−

1 01
}

 ). 
In this work, if a basal slip line was identified, the 
basal < a > slip with the largest SF was determined to be acti-
vated according to Schmid’s law; if a pyramidal I slip line 
was identified, IGMA analysis was used to identify whether 
< a > or < c + a > slip system was activated. The IGMA anal-
ysis method is based on slip-induced lattice rotation and the 
determination of its rotation axis (i.e., Taylor axis). Accord-
ing to the Taylor axes corresponding to several typical slip 
systems of HCP materials [26], the pyramidal Ι < a > slip and 
pyramidal Ι < c + a > slip would trigger rotation about 
< 0

−

1 12 > axis and < 13
−

8
−

5 3 > axis, respectively. The acti-
vated dislocation type can therefore be determined by the 
distribution of polar density in grains with apparent pyramid 
Ι slip trace. In this work, the misorientation axes of material-
point pairs with misorientation between 0.5° and 2° are plot-
ted, and the pole density is calculated.

3 � Results

3.1 � Microstructures and Mechanical Properties 
of Mg‑3Li‑xEr Alloys

Figure 4a and b display the inverse pole figures (IPF) and 
grain size distribution maps of the as-annealed Mg-3Li-xEr 
(x = 0.2, 0.8 wt%) alloys. As shown in Fig. 4a and b, the as-
annealed grains are approximately equiaxed and no twin 
structure is observed. The grain size distribution maps show 
that the as-annealed Mg-3Li-0.2Er and Mg-3Li-0.8Er alloys 
have a uniform size distribution, and the average grain size 
of both alloys are about 19 μm. After sorting and labeling, 
it was determined that the selected areas containing 633 and 
625 complete grains for the Mg-3Li-0.2Er and Mg-3Li-
0.8Er alloys, respectively. Figure 4c and d show the {0001}, 
{

11
−

2 0
}

 and 
{

10
−

1 0
}

 pole figures of the as-annealed 
Mg-3Li-xEr (x = 0.2, 0.8 wt%) alloys. The annealed Mg-3Li-
0.2Er alloy exhibits a texture having a splitting of basal poles 
along the TD, which is apparently a typical fiber texture 
type, and is in agreement with other Mg-Li/Mg-RE results 
that have been reported [27, 28]. With the increase of Er 
content, the polar density of the (0001) polar axis in the TD 
direction is weakened, in place of which there is a clear 
inclination in the ED direction, and the maximum texture 
tensity decreases from 5.71 (mrd) to 4.31 (mrd), which 
implies that the minor addition of Er weakens the texture 
tensity of the alloys.

Figure 5a and b show the tensile engineering stress–strain 
curves and the corresponding tensile properties of the as-
annealed Mg-3Li-xEr(x = 0.2, 0.8 wt%) alloys. The ultimate 
tensile strength and elongation of the Mg-3Li-0.2Er alloy 
are 141 MPa and 17.0%, respectively. The strength of the 
Mg-3Li-0.8Er alloy is the same as that of the Mg-3Li-0.2Er 

Fig. 1   Phase fraction diagram of the homogenized alloys: a Mg-3Li-0.2Er and b Mg-3Li-0.8Er
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alloy, but the higher Er-containing alloy has a higher elon-
gation (24.1%), with a significant increase of about 40%. 
The above results suggest that Er solute greatly enhances 
the ductility of the alloys, noting that the secondary phases 

are minimal and the microstructures (grain size and texture) 
are very similar for both as-annealed alloys. Based on the 
stress–strain curves, quasi-in-situ tensile tests were carried 
out at selected strains of 3%, 8%, and 16%, as labeled in 

Fig. 2   SEM images of the homogenized alloys: a Mg-3Li-0.2Er and b Mg-3Li-0.8Er

Fig. 3   Example illustrating the slip trace analysis method: a SEM 
image of grain 298 after 3% strain in Mg-3Li-0.2Er alloy (the red 
dash line represents the real observed slip traces) and b the IPF map 

at the same region; c  all 18 theoretical slip trace directions and the 
corresponding SFs for grain 298
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Fig. 5a, which represents three typical deformation stages of 
near yielding, uniform plastic deformation, and approaching 
fracture, respectively.

3.2 � Quasi‑in‑situ Tensile test of Mg‑3Li‑0.2Er Alloy

3.2.1 � Evolution of Misorientation Angle Distribution 

Fig. 4   IPF maps, grain size distribution maps and pole figures of the as-annealed alloys: a, c Mg-3Li-0.2Er and b, d Mg-3Li-0.8Er

Fig. 5   a Tensile engineering stress–strain curves and b mechanical properties of the as-annealed alloys
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and Texture

Figure 6 shows the misorientation angle distribution of the 
as-deformed Mg-3Li-0.2Er alloy at different interrupting 
tensile strains. Before tensile deformation, the misorienta-
tion angle is evenly distributed, and most grains are HAGBs 
(> 15°). At the strain of 3%, the number of low angles grain 

boundary (< 15°) increases dramatically, resulting in a high 
number percentage of LAGBs (71.7%). In the meantime, it is 
noted that there are no peaks around 86° and 56°, indicating 
that very little twinning occurs during the tensile deforma-
tion. The number percentage of LAGBs increases gradually 
with increasing strains, around 92.1% at 16% strain. The 
increase in LAGBs is contributed to the more dislocations 
slip, which means slip behavior is the predominant defor-
mation mode during the tensile plastic deformation of the 
Mg-3Li-0.2Er alloy.

Figure 7 shows the {0001} and 
{

10
−

1 0
}

 pole figures of 
the Mg-3Li-0.2Er alloy at different tensile strains. The TD-
texture component changes during tension in the {0001} 
pole figures. Upon increasing strains, the maximum intensi-
ties of the TD-texture component increase from 5.68 (mrd) 
to 7.03 (mrd). Meanwhile, another texture component near 
this texture deflects to TD, where the maximum intensities 

gradually weaken from 5.48 (mrd) to 5.11(mrd). Further-
more, the < 10 − 10> // ED orientation texture intensities 
increase monotonously with increasing strains (Fig. 7e–h). 
The above texture evolution indicates that the pris-
matic < a > slip is continuously initiated during tensile defor-
mation [29]. Besides, a weak-texture component with basal 

Fig. 6   Misorientation angle distributions of the Mg-3Li-0.2Er alloy at 
different tensile strains

Fig. 7   {0001} and 
{

10

−

1 0

}

 pole figures of the Mg-3Li-0.2Er alloy at different tensile strains
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plane parallel to the ED is formed, and its maximum strength 
increases from 2.15 (mrd) to 5.02 (mrd) (Fig. 7a–d). Addi-
tional deformation mechanisms that can contribute to the 
ED-texture component are the increase of pyra-
mid < c + a > slip [30] or 

{

10
−

1 1
}{

10
−

1 2
}

 double twin-
ning [31]. Given that there is a low percentage of twinning 
activation, it can be deduced that the pyramid < c + a > slip 
is attributed to the formation of the ED-texture component. 
In other words, this result reveals that pyramid < c + a > slip 
can be gradually activated during the tensile deformation of 
the Mg-3Li-0.2Er alloy. The misorientation angle distribu-
tion and texture evolution illustrate that more slips/non-basal 
slips are initiated during the tensile deformation with larger 
strain.

3.2.2 � Evolution of the Actual slip Trace

Figure  8 shows three examples of the evolution of the 
actual non-basal/basal slip lines within the grains (103, 86, 
185/186) of the Mg-3Li-0.2Er alloy, including multiple-slip, 
cross-slip, and intergranular coordination.

Grain 103 displays the development of the multiple-slip 
system with increasing strains. The slip lines (marked by a 
yellow dashed line) are the theoretical pyramidal I < a > slip 
traces that form near the grain boundary and become denser 
with tensile strain increasing. Subsequently, another slip line 

in the middle of the grain (marked by a red dashed line) 
corresponding to activating the prismatic < a > slip system 
becomes visible when the strain reaches 16%.

Grain 86 demonstrates the cross-slip process of < a > dis-
locations. Firstly, the sets of slip lines that belong to the 
pyramidal I < a > slip system were observed after 3% strain, 
and the slip lines (marked by a white dashed line) deter-
mined as basal < a > slip system appears at the intersection 
of pyramidal I < a > slip trace when the deformation further 
increasing. The screw < a > dislocations slip between the 
basal plane and pyramidal I plane without changing the slip 
direction, which allows for greater flexibility in dislocation 
movement and facilitates plastic deformation of the alloy.

Grains 185 and 186 show the intergranular coordination 
processes during the tensile deformation. When the strain 
is 8%, a small amount of slip lines are observed at the grain 
boundaries between grain 185 and grain 186, and both sets 
of slip lines are identified as the pyramidal I < a > slip sys-
tem. The slip traces penetrate grain 185 after 16% strain, 
while the slip lines within grain 186 only appear near the 
grain boundary, implying more significant deformation 
within grain 185. Therefore, it can be speculated that the 
activation order of the slip mode of the two grains (185/186) 
is as follows: Firstly, the pyramidal I < a > slip system is acti-
vated in grain 185, and then stress concentration is caused 
at the grain boundary, followed by the activation of the 

Fig. 8   Grain orientations of three groups of grains (103, 86, 185/186) and the actual observered slip traces at different tensile strains. The slip 
planes of identified slip systems labelled with different color and theoretically calculated slip directions are shown on the right
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pyramidal I < a > slip system within grain 186 because of 
the slight orientation difference between grain 185 and grain 
186.

3.3 � Statistical Analysis of Slip Activity of Mg‑3Li‑xEr 
Alloys

According to the aforementioned qualitative analysis, more 
slips/non-basal slips are initiated with increasing strain. The 
evolution of the slip trace during the quasi-in-situ tensile 
test is further discussed quantitatively by slip trace analy-
sis. Figure 9 shows the activated fraction of different slip 
systems of the Mg-3Li-xEr alloys at various tensile strains. 
More specific parameters are shown in Table 1. The frac-
tion is the line number of individual identified slip systems 
divided by the number of observed total slip lines. As shown 
in Table 1, slip lines are visible in 25, 121, and 265 grains 
after 3%, 8%, and 16% strains, respectively, in the Mg-3Li-
0.2Er specimen. Since some grains develop more than one 
type of slip line due to multiple-slip and cross-slip, the iden-
tified slip number is higher than the grain number. At the 
strain of 3%, the fraction of basal < a > slip accounts for 56% 
of all visible slip traces, indicating that it’s the predominated 
deformation mode in the early stages of deformation. As the 
strain increases to 8%, sizable non-basal slip traces are iden-
tified, and the fractions of prismatic < a > slip and pyramid 
I < a > slip are both 38.9%. The fraction of slip lines at 16% 
strain is similar to that at 8% strain, with a slightly higher 
fraction of non-basal slip lines. Compared with Mg-3Li-
0.2Er alloy, Mg-3Li-0.8Er alloy shows a somewhat lower 
ratio of non-basal slip traces at 8% strain, with the fraction 
of prismatic < a > slip and pyramid I < a > slip lines being 
29.5% and 31.6%, respectively.

Since the slip traces which are identified as the pyramidal 
I slip used by slip trace analysis may be caused by either 
< a > or < c + a > dislocations slip, IGMA analysis is used to 
determine the specific slip system in the pyramid I plane 
( 
{

1
−

1 01
}

 ). The grains with apparent pyramid slip lines of 
Mg-3Li-0.2Er alloy are selected for IGMA analysis to deter-
mine the pyramid I slip system as an example. Since possible 
errors exist, the analysis results of the activated slip mode 
identified by the slip trace analysis and IGMA methods may 
sometimes differ. The IGMA distribution of the grains in 
which consistent results are determined is divided into two 
types: one type of grains tends to develop < 0

−

1 12 > axis 
distribution, in which the dominant plastic deformation 
mode is pyramidal I <a> slip, as shown in Fig. 10a. The 
other grains with IGMA concentrated near the < 0

−

1 12 > 
axis and < 13

−

8
−

5 3 > axis are predominated by pyramidal 
Ι < a> slip and pyramidal Ι < c + a> slip, as shown in 
Fig. 10b. However, no grains develop their IGMA only con-
centrated near the < 13

−

8
−

5 3 > axis.
The results of IGMA shown in Fig. 10 illustrate that the 

dominant slip mode is pyramidal I < a > slip, further veri-
fied by Schmid’s law. Figure 11 displays the highest SFs 
for pyramidal I < a > slip and pyramidal I < c + a > slip of 
above grains, and the results show that SFs for pyramidal 
I < a > slip are larger than those for < c + a > slip system in 
most of the grains (76%). In addition, there are a few grains 
with similar SFs for pyramidal I < a > slip as those of the 
< c + a > slip, and yet only one grain with larger SFs for 
pyramidal I < c + a > slip. Combined with IGMA analysis 
results, we consider the identified pyramidal I slip trace to 
be pyramidal I < a > slip.

4 � Discussion

In this work, the as-annealed Mg-3Li-xEr (x = 0.2, 0.8 wt%) 
alloys exhibit high plasticity at room temperature. The slip 
trace analysis confirmed that substantial non-basal slips 
can be activated in the middle and late stages of the ten-
sile deformation. Besides, compared to the Mg-3Li-0.2Er 
alloy, the Mg-3Li-0.8Er alloy with similar microstructure 
shows a higher elongation and a significant increase in EL by 
about 40%. The mechanism underlying the high flexibility of 
the Mg-3Li-xEr (x = 0.2, 0.8 wt%) alloys and considerable 
enhancement of flexibility by Er microalloying needs further 
discussion and analysis.

4.1 � Ductility and Non‑basal of Mg‑3Li‑xEr Alloys

As for Mg alloys, the CRSS ratio between non-basal and 
basal (CRSSnon−basal/CRSSbasal) is an influential parameter 
affecting their ductility. In general, the materials with lower 

Fig. 9   Statistics on the activation of different slip modes in Mg-3Li-
xEr (x = 0.2, 0.8 wt%) alloys at various tensile strains
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CRSS ratios exhibit better plastic deformation ability. It has 
been reported that the ratios of CRSSnon−basal/CRSSbasal in 
pure Mg are up to 40–160, which is the fundamental reason 
for its poor ductility [32]. Based on the experimental phe-
nomena, i.e., the high ductility and considerable non-basal 
slip traces in Mg-3Li-0.2Er and Mg-3Li-0.8Er alloys, it is 
necessary to calculate the CRSS ratios of these alloys.

H. Li et al. proposed a methodology to estimate the 
CRSS ratios, which are introduced as follows [33]. Using 
the Mg-3Li-0.2Er specimen as an example, 100 grains 
with slip traces at the strains of 8% are analyzed. Fig-
ure 12a shows the identified 121 deformation slip systems 
and Schmid factor distribution in all 100 grains, which 
were categorized by 0.05 Schmid factor increments. 12 
possible slip systems are taken into consideration, includ-
ing 3 basal < a > slip systems, 3 prismatic < a > slip sys-
tems, and 6 pyramidal I < a > slip systems. This defines a 
matrix where the value for each pair (i, j) is denoted as Nij 
(i = 1, …, 10, j = 1, 2, 3). And 1200 potential deformation 
systems to be analyzed in the same manner as described 
for Fig. 12a can be denoted Dij, as shown in Fig. 12c. Since 
the activation of slip system in one grain mainly depends 
on the SF and the CRSS of each slip system, firstly, assum-
ing the same CRSS for all deformation systems, a cubic 
weighting function (Eq. (1)) is applied to reduce the influ-
ence of the SF on the slips activity, resulting in the matrix 
Wij; Then the assumed CRSS values and least-square mini-
mization are adopted to optimize the CRSS ratios. During 
the optimization, the squared difference d(τ1, τ2, τ3; c) can 
be calculated by Eq. (2), and the “optimal” values for the 
CRSS values are calculated by solving the first-order 
derivative conditions for d(τ1, τ2, τ3;c) as shown in 
Eq. (3).The P0

ij
 represents the expected number of observa-

tions of deformation type j and Schmid factor bin i and Pij 
is a matrix based on the P0

ij
 results which takes into account 

the true CRSS of deformation system.
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According to the method above, the optimal theoreti-
cal Schmid factors distribution is shown in Fig. 12e, which 
almost follows the experimental Schmid factors distribution 
(shown in Fig. 12a). Accordingly, optimal parameters, τ1, τ2, 

and τ3, can be obtained as 0.61c, 0.78c, and 1.38c, respec-
tively. Therefore, the CRSSprism/CRSSbasal and CRSSPy Ι <a>/
CRSSbasal, i.e., τ2/τ1 and τ3/τ1, are calculated to be 1.29 and 
2.27, respectively.

For the Mg-3Li-0.8Er alloy, using the same method as 
the Mg-3Li-0.2Er alloy, the calculated τ1, τ2, and τ3 are 
0.46c, 0.98c, and 1.66c, respectively. Thus, the CRSSprism/ 
CRSSbasal and CRSSPy Ι <a>/ CRSSbasal can be obtained as 
2.13 and 3.59, respectively. Figure 12b, d, and f show the 
experimentally observed, potential, and predicted acti-
vated deformation system–Schmid factor distribution of the 
Mg-3Li-0.8Er alloy, respectively. Based on the above calcu-
lation results, it can be seen that the CRSSnon−basal/CRSSbasal 
of Mg-3Li-xEr (x = 0.2, 0.8 wt%) alloys are much lower than 
that of pure Mg and other commercial Mg alloys [24, 34, 
35], implying that the addition of Li and Er elements can 
dramatically reduce the CRSS of non-basal slips.

4.2 � Mechanisms of Er Microalloying on the Ductiliy

According to the slip trace analysis, compared with Mg-3Li-
0.2Er alloy, Mg-3Li-0.8Er alloy shows a lower fraction of 
non-basal slip lines at the 8% strain. It is noted that the 
counts of Schmid factors higher than 0.25 in the two alloys 
after a plastic strain of 8% is 60 and 80, respectively, and the 
Mg-3Li-0.8Er alloy has a larger proportion of high Schmid 

Fig. 10   a Grain with IGMA only concentrated on the < 0

−

1 12 > axis and b grain with IGMA concentrated on the < 0

−

1 12 > and< 13

−

8

−

5 3 > 
axis

Fig. 11   Schmid factors for pyramidal I < a > slip and pyramidal 
I < c + a > slip for grains with pyramidal I slip lines
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Fig. 12   Experimentally observed deformation system–Schmid factor 
distribution, potential deformation system–Schmid factor distribu-
tion, and predicted activated deformation system–Schmid factor dis-

tribution using optimized CRSS ratios of Mg-3Li-0.2Er a, c, e  and 
Mg-3Li-0.8Er b, d, f alloys, respectively
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factor for basal slip (mbasal) (Fig. 12c and d), which indicates 
more diffuse texture grains with high mbasal can be obtained 
with Er microalloying. Bearing in mind that the CRSS of 
the basal slip system is the lowest and always the easiest 
to be activated, the increased elongation of the Mg-3Li-
0.8Er alloy is therefore deemed to be partly influenced by 
the easier initiation of basal slip, especially in the initial 
deformation stage, where the basal slip can accommodate 
more plastic deformation at lower stress.

Additionally, intergranular coordination plays a crucial 
role in the plastic deformation stage of polycrystals [36, 
37]. The slip transferring behaviors across GBs, i.e., slip-
induced slip behavior, can improve flexibility by effec-
tively alleviating local stress concentrations near GBs [38]. 
It is generally believed that intergranular coordination is 
caused by basal < a > slip because of its minimal CRSS. 
Figure 13a and c display the visible slip traces of the 

Mg-3Li-xEr (x = 0.2, 0.8 wt%) alloys after 8% strain, with 
the dashed lines of different colors representing the other 
slip systems activated. As shown in Fig. 13a and b, in the 
Mg-3Li-0.2Er alloy, only one possible basal-slip-induced 
non-basal slip event is observed. However, more basal-
slip-induced non-basal slip events can be visible in the 
Mg-3Li-0.8Er alloy, most of which belong to basal-slip-
induced prismatic < a > slip events. It has been reported 
[19] that slip transfer behavior was associated with GB 
misorientation angles (θs), and the θs of the basal-slip-
induced prismatic < a > slip was reported recently to be 
75–90 ° in the Mg–Y alloy by Zhou et al. [17]. In our case, 
as shown in the IPF maps (Fig. 13c and d), a large num-
ber of the basal-slip-induced prismatic < a > slip events 
appear with θs of 66–90°, and only one event happens at 
GB with lower θs (30°). Figure 14 shows the histograms 
of misorientation distribution in the Mg-3Li-xEr (x = 0.2, 

Fig. 13   SEM images of visible slip traces and corresponding IPF 
in the a, b  Mg-3Li-0.2Er and c, d  Mg-3Li-0.8Er alloys at 8% ten-
sile strain. Basal-slip-induced non-basal slip events are labeled in 
SEM images, where the black B→P markers represent the basal-

slip-induced prismatic < a > slip events and the red B→Py I markers 
represent basal-slip-induced pyramidal I < a > slip events; The corre-
sponding θs of the basal-slip-induced non-basal < a > slips are shown 
in IPF map with different color, respectively
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0.8 wt%) alloys. The frequency of GBs with 75°<θs<90° 
of the two alloys are 15.7% and 18.6%, respectively. The 
larger frequency of GBs with 75°<θs<90° in the Mg-3Li-
0.8Er alloy suggests that the basal-slip-induced pris-
matic < a > slip behavior is more favorable, and therefore, 
the possibility of activating more potential slip systems is 
greater in the Mg-3Li-0.8Er alloy. (Fig. 14)

Combined with the results of a higher fraction of basal 
slip lines in the higher Er-containing alloy, it can be con-
cluded that the Mg-3Li-0.8Er alloy exhibits better intergran-
ular coordination ability than the Mg-3Li-0.2Er alloy. The 
Kernel Average Misorientation (KAM) maps of Mg-3Li-
xEr (x = 0.2, 0.8 wt%) alloys (Fig. 15) further validated that 
the strain distribution in the Mg-3Li-0.8Er alloy is more 
uniform compared with that in the Mg-3Li-0.2Er alloy. As 
a result, Er microalloying enhances alloy ductility due to 
easier basal < a > slip as well as more active basal-induced 
prismatic < a > slip behavior.

5 � Conclusion

In this work, the deformation mechanisms of the Mg-3Li-
xEr (x = 0.2, 0.8 wt%) alloys under tension at RT were stud-
ied by quasi-in situ EBSD tests combined with slip trace 
analysis and IGMA analysis. The main conclusions are as 
follows:

(1)	 Basal slip is the predominant deformation mode in 
the initial deformation stage, and considerable non-
basal slips are activated in the middle and late stages 
of tensile deformation. When the strain reaches 16%, 
the fractions of basal < a>, prismatic < a>, pyramidal 
I < a>, and pyramidal II < c + a > slip in the Mg-3Li-
0.2Er alloy are 18.9%, 31.3%, 43.0%, and 6.4%, respec-
tively.

(2)	  As-annealed Mg-3Li-xEr (x = 0.2, 0.8 wt%) alloys 
(~ 20 μm) manifest high ductility with elongation larger 
than 17.0%. The high ductility can be attributed to the 
synergy effect of solute Li and Er dramatically reduc-
ing the CRSSnon−basal/CRSSbasal. The CRSSprism/CRSS-
basal and CRSSPy Ι <a>/CRSSbasal of Mg-3Li-0.2Er alloy 
are about 1.29 and 2.27, respectively, which are much 
lower than that of pure Mg and most commercial Mg 
alloys.

(3)	  Er microalloying enhances alloy ductility. In addition 
to the easier activation of basal slip caused by more 
diffuse texture, the better intergranular coordination 
ability is also responsible for the higher ductility in the 
higher Er-containing alloy. There is a larger frequency 
of GBs (18.6%) with 75°<θs<90° in the Mg-3Li-
0.8Er alloy, which enhances intergranular coordina-
tion ability by activating more basal-slip-induced pris-
matic < a > slips.

Fig. 14   Histograms of mis-
orientation distribution in the 
a Mg-3Li-0.2Er and b Mg-3Li-
0.8Er alloys
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