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Abstract 

Plastic instability, called Portevin-Le-Chatelier (PLC) effect, manifests itself as an unstable plastic flow during tensile tests of structural 
materials. This phenomenon has a strong influence on diverse properties, leading to unexpected vulnerabilities in the service environment. 
Among various magnesium-based alloys, PLC phenomenon is most prominently observed in the Mg-Mn-Nd alloy under elevated temperature 
and low strain rate conditions. An important aim of the study is to clarify and compare the significance of the RE and Ca addition, which 
are known to cause a formation of a largely weakened non-basal type texture, in the occurrence of plastic instability. Due to the PLC 

phenomenon, there is a risk of weakening texture and formability improvement by the addition of RE and Ca elements in Mg alloys. Based 
on the understanding of the role of Nd to the PLC phenomenon in Mg-Mn alloy identified in previous studies, the PLC characteristics 
according to alloying elements and deformation conditions were compared and analyzed. To identify the micromechanical mechanisms of 
the PLC phenomenon, varies in the microstructure and mechanical properties during deformation of Mg-Mn binary and Ca or Nd-containing 
Mg-Mn-based ternary alloys in various conditions were systemically analyzed. The addition of Ca did not show a marked PLC effect due 
to the formation of low number density Mn-Ca and Ca-Ca solute clusters and an unbalanced Mn:Ca ratio. In contrast, the addition of Nd 
leads to the formation of a higher number density of Nd-Nd and Mn-Nd solute clusters than that of Ca-Ca and Mn-Ca solute clusters of the 
Mg-Mn-Ca alloy, resulting in a stable solute-dislocation interaction atmosphere under specific ranges of deformation temperature and strain 
rate. The deformation in the regime of PLC phenomenon, results in a decrease in ductility and an increase in strength, despite deformation 
at elevated temperatures with maintaining the weakened texture. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Plastic instability, commonly known as the Portevin–Le 
hatelier (PLC) effect, occurs in the form of heterogeneous 
ehavior called ‘serration flow’ or ‘jerky flow’ and is known 

o be observed under specific ranges of strain rate and temper- 
ture in certain alloys during mechanical tests [1–3] . The PLC 

ffect has a strong influence on diverse materials’ properties. 
t increases flow stress, ultimate tensile strength, and the work 
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ardening rate, while the ductility suffers from a correspond- 
ng decrease in the strain rate sensitivity coefficient and frac- 
ure toughness [1] . It causes unexpected vulnerabilities in the 
ervice environment of the materials. The occurrence of PLC 

henomenon, serrations or discontinuous yielding on a stress- 
train curve is commonly observed in macroscopic manifes- 
ations of the dynamic strain aging (DSA) phenomenon asso- 
iated with the negative strain rate sensitivity (nSRS). Thus, 
he main mechanism for PLC effect could be ascribed to the 
SA, i.e. the interaction between solute atoms, precipitates 

nd mobile dislocations [1–3] . This phenomenon has been 

xtensively researched in order to understand the underlying 

icroscopic mechanisms in various materials such as steels, 
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Table 1 
Chemical composition of Mg-Mn-based alloys measured by spark OES [29] . 

Alloy Mg Mn Ca Nd Si Fe 

wt.% wt.ppm 

M1 0.98 – – 18 72 
MX10 Bal. 1.01 0.27 – 37 85 
MN11 0.98 – 1.13 24 109 
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u and Al alloys. The research scope has been extended to 

g alloys, and related studies on various alloy systems such 

s Mg-Al-based [4–7] , Mg-Zn-based [8–10] , Mg-RE-based 

 7 , 8 , 11–13 ], Mg-Li-based [ 3 , 14–17 ], Mg-Ca-based [18] , and
g-Ag-based [19] are continuing. However, the mechanism is 

ot yet clearly identified, and this phenomenon is controlled 

y more complicated and various factors depending on the 
lloying elements. 

For decades, many researches have been conducted to im- 
rove the room temperature (RT) formability of Mg alloys. 
ntil recently, it has been widely accepted that the addition 

f alloying elements of RE and/or Ca to Mg forms a signif- 
cantly weaker texture during thermo-mechanical treatments, 
n comparison to the commercial AZ-based alloys [20–25] . 
he weak texture with a more randomized distribution of the 
rystallographic basal plan (0001) of the Mg alloy due to the 
ddition of RE or Ca allows the accelerated dislocation slip 

n the basal plane, the main deformation mechanism of Mg 

lloys. This leads to an improved RT ductility, reduced ten- 
ile and compressive anisotropy, balanced strain hardening, 
nd excellent sheet formability. According to several stud- 
es [26–29] , Mg alloys containing Mn and RE elements tend 

o form a weak texture after extrusion. These weakly tex- 
ured extruded profiles show a high ductility as well as small 
r disappearing asymmetry in tensile and compressive yield 

trength. In addition to the texture weakening, the addition 

f RE and Ca affects the activation of various deformation 

echanisms of the Mg alloy, so studies on this have been 

ctively conducted in various fields. Nevertheless, the PLC 

henomenon may significantly deteriorate the properties of 
he Mg alloys or cause unexpected premature fractures under 
ervice conditions. 

In a previous study [29] , the microstructure, texture, and 

echanical behavior of extruded Mg-Mn binary alloy (i.e. 
1) and Mg-Mn-Nd ternary alloy (i.e. MN11) were evalu- 

ted and the correlation between the development of texture 
nd occurrence of the PLC phenomenon was closely analyzed. 
ccording to this study, the addition of Nd significantly con- 

ributes to the grain refinement and the randomization and 

eakening of texture. Nevertheless, a dramatic decrease in 

longation was caused even at high-temperature deformation 

ith severe PLC phenomenon during deformation under ele- 
ated temperature and low strain rate conditions. Related to 

his, under the condition of PLC prominent, the initial RE 

exture was maintained even after deformation, and lattice ro- 
ation was suppressed. Subsequent studies focused on the cor- 
elation between the PLC mechanism and the microstructure 
f MN11 alloy [30] . The microstructure and PLC properties 
f as-extruded MN11 alloy (i.e. MN11-AE) and heat-treated 

t 275 °C for 120 min. (i.e. MN11-HT) specimens were com- 
ared, and the research to investigate the correlation between 

he tendency of solute clustering and solute-dislocation inter- 
ction was carried out. Under the same deformation condi- 
ions, the PLC phenomenon in the MN11-AE specimen was 
ignificantly weakened in the MN11-HT specimen, which is 
ue to the microstructural change. After the annealing pro- 
ess, a large number of fine particles were precipitated and 
2 
he concentration of the solute was reduced in MN11 alloy, 
hich caused changes in the ratio and number density of the 

olute cluster. This inhibited the formation of a stable Cottrell- 
ilby cloud atmosphere, disrupted the solute-dislocation in- 

eraction, and consequently resulted in the weakening of the 
LC effect. 

In previous studies, the correlation between changes in 

icrostructure and texture and the occurrence of PLC phe- 
omenon when Nd was added to Mg-Mn alloys was inves- 
igated, and a solute-dislocation interaction mechanism was 
roposed based on solute clustering. In this study, by bench- 
arking previous studies, an extended study was performed 

o identify factors affecting the PLC phenomenon. From that 
oint of view, the correlation between the addition of Ca, 
hich is another element to contribute to the weakening of 

he texture of the extruded Mg-Mn, and the PLC proper- 
ies was focused on. The aim of this study is to unravel 
he micro-mechanical mechanism of the PLC effect in the 
inary extruded Mg-Mn alloy and newly developed extruded 

g-Mn-Ca and Mg-Mn-Nd alloys under various temperatures 
nd strain rates. After defining the deformation conditions in 

hich the PLC effect is evident, the correlation between the 
echanical deformation behavior and the microstructural dif- 

erence is analyzed in detail. Based on this, insights are ob- 
ained into possible mechanisms that can trigger or suppress 
lastic instability in conjunction with the alloy chemistry and 

eformation conditions. 

. Experimental procedure 

Pure Mg ingot and Mg-Mn, Mg-Ca, and Mg-Nd master 
lloys were used for casting. The alloys with the nominal 
ompositions of M1 (Mg-1 wt.%Mn), MX10 (Mg-1 wt.%Mn- 
.3 wt.%Ca), and MN11 (Mg-1 wt.%Mn-1 wt.%Nd) were 
olten in a crucible under a protective gas atmosphere. The 
elt was poured into a cylindrical steel mold and quenched 

ith the mold in water. Table 1 shows the chemical compo- 
ition of M1, MX10, and MN11 alloys measured by spark 

ptical emission spectroscopy (OES). The cast billets were 
achined to 49 mm in diameter for extrusion and were ho- 
ogenized for 16 h at 450 °C before extrusion. The billets 
ere preheated to 300 °C and then directly extruded to a 

ound bar with 8 mm in diameter, corresponding to the ex- 
rusion ratio of 37.5:1 and ram speed of 2.5 mm/ sec . 

Microstructural characterization of the extruded bars was 
onducted using an optical microscope (OM, Nikon Optiphot 
00) and a dual-beam scanning electron microscope (Zeiss, 
rossbeam 550) equipped with a focused ion beam (FIB), 
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ntegrated energy dispersive x-ray spectroscopy (EDX), and 

canning transmission electron microscopy (STEM) detectors. 
or microscopy, the mounted specimens in epoxy resin were 
echanically ground using SiC papers up to #2400 grit and 

hen polished using 3 μm diamond paste and water-free oxide 
olishing suspension. The polished specimens were etched 

sing a mixed solution of 1 mL of nitric acid, 20 mL of 
istilled water, 20 mL of acetic acid, and 70 mL of ethylene 
lycol. For high-resolution observations, the specimens were 
ollected from the region of interest using FIB milling after 
onventional mechanical grinding and polishing, and observed 

sing STEM detector at an acceleration voltage of 30 kV. 
The mechanical properties of the extruded alloys were ex- 

mined using round specimens with a gage length of 20 mm 

nd a diameter of 4 mm. Tensile tests were carried out using 

 universal testing machine (Zwick, Z050) equipped with a 
eating furnace at various temperatures (RT, 100, 150, 200, 
nd 250 °C) and strain rates (10 

−2 /s, 10 

−3 /s, and 10 

−4 

s) in the extrusion direction. Prior to the mechanical load- 
ng, the specimens were preheated at the testing temperature 
or 10 min to ensure temperature uniformity over the speci- 
en. After the tensile test, the specimens were immediately 

uenched in a water bath at RT in order to avoid the mi- 
rostructure change due to slow cooling. Furthermore, strain 

ate jump tests were carried out to determine the SRS, m- 
alue. The strain rates were increased in 5 steps from 10 

−4 

o 10 

−2 /s at each testing temperature. 
Elemental distributions of Mn, Ca, and Nd in connec- 

ion with precipitates and grain boundaries in as-extruded 

1, MX10, and MN11 alloys were characterized by atom 

robe tomography (APT) using a Local Electrode Atom Probe 
000X HR from Cameca. Laser-pulsing mode with an ultravi- 
let laser (wavelength 355 nm) was selected to ensure stable 
easurements with a pulse energy of 30 pJ and frequency 

f 125 kHz. The temperature during the measurement was 
et to 30 K. APT specimens were prepared by focused ion 

eam milling at 30 kV and cleaning at 2 kV. The tips were 
hen reconstructed by the commercial IVAS 3.8.0 software 
ackage from Cameca. To trace the position of grain bound- 
ries and guide tips milling, transmission Kikuchi diffraction- 
BSD (TKD-EBSD) was performed on the same tip at 30 kV 

nd 5.5 nA. 

. Results 

Fig. 1 shows the optical micrographs of the investigated 

xtruded alloys (M1, MX10, and MN11). The M1 alloy shows 
n inhomogeneous grain size distribution, and the average 
rain size is classified into two groups: a relatively fine grain 

roup of 14.9 ± 1.1 μm and a relatively large grain group 

f 36.2 ± 1.0 μm. However, the grains were refined by the 
ddition of Ca and Nd. The MX10 alloy has a uniform and 

maller average grain size of 13.9 ± 1.0 μm than M1 alloy. 
 finer grain structure was observed in the MN11 alloy with 

n average grain size of 8.8 ± 1.0 μm, in comparison to the 
1 and MX10 alloys. 
3 
The SEM backscatter electron (BSE) images show a clear 
ontrast of precipitates to the matrix, Fig. 2 , and the insets 
re the magnified images near the grain boundaries observed 

y STEM. The statistical assessment of the observed precipi- 
ates and their size distribution of each alloy were calculated 

rom 50 BSE images with an area of 517.5 × 27.6 μm 

2 and 

lotted in Fig. 2 (d). As shown in Fig. 2 , very small parti-
les with the size of 150–250 nm were observed in all al- 
oys. The M1 and MX10 alloys show a similar quantitative 
haracteristic of precipitates, and most of them were identi- 
ed as Mn-containing phases via SEM-EDX measurements. 
ome Ca-containing phases were detected, but the Mg-Mn- 
a ternary phase was not identified in the MX10 alloy. The 
N11 alloy has a large amount (high number density) of 

ner precipitates (smaller area and area fraction). Fine Nd- 
ontaining phases were detected along with grain boundaries 
nd grain interior, and some Mn-containing phases were also 

etected in the grains. 
Macro tensile tests were carried out under various temper- 

ture and strain rate conditions for each alloy. 
Fig. 3 (a), (b), (c), (d), and (e) show the tensile stress-strain 

urves of the examined alloys at different strain rates (10 

−2 /s, 
0 

−3 /s, and 10 

−4 /s) and temperatures (RT, 100 °C, 150 °C, 
00 °C, 250 °C). The M1 and MX10 alloys depicted typical 
ow behavior characterized by a decrease in strength and an 

ncrease in elongation by increasing the deformation temper- 
ture and decreasing the strain rate. Regarding serrated flow, 
oth alloys showed negligible serrations in the stress-strain 

urves at high temperatures and low strain rates. A distinct 
ehavior was observed in the MN11 alloy, with severe serra- 
ions at 10 

−3 /s and 10 

−4 /s and temperatures above 150 °C. 
s shown in Fig. 3 (a), the relatively weak serration at RT be- 

ame larger at 150 °C and 10 

−4 /s to reach a stress amplitude 
f almost 10 MPa, Fig. 3 (c). These serrations tended to stand 

ut as the temperature increased and the strain rate lowered. 
t is noteworthy that this severe serration diminished again at 
igher temperatures, i.e. 250 °C, Fig. 3 (e). The serration flow 

s considered to be typical of unstable plastic flow during the 
ensile loading of structural materials due to the plastic insta- 
ility. As shown in Fig. 3 , it is well known that it appears 
rominently in certain alloys, under certain temperature and 

train conditions [1–3] . 
Fig. 4 (a), (b), and (c) provide a quantitative analysis of 

he degree of serrations in the flow curves of the M1, MX10, 
nd MN11 alloys for various deformation conditions, respec- 
ively. In the case of M1 and MX10 alloys, the serrations 
ecame more visible at elevated temperatures and low strain 

ates, corresponding to Fig. 3 . In practice, the serrations in 

he MX10 alloy are slightly more severe than in the M1 al- 
oy, but the difference is not pronounced as shown in Fig. 4 . 
he max stress amplitudes, i.e. serration, of these alloys are 
 ≤ �σ ≤ 5 MPa at low strain rates and high temperatures. 
y comparison, severe serrations were observed during the 
eformation of the MN11 alloy at 150 °C and 10 

−4 /s with 

he stress amplitude of �σ ≥ 10 MPa, which decreases at 
50 °C. The severe serrations and distinctive temperature and 

train rate-dependent trends in the MN11 alloy are well pre- 
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Fig. 1. Microstructure of extruded (a) M1, (b) MX10, and (c) MN11 alloys observed using an optical microscope [29] . 

Fig. 2. SEM-BSE images of (a) M1, (b) MX10, and (c) MN11 [30] alloys, (d) quantitative analysis of precipitates found in M1, MX1 and MN11 alloys 
presented in terms average area, average area fraction as well as number density. 

s
d
r
d
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T
a
o
a
c

ented in Fig. 4 (c). It is noteworthy that the type of serrations 
etected at 10 

−3 /s and 10 

−4 /s was not the same. The ser- 
ation behaviors at 10 

−3 /s and 10 

−4 /s are classified into 

ifferent types, their characteristics seemed to correspond to 

hat is known as types A, B, and C serrations [ 1 , 31–33 ].
4 
he ’type A’ band mainly occurs at high strains and has rel- 
tively small amplitudes, but periodically large amplitudes are 
bserved in the long term. The ’type B’ band occurs mainly 

t medium strains and has a characteristic large amplitude ac- 
ompanied by a stress drop in a very short period of time. 
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Fig. 3. Macro Tensile stress-strain curves obtained at different temperatures and strain rates for M1, MX10, and MN11 alloys; (a) RT, (b) 100 °C, (c) 150 °C, 
(d) 200 °C, and (e) 250 °C. 
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reates an overlapping serration in addition to the typical ser- 
ations of type A. This pattern is observed periodically over 
 long period of time. The ’type C’ bands occur mainly at 
ery low strain rates, resulting in large amplitude stress drops 
nd forming pseudo-periodic patterns with large periods. The 
tress-strain curve is heavily serrated in this case. Sometimes 
hese types are observed overlapping or alternating. The ser- 
ation at 10 

−3 /s corresponds to type A, while a mixed type 
f serration similar to type B is observed at the strain rate 
f 10 

−4 /s [ 29 , 30 ]. Fig. 4 (d) presents the estimated SRS,
 , at different temperatures. The SRS parameter ‘ m ’ is ex- 
ressed as Eq. (1.1) , where σ1 and σ2 are the flow stresses 
t each strain rates ˙ ε 1 and ˙ ε 2, and ‘ n ’ is the strain sensitivity
oefficient [ 29 , 34 , 35 ]. 

 = 

∂ l nσ

∂ l n ˙ ε 
∼= 

ln 

(
σ2 
σ1 

)

ln 

( ˙ ε 2 
˙ ε 1 

) = 

1 

n 

(1.1) 

The m-values of MN11 alloy were demonstrated negative 
-values, i.e. nSRS, at lower strain rates (between 10 

−4 /s 
nd 10 

−3 /s) and the elevated temperatures (between 100 and 

00 °C). The nSRS is well-known as a macroscopic indica- 
ion of DSA [ 35 , 36 ]. The DSA is observed in association with
n increase in strength and a decrease in fracture elongation 

f the MN11 alloy under conditions where strong serration 

s observed (cf. Fig. 3 ). Fig. 5 (a), (b), and (c) show varies
n yield strength (YS), ultimate tensile strength (UTS), and 

longation (El.) with temperatures of M1, MX10, and MN11 

lloys, respectively. In general, an increase in temperature is 
ccompanied by a decrease in strength and an increase in 

longation. As shown in Fig. 5 (a) and (b), M1 and MX10 al- 
oys follow these general trends. On the other hand, the MN11 
5 
lloy does not follow and depart from this trend. Despite the 
ncrease in temperature, the strength increased in the specific 
emperature range and the elongation was rather decreased. 
his unusual trend is based on the PLC phenomenon related 

o characteristics of DSA, which is observed with strong ser- 
ation in Figs. 3 and 4 . Similarly, the slower reduction of the 
trength and the decrease of elongation at 250 °C of the M1 

nd MX10 alloys were accompanied with the occurrence of 
erration at elevated temperatures. It is to mention that the 
N11 alloy had a reduced degree of serration at 250 °C, dif- 

erent from the M1 and MX10 alloys showing the prominent 
LC characteristics. This trend is more clearly observed in the 
1 alloy than in the MX10 alloy. Nevertheless, the degree 

f serration in M1 and MX10 alloys is still not comparable 
o that of MN11 alloy. The above results show the obvious 
LC phenomenon observed in MN11 alloy, especially at low 

train rates and elevated temperatures. It also shows that there 
re differences in the conditions and behaviors under which 

he PLC phenomenon is observed depending on the alloying 

lements. As mentioned earlier, the main mechanism for the 
LC effect could be ascribed to the interaction between solute 
toms and mobile dislocations [1–3] . Therefore, understand- 
ng the difference in type and distribution of solutes according 

o alloying elements is an essential process in identifying the 
echanism for the difference in the PLC phenomenon of each 

lloy. 
The solute behaviors, such as segregation to grain bound- 

ries (GBs), precipitation, and solute clustering were exam- 
ned closely using 3D APT. Fig. 6 shows reconstructed APT 

ips from M1, MX10, and MN11 alloys. In the M1 alloy, Mn 

egregation along the sampled boundary segment revealed a 
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Fig. 4. Quantitative analysis of the degree of flow serrations in the stress-strain curves in Fig. 3 for (a) M1, (b) MX10, and (c) MN11 alloys. The stress 
amplitude �σ indicates the difference in stress between the highest and lowest serration points. (d) Calculated strain rate sensitivity, m, for all alloys at 
different deformation conditions. 

Fig. 5. Yield strength (YS), ultimate tensile strength (UTS), and elongation (El.) obtained at different temperatures and strain rates in the stress-strain curves 
in Fig. 3 for (a) M1, (b) MX10, and (c) MN11 alloys. Arrows show the trend of each value of YS, UTS (blue) and El. (red) with temperature. 

6 
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Fig. 6. Reconstructed 3D APT tips of (a) M1, (b) MX10, and (c) MN11 
[30] alloys with grain boundaries showing elemental distributions of Mg, 
Mn, Ca, and Nd along with solute concentration profiles within the respective 
cylindrical regions of interest (ROIs). 
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eak concentration of 0.35 at.%, Fig. 6 (a). The bulk con- 
entration of Mn varied in comparison between 0.1 and 0.2 

t.%, which was less than the nominal alloy concentration of 
.44 at.%. It is considered that the composition of the matrix 

nd segregation region is lower than the nominal composi- 
ion due to the formation of the secondary phase. The addi- 
ion of another solute, as in the MX10 alloy, demonstrated 

o-segregation of Mn and Ca to the GB with peak concentra- 
ions around 0.35 at.% and 1.0 at.%, respectively, Fig. 6 (b). 
he latter is almost 17 times higher than the bulk concen- 

ration of 0.06 at.%. For the MN11 alloy, the concentration 

rofiles measured within the cylindrical region of interest in 

he MN11 alloy revealed a strong GB segregation tendency 
7 
f Nd attaining concentration levels of 25 times higher than 

he bulk concentration (5.6 at.% vs. 0.25 at.%), Fig. 6 (c). 
Solute atom cluster analysis based on APT data mining 

 37 , 38 ] of the measured tips in Fig. 6 was employed to exam-
ne the types of solute clusters and assess their interaction ef- 
ciency with matrix dislocations and site-specific segregation 

o microstructural defects. The first order of nearest neigh- 
or (1NN) distribution of Mn, Ca, and Nd atoms was used 

n the analysis. The point of maximum difference between 

he experimental and random 1NN distributions was chosen 

s d max = 2 nm. Different minimum atom numbers (N min ) 
ere tested to identify and isolate the clusters and N min was 
etermined at the maximum value, where the experimental 
NN distribution of Mn, Ca, and Nd in the resulting matrix 

as nearly identical to the random one (N min = 4 atoms). 
toms in clusters of less than N min are considered matrix 

toms. The parameters of envelope distance and erosion di- 
meter were both set to 0.5 d max (1 nm) [30] . The statistical 
esults of the cluster analysis are listed in Table 2 . In the M1 

lloy, a high density (approximately 1089 ×10 

15 cm 

−3 ) of 
mall Mn-Mn clusters with 4-6 atoms was detected. With the 
ddition of further solute, i.e. Ca and Nd in the MX10 and 

N11 alloys, the density of such Mn-Mn clusters decreased 

ignificantly, because Mn atoms were also evident in binary 

n-Ca and Mn-Nd clusters. The density of Mn-Ca and Mn- 
d clusters with a size of 4-6 atoms were approximately 637 

10 

15 cm 

−3 and 914 ×10 

15 cm 

−3 , respectively. The number 
ensities in most of the cluster sizes considered were higher 
n the MN11 in comparison to the MX10 specimen. For ex- 
mple, the number density of small clusters consisting of 4-6 

toms and 7-10 atoms in the MN11 specimen was 43% and 

8% higher than in the MX10 specimen, respectively. The 
umber density of the mid-size (11 – 25 atoms) clusters was 
imilar, while the MN11 specimen showed a higher density 

f the large clusters ( > 30 atoms) than in the MX10 spec- 
men. In the MX10 specimen, more Mn-Mn clusters were 
ound than in the MN11 specimen. With respect to Ca-Ca and 

d-Nd clusters, the number densities of these clusters were 
uch larger in the MN11 specimen than that in the coun- 

erpart MX10 specimen, 97 ×10 

15 cm 

−3 and 31 ×10 

15 cm 

−3 ). 
nterestingly, the number density of Ca-Ca and Nd-Nd clus- 
ers was comparatively lower than the Mn-Ca and Mn-Nd 

lusters, suggesting that the formation of co-clusters in these 
lloys is more favorable than in single-species clusters. 

. Discussion 

Figs. 3-5 show the results that the PLC properties of the 
hree types of Mg-Mn-based alloys depend on the alloying el- 
ments, temperatures, and strain rates. The PLC phenomenon 

xpressed in the form of serration in the strain-stress curves 
as clearly marked by the addition of Nd, unlike in the Mg- 
n binary alloy (cf. Figs. 3 and 4 ), while the Ca addition had 

 smaller effect in comparison to the Nd addition. The ser- 
ation was more severe as the temperature increased and the 
train rate decreased in the same alloys. In the case of MN11 

lloy, it showed a clear nSRS under the condition between 
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Table 2 
Compositions (at.%) and number density ( ×10 15 cm 

−3 ) of different solute atom clusters in the matrix in M1, MX10, and MN11 [30] alloys. 

M1 MX10 MN11 

Cluster type Cluster size Number 
density 
( ×10 15 cm 

−3 ) 

Cluster type Cluster size Number 
density 
( ×10 15 cm 

−3 ) 

Cluster type Cluster size Number 
density 
( ×10 15 cm 

−3 ) 

Mn-Mn 4–6 1089.11 Mn–Mn 4–6 210.05 Mn–Mn 4–6 61.53 
7–10 507.06 
11–15 257.89 7–10 84.89 7–10 7.84 
16–30 192.03 > 10 28.29 > 10 0 
> 30 44.04 

Ca-Ca 4–8 31.56 Nd-Nd 4–9 97.73 
Mn-Ca 4–6 637.78 Mn–Nd 4–6 914.60 

7–10 330.86 7–10 488.67 
11–15 230.73 11–15 235.28 
16–20 114.27 16–20 101.35 
21–30 68.56 21–25 54.90 
> 30 93.59 > 25 120.66 
Mn (at.%) 70.37 Mn (at.%) 50.27 
Ca (at.%) 29.62 Nd (at.%) 49.72 
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00 °C and 200 °C, Fig. 4 (d), which shows that the PLC 

henomenon clearly occurred under these conditions. MN11 

lloy showed severe serration up to 200 °C, but it was clearly 

ecreased at 250 °C. It is obviously different from the trend 

n M1 and MX10 alloys which the PLC phenomenon is main- 
ained even at 250 °C, as shown in Fig. 4 (a-c). It is believed 

hat the occurrence and the different tendency of the PLC 

henomenon distinguished in the MN11 alloy are due to the 
hange in the mechanism of the PLC phenomenon according 

o the addition of Nd. Several studies have reported the occur- 
ence and possible mechanisms of the PLC phenomenon ac- 
ording to Nd-containing alloys such as Mg-Mn-Nd [ 29 , 30 ], 
g-Zn-Nd [ 10 , 33 ], and Mg-Y-Nd [39] , and researchers have 

uggested several possible mechanisms. 
According to the Cottrell-Bilby theory [40] , the appearance 

f the upper yield point in the stress-strain curve is attributed 

o dislocation pinning by interstitial solute atoms. A similar 
rinciple can be extended to substitutional alloys given that 
ulky solute atoms such as Nd tend to gather under disloca- 
ions forming a Cottrell-atmosphere that restricts dislocation 

otion [30] . The influence of Cottrell-Bilby clouds on macro- 
copic deformation behavior was not only limited to yielding 

nd the Lüders band generation but was also responsible for 
SA and PLC behavior during deformation at elevated tem- 
eratures. In a previous study on the PLC phenomenon of 
g-Mn-Nd alloy [30] , the possibility of Mn-Nd and Nd-Nd 

lusters to form stable Cottrell-Bilby clouds, which can ef- 
ectively fix dislocation movement, was shown. The region 

here DSA occurs is highly dependent on the deformation 

emperature and strain rate, as it controls the diffusivity of 
olute atoms and movement velocity of dislocation. There- 
ore, the absence of a serrated stress-strain response at RT 

ay be due to the difficulty of pinning-unpinning cycles be- 
ause the solute cloud cannot diffuse into dislocations at low 

emperatures [30] . At low temperatures, the solute does not 
iffuse well enough to fix the movement of the dislocation. 
onversely, at high strain rates, a similar situation can oc- 
8 
ur when the limitation of dislocation movement is exceeded. 
ovement of dislocation that exceeds the diffusion rate of 

he solute makes it difficult to form a fixed atmosphere. This 
s closely related to severe serration only at certain tempera- 
ures and strain rates. The difference in the tendency of the 
LC phenomenon according to temperature and strain rate in 

he MN11 alloy had a dominant effect on mechanical prop- 
rties, Fig. 5 . The gradual decrease and increase at a certain 

emperature range in stress and decrease in elongation with 

ncreasing temperature in MN11 alloy is significant evidence 
or the occurrence of PLC. The M1 and MX10 alloys show 

 similar tendency of stress and elongation compared to the 
N11 alloy at elevated temperatures, which is due to the oc- 

urrence of the PLC phenomenon at elevated temperatures in 

hese two alloys. 
From the solute cluster analysis in Table 2 , some clues 

re provided as to the reasons that the addition of Ca does 
ot cause the prominent PLC phenomenon as much as the 
ddition of Nd does in Mg-Mn alloy. The Ca-Ca cluster and 

n-Ca cluster in the MX10 alloy, Table 2 , have lower number 
ensities than those of the Nd-Nd and Mn-Nd clusters in the 
N11 alloy while the former has a higher number density 

f Mn-Mn clusters. Such differences in the cluster density 

etween MN11 and MX10 alloys are comparable to those 
etween MN11 alloy AE (as-extruded) and HT (heat-treated 

t 275 °C for 2 h), as shown in previous studies [30] . The 
ow cluster density in the MN11-HT specimen is attributed 

o the depletion of the Nd solute due to the formation of 
g 3 Nd precipitates by heat treatment. The depletion of Nd 

olutes suppresses the formation of a sufficient amount of Nd- 
d and Mn-Nd clusters and significantly reduced the pinning 

ffect on the dislocations. In other words, the addition of Ca 
s considered to be a difficult condition to form a cluster 
hat can form a stable Cottrell-Bilby cloud which effectively 

xes the dislocation movement compared to the addition of 
d. In this study, most of the Ca added in the MX10 alloy 

as consumed to form the coarse Mg-Ca phase (cf. Fig. 2 ), 
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Fig. 7. Cluster analysis of atoms in the MX10 and MN11 alloy specimens. (a) Mn-Ca and (b) Mn-Nd [30] clusters concentration in terms of Mn:Ca and 
Mn:Nd ratio as a function of cluster size, respectively (The size of the circle symbol is proportional to the size of the cluster). 
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(3
nd the concentration of solute in the matrix was measured 

o be relatively low compared to that of the MN11 alloy as 
resented in Fig. 6 (0.06 Ca vs. 0.25 Nd at.%). It is considered 

hat the depletion of Ca solute in the matrix of MX10 alloy 

aused a decrease in the number density of clusters similar 
o the case of the MN11-HT specimen. 

Furthermore, it is also worth paying attention to the dif- 
erent ratios of Ca and Nd to Mn in the Mn-Ca and Mn-Nd 

olute clusters, respectively. In the MN11 specimen, the aver- 
ge composition of the Mn-Nd clusters was almost 50% Nd 

nd 50% Mn. However, in the MX10 specimen, the Mn:Ca 
atio was approximately 7:3. (cf. Table 2 ) The relationship be- 
ween cluster size and composition is shown in Fig. 7 for both 

X10 and MN11 specimens. Interestingly, for clusters with 

 size smaller than 10, the ratio between Mn:Ca is random, 
hereas when the Mn-Ca cluster is larger than 10 atoms, the 
n:Ca ratio becomes higher than 1 and in some cases reaches 

0. This indicates that large clusters are formed by absorbing 

djacent Mn atoms. The ratio of Mn:Ca is about 7:3, which 

s similar to the ratio of the MN11-HT specimen [30] , and 

s clearly distinct from the ratio of Mn:Nd, which has a ratio 

lose to 1. 
On the other hand, the number density of Ca-Ca and Nd- 

d clusters was much lower than that of Mn-Ca and Mn-Nd 

lusters, suggesting that the formation of co-clusters in these 
lloys is more favorable than in single-clusters. For the small 
lusters ( < 10 atoms) in the MX10 and MN11 specimens, 
o preference for the Mn:Ca and Mn:Nd concentrations was 
ound, indicating also that Mn and Ca, Nd atoms tend to co- 
luster favorably. Thus, it is possible to pay attention to the 
ole of the cluster including Mn. Co-clusters may form more 
avorably and stably compare to Mn-Mn, Ca-Ca, and Nd-Nd 

ingle clusters, contributing to the formation of stable Cottrell- 
ilby clouds, which is considered to be highly correlated with 

he development of the PLC phenomenon in Mn-containing 

lloys. 
The difference in the formation of solute clusters of Ca and 

d and their effects on the Cottrell atmosphere are attributed 

o several factors. The results of the present study indicate 

hat the content of the Ca and Nd solutes are one of the main 

9 
actors influencing the Cottrell atmosphere caused by the so- 
ute clusters. It may also be considered to analyze the factors 
ttributable to differences in other external parameters of Ca 
nd Nd. The process of comparing and analyzing the proper- 
ies of each alloy by varying the content of Ca and Nd solute 
s required. It is also worth noting the intrinsic difference 
etween Ca and Nd elements. It includes, for example, the 
ffects of atomic radius (R Nd < R Ca ) and diffusivity (D Nd < 

 Ca ) [41] and their interactions with clusters and dislocations. 
a has a larger atomic radius and higher diffusivity compared 

o Mg and Mn. On the other hand, the atomic radius and dif- 
usivity of Nd are very similar to that of Mg, unlike Ca. The 
otential for these differences to affect solute cluster forma- 
ion and impede dislocation movement can be discussed. The 
rocess of identifying it should be accompanied by various 
ata mining procedures for a number of APT tips based on 

he varying content of Ca and Nd alloys. 

. Conclusion 

In this study, the microstructure and the mechanical prop- 
rties under various temperatures and strain rates of the ex- 
ruded Mg-Mn, Mg-Mn-Ca, and Mg-Mn-Nd alloys were ana- 
yzed to investigate the effect of Ca and Nd on plastic insta- 
ility in Mg-Mn alloy. The main results of the present study 

re summarized below. 

) The PLC effect showed a clear difference depending on 

alloying elements, temperature, and strain rate. The most 
pronounced PLC phenomenon was observed in MN11 al- 
loy under deformation at an elevated temperature (100 to 

200 °C) and at a low strain rate (10 

−4 to 10 

−3 /s) in tested 

conditions 
) The low fraction of Ca in the matrix of MX10 alloy causes 

the formation of low number density Mn-Ca and Ca-Ca 
solute clusters and an unbalanced Mn:Ca ratio, thereby re- 
ducing the PLC effect. 

) In Mg-Mn-based alloys with a weakened texture, the dete- 
rioration of mechanical properties is clearly observed in a 
certain range of deformation conditions despite being de- 
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to the occurrence of plastic instability. 
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