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a b s t r a c t 

An uncommon yield point phenomenon is observed in a Mg-1.5 wt.%Nd extrusion alloy deformed in tension. The 

stress-strain curve exhibits a drop at the onset of yielding, which is followed by a prolonged plateau stage prior 

to normal strain hardening. Localized deformation bands are observed to nucleate at the upper yield stress and 

propagate during the yield plateau. The yield plateau exists independent of texture and grain size of the material 

and shows a small dependence on strain rate. It is hypnotized that the yield point phenomenon is caused by the 

interactions between mobile dislocations and solute clusters. Specifically, the localized deformation at the front 

of deformation bands is a consequence of glide carried out by dislocations being unlocked from solute clusters by 

stress-strain fields from propagating bands, while dislocations away from the bands remain locked and material 

swept by the bands hardens. 
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Commonly observed plastic instabilities occurring in metals and al-

oys are referred to as Lüders bands and Portevine − Le Chatelier (PLC)

ands [1–3] . The formation of a Lüders band is preceded by onset of

ielding followed by a drop in the flow stress. The Lüders band appears

s a localized event of a single band separating plastically deformed

nd undeformed regions that grows while accommodating the plastic

train. During the propagation stage, the nominal stress-strain curve is

pproximately flat. After the band has passed through the entire mate-

ial the deformation proceeds uniformly with positive strain hardening.

üders bands are often found in mild carbon steels and certain Al-Mg

lloys [4–7] and rationalized by the mechanism of “dynamic strain ag-

ng ”. Dislocation motion away from the band is inhibited by interstitial

toms. 

Plastic instabilities have been occasionally observed in Mg alloys

 8 , 9 ]. The phenomena have been attributed to slip transfer across grain

oundaries and deformation twinning. Moreover, deformation of many

g alloys upon yielding in compression is carried out by profuse {102}

eformation twinning and in particular twin cascades (i.e. twins in one

rain stimulate twins in the neighboring grain across the grain bound-

ry) [10–12] . Plastic deformation associated with twin cascade is often

ocalized within some deformation bands (i.e. twin bands). Since twin
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ascading does not involve dislocation-twin or twin-twin intersections,

t causes little strain hardening, which leads to the observed plateau in

he stress-strain curves of AZ31 [ 10 , 13 , 14 ], pure Mg [9] , and Mg-Zn

15] . The twin-induced plastic instability in Mg is sensitive to the tex-

ure, grain size, and strain rate. 

In this paper, we report a plastic instability phenomenon in a Mg-Nd

lloy that is not associated with twinning. An alternative interpretation

s proposed based on the interaction between mobile dislocations with

etastable precipitates as twins are rarely observed in the deformed

icrostructure. The Mg-1.5 wt.%Nd alloy was melted from pure Mg

99.99%) and Mg-90 wt.%Nd master alloy in an electrical resistance fur-

ace under the mixed protective atmosphere of CO 2 (99 vol.%) and SF 6 
1 vol.%). The melt was on hold at 750 °C for 30 min and then poured

nto a preheated steel mold to solidify naturally in air. The cast billet

as homogenized at 400 °C for 12 h and then cut into cylinders with a

iameter of 60 mm for extrusion. The extrusions were conducted at 300

nd 350 °C with a speed of 2 mm/s to produce bars with a diameter of

2 mm. The two materials are named as E-300 and E-350, respectively.

lat tensile samples with gauge dimension of 18.0 mm (L) × 3.0 mm

W) × 1.7 mm (T) were cut from the extrusion bars. The tensile axis was

arallel to the extrusion direction (ED). Tensile tests were carried out
et Forming, Shanghai Jiao Tong University, Shanghai 200240, China. 
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Fig. 1. (a) Tensile stress-strain curves obtained from the two as-extruded Mg-1.5 wt.%Nd alloys. (b) Tensile stress-strain curves of the E-350 alloy under different 

strain rates. 

Fig. 2. Inverse pole figure (IPF) maps and pole figures of as-extruded Mg-1.5 wt.%Nd alloys, (a) extruded at 300 °C (named as E-300) and (b) extruded at 350 °C 

(named as E-350). Microstructures of the E-350 alloy after 3% of tensile strain: (c) Secondary electron image showing the microstructure consists of both plastic and 

elastic regions, (d) IPF map, (e) image quality (IQ) map, and (f) Kernel average misorientation (KAM) map of the frontier of the main deformation band marked by 

a green rectangular box in (a) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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sing a Zwick/Roell-100 kN material test machine (Zwick USA, Kenne-

aw, GA, USA). 

From the extrusion bar, a small-size tensile specimen with a gauge

f 4.0 mm (L) × 2.0 mm (W) × 1.4 mm (T) was additionally prepared

or in-situ scanning electron microcopy (SEM) and electron backscat-

ered diffraction (EBSD) tests. Surface of the specimen was mechanically

round and then electro-polished in an ethanol-10% perchloric acid

lectrolyte for SEM and EBSD characterization. The electro-polishing

as conducted at 30 V and 0.5 A under -25 °C for 150 s. The speci-

en was mounted in a MICROTEST 200 N (Deben, UK) module placed

n a Zeiss Gemini SEM with an EBSD system (Oxford Instrument, UK).
2 
he test was paused at different strains for the acquisition of secondary

lectron images and EBSD data. EBSD scans were conducted at an accel-

rating voltage of 20 kV with a scan step size of 0.4 𝜇m. The EBSD data

ere processed and analyzed using the TSL OIM Analysis 7 software

EDAX Inc). Transmission electron microscopy (TEM) was employed to

haracterize finer microstructure in the alloy using JEOL JEM-2100F

nd JEOL-ARM200 instruments. TEM samples were twin-jet electropol-

shed in a solution of ethanol-4%perchloric acid electrolyte at 30 V and

40 °C, followed by ion milling. 

Fig. 1 (a) shows tensile stress-strain curves of the two as-extruded

g-Nd alloys with a strain rate of 5 × 10 − 4 s − 1 . In both materials, the
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Fig. 3. (a) 2D diffraction patterns from the E-350 alloy at different tensile strains, the red arrows indicate the additional diffraction rings from NdH 2 , the dotted 

blue lines marked the integration area. (b) Integrated diffraction profiles at different strains, the diffraction peak of Mg(10-10) is magnified (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.). 
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tress-strain curves exhibit a sudden drop at the end of the elastic regime

ollowed by a plateau stage (i.e. yield elongation). Afterwards, strain-

ardening occurs. The yield elongation exhibited in two alloys accounts

or ~5% tensile strain. Fig. 1 (b) shows the tensile stress-strain curves

f the E-350 alloy under different strain rates. When the strain rate in-

reases from 10 − 5 to 10 − 1 s − 1 , the lower yield strength increases from

110 to ~155 MPa, while the yield elongation strain decreases from

6 to ~4%. Such effect of strain rate on the mechanical behavior is

imilar to plain carbon steels [ 1 , 3 , 16 , 17 ]. 

Fig. 2 (a) and (b) show the inverse pole figure (IPF) maps and {0001}

ole figures (PF) of the investigated alloys. The two extruded Mg-Nd

lloys consist of equiaxed grains with an average grain size of ~4.3 𝜇m

or the E-300 alloy and ~8.9 𝜇m for the E-350 alloy. Both display a

o-called “rare earth ” texture with most grains having their c-axis being

way from both TD and ED. 

To understand the yield elongation phenomenon, microstructure of

he E-350 alloy was characterized using SEM and EBSD after 3% ten-

ile strain, as shown in Fig. 2 (c). The material shows an inhomoge-

eous deformation pattern: Part of it exhibits plastic deformation while

he remaining area remains elastic. There is one main deformation

and spanning over the whole width of the sample. A video recorded

ow the deformation bands nucleate and propagate during the yield
3 
longation is provided in the supplementary material of the paper.

part from the main deformation band, multiple narrower deforma-

ion bands formed in the elastic region. The deformation bands were

ocalizing and propagating with an inclination of about 45° with respect

o the loading axis, which aligns with the direction of maximum shear

tress. It is the nucleation and propagation of those deformation bands

hat causes the yield elongation phenomenon. After the deformation

ands transverse the whole gauge length, strain hardening eventually

akes place. 

Fig. 2 (d–f) show the EBSD scan results near the frontier of the main

eformation band. From the IPF map, it is clear that twinning is absent

n majority of grains. This finding is different from the previous studies

 10 , 12 , 15 ], in which the plastic instability observed in Mg alloys is a

onsequence of profuse twinning and twin cascading. Since the tensile

irection is parallel to ED, it is unsurprising that twinning is not favor-

ble in most grains. Instead, the plastic deformation in the deformation

ands is dominated by dislocation activity as evidenced by slip lines

n many grains. The two insets in Fig. 2 (c) compare the microstructure

nside and outside the deformation band. Slip lines were extensively

eveloped in the plastic region, while grains outside the deformation

ands do not show slip lines. The KAM and IQ maps show a gradual

ransition from the plastic region to the elastic region. We did not ob-
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Fig. 4. TEM images showing the microstructure features in the Mg-1.5 wt.%Nd alloy. (a) Dark field (DF) image shows the morphology of NdH 2 precipitate. (b) 

High-resolution TEM (HRTEM) of NdH 2 precipitate and the corresponding fast Fourier transformation (FFT) pattern. (c) Initial dislocation configuration taken along 

the [1-100] zone axis under g = (11-20) condition. (d) HAADF-STEM image showing the cluster morphology, the fast Fourier transformation (FFT) patterns obtained 

from the Mg matrix (marked as red square) and the cluster (marked as green square) are also presented (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.). 
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erve many connected slip lines across neighboring grains within the

eformation bands. Therefore, the previously hypothesized slip transfer

cross the grain boundaries to form deformation bands [9] is also not

he case here. 

To further correlate the yield point phenomenon with microstruc-

ural evolution, a synchrotron X-ray diffraction experiment was per-

ormed using three tensile specimens of the E-350 alloy. The details

f the beamline, the sample dimension, and the experimental set-up

an be found in Ref. [18] . The tensile tests on the three specimens

ere interrupted at strains of 0% (initial state), ~2.5% (in the mid-

le of the plateau stage), and ~5% (at the end of the plateau stage),

espectively. Shown in Fig. 3 (a) are 2D diffraction patterns on the

hree specimens. Prior to deformation the alloy shows discrete diffrac-

ion spots for the rings because of the limited number of interrogated

rains. After 2.5% strain, the rings became connected and all diffrac-

ion rings broaden in the radial direction as a result of dislocation ac-

ivity. From 2.5 to 5% strain, the radial width of diffraction rings re-

ains stable, indicating much slower dislocation multiplication in the

lastic region. The peak broadening during the stage of plastic instabil-

ty, e.g. Mg(10-10), is also illustrated in Fig. 3 (b). This result confirms

hat plastic deformation of this Mg-Nd alloy during the yield elonga-

ion stage is caused by the localized deformation band behavior, as the

egions that already developed plastic deformation kept approximately

ame amount of dislocations until the band extends to the entire sam-

le. Propagation of the deformation band does not incur much strain

ardening. 
4 
The original diffraction patterns in Fig. 3 (a) were integrated around

he tensile direction over a ± 7.5° range. The result is shown in Fig. 3 (b).

n addition to Mg peaks, we also observed diffraction peaks from NdH 2 ,

n uncommon phase for Mg alloys but observed in Nd-containing Mg

lloys [19] . TEM was further conducted to examine the precipitates in

he studied Mg-Nd alloy. As shown in Fig. 4 (a,b), the square-shaped

hase was confirmed as NdH 2 . However, the NdH 2 precipitates are un-

ikely to cause the yield elongation phenomenon since these precipitates

ith size ~100 nm are coarse and cannot be effective in pinning mo-

ile dislocations. Instead, a series of the metastable precipitates, such

s GP zones/D0 19 , 𝛽
′′(Mg 3 Nd), and 𝛽′(Mg 7 Nd) [20–24] , may form in

he alloy during the extrusion process, known as dynamic precipitation.

hose metastable precipitates cannot be identified using XRD; instead,

hey can only be identified using high-angle annular dark field scanning

ransmission electron microscopy (HAADF-STEM) [ 23 , 24 ]. Fig. 4 (c)

hows the entangled dislocation configuration in the alloy. We further

xamined the material using HAADF-STEM and observed solute clusters

ith size of ~5 nm in the alloy, as shown in Fig. 4 (d). These clusters

ould reduce the mean free path of dislocations and temporarily pin

islocations. A cascade-like “unpinning ” of dislocations is believed to

appen in the yield elongation. 

In contrast to previous studies that attributed the yield elongation

n Mg to twin-cascading [ 10 , 12 , 13 ] or slip transfer [ 9 , 25 ], we now

ropose that the plastic instability and yield elongation in this extruded

g-Nd alloy are caused by the dislocation behavior, specifically the in-

eraction between initial dislocations and metastable precipitates. The
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nitial yielding is accompanied by rapid motion of initial dislocations.

he dislocations are quickly pinned by metastable precipitates, which

auses the upper yield strength. Subsequently, local stress concentration

llows some dislocations to be unpinned from metastable precipitates.

ince no new dislocations are generated, there is no strain hardening.

ropagation of the stress concentration region/bands corresponds to the

ield elongation stage, which is achieved by unlocking of dislocations

t the propagating band fronts. After bands sweep throughout the mate-

ial, new dislocations start nucleating and the material enters the strain-

ardening stage. We acknowledge that the mechanisms pertaining to the

eformation bands nucleation and propagation require further investi-

ation. Future works will explore the nature of the yield elongation phe-

omenon in more detail focusing on two aspects: dislocation-precipitate

nteraction at atomic scale and the propagation mechanism of deforma-

ion bands. 

In summary, we observed an uncommon yield point phenomenon

n an extruded Mg-Nd alloy, which has not been reported among Mg

lloys. The stress-strain curve of this alloy can be divided into three

tages: (1) elastic extension which is terminated at a stress level known

s the upper yield stress, (2) inhomogeneous deformation by the for-

ation and propagation of localized deformation bands at a decreased

tress level known as the lower yield stress, (3) typical strain hardening

ehavior until fracture after the deformation bands swept through the

hole material. The yield elongation phenomenon is attributed to the

ocalized deformation at the front of the bands with softening caused by

he unlocking of dislocations from metastable precipitates. 
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