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Abstract 

 We investigated the effect of Gd and Ce additions in magnesium on sigmoidal hardening 

behavior associated with {   ̅ } twinning after extrusion. Compression along extrusion 

direction revealed that rare earth additions enhance the flow stress, while 〈   〉 softening was 

expected. This phenomenon has been explained by the enhancement of 〈   〉 dislocations 

activity and the ensuing increase in forest hardening due to solute drag. It is expected that 

dislocation transmutation of basal to prismatic will be enhanced during {   ̅ } twin growth in 

rare earth containing alloys, which would exacerbate 〈   〉 entanglement with the dislocation 

forests inside the twins. Forest hardening events overcompensated for the softening effects from 

lowering the critical resolved shear stresses of 〈   〉 dislocations, and resulted in higher flow 

stress for the binary rare earth containing alloys. 
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1. Introduction 

Traditional magnesium (Mg) alloys are known to exhibit poor formability at ambient 

temperature due to an effect associated with profuse twinning as all easy slip systems have their 

burgers vector lying only on the basal plane [1, 2]. {   ̅ } twinning mode in Mg has smaller 

critical resolved shear stress (CRSS) than 〈   〉 dislocations, which have threshold stresses an 

order of magnitude higher for temperatures below 180 ºC [1, 2]. Hence, profuse {   ̅ } twinning 

takes place at low temperatures whenever deformation imposes plastic stretching along the 〈 〉-

axis. However, because of the polarity of this twin mode pyramidal 〈   〉 slip triggers to 

accommodate plastic compression or contraction along 〈 〉-axis[1]. {   ̅ } twins could also 

trigger to provide 〈 〉-axis compression or contraction but their threshold stress is much higher 

than that of pyramidal 〈   〉 slip. 

The profuse activity of {   ̅ } twinning is known to cause a boost in the hardening rate 

of HCP metals by orders of magnitude, but more particularly in Mg as the parent grain can be 

entirely consumed by this twin mode [3]. This results in a sigmoidal-shaped flow of the stress-

strain behavior in sharply textured wrought alloys undergoing compression normal to the main 

〈 〉-axis fibers [4-6]. When the stress sign is inverted (asymmetry) for the same loading direction 

or vice-versa (anisotropy), {   ̅ } twinning is remarkably obviated in these sharp fibers. 

However, ductility remains unimproved. It has been suggested that {   ̅ } only ensues  {   ̅ } 

twins (i.e. double twinning), which have been shown to be detrimental to ductility as they can 

turn into cracks shortly after their nucleation [7, 8]. Additions of rare earth (RE) elements in Mg 

and its alloys have been shown to noticeably reduce anisotropy/asymmetry and ameliorate 

ductility. Several effects have been mentioned but there is a general consensus on texture 

weakening effects [9, 10]. In fact, RE enhances the formation of recrystallized grains which 

substantially deviate from the ideal fiber orientation after rolling or extrusion, making them  less 

prone to twinning [2]. Nevertheless, {   ̅ } twinning is unequivocally active at room 

temperature (RT) [11], and its hardening effects play a significant role in RT formability of Mg-

RE alloys. In this paper, in an effort to study the effect of RE additions on the role of {   ̅ } 

twinning in hardening, we designed experiments to favor the activity of this twinning mode. In 

this respect, we hampered recrystallization by exploiting process variables in order to produce 

samples of Mg-RE alloys with sharp 〈   ̅ 〉 fiber texture. Hence, {   ̅ } twinning was equally 
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active during compression along extrusion direction in pure Mg and Mg-RE alloys. We 

monitored and investigated the effect of RE additions in high purity Mg on the {   ̅ } twinning 

behavior and its subsequent effects on strain hardening and plastic flow behavior. 

2. Experimental procedures 

Mg- 0.40 Ce, Mg- 0.51 Ce, Mg- 0.38 Gd and Mg-2.51 wt. % Gd binary alloys along with 

pure Mg were cast using 99.9% pure magnesium and 99.8% pure RE elements in a vacuum 

induction melt furnace using a tantalum crucible at Ames Laboratory. The as-cast alloys were 

solution treated at 450 ºC for 10 h under flowing argon gas atmosphere followed by water 

quenching. The chemical compositions of annealed billets were analyzed using the inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) method. Solution treated alloys along 

with pure Mg were machined to cylindrical specimens ~32 mm (1.25 in) in diameter and ~25 

mm (1 in) long cylinders and were subject to indirect extrusion at ram speeds of 10 mm/min at 

450 ºC with extrusion ratio of 1:6 followed by air cooling. We conducted slow extrusions with 

small ratio in order to impose less strain energy, which is essential to drive dynamic 

recrystallization (DRX), and preserve the deformation texture (i.e 〈   ̅ 〉 fiber) in RE-

containing alloys. Therefore, we were able to trigger the formation of {   ̅ } twinning by 

compressing along extrusion direction (ED) (i.e. normal to 〈 〉 axis of 〈   ̅ 〉     grains). This 

emboldened the effect of {   ̅ } twinning induced hardening on the plastic flow behavior, 

making it clearly observable for pure Mg and Mg-RE alloys with different RE contents. 

Cylindrical compression samples with height to diameter ratio of 1.5 were machined from 

extrudates. We conducted compression tests with constant strain rate of 0.001 s
-1

 at room 

temperature up to true strains of 0.02, 0.04, 0.06, 0.09 and till fracture. Each test was repeated 

three times to be obtain statistically significant results. 

Compressed samples were cut along the compression axis and prepared by standard 

metallographic techniques and polished using 0.06 µm colloidal silica (Struers OPS) for 10 

minutes. Grain size measurement was conducted along and perpendicular to ED using OIM 

analysis software by EDAX. The DRX volume fraction and the size of deformed grains for Mg-

RE alloys were very close and comparable. In preparation for electron back scattered diffraction 

(EBSD) analysis, electro-polishing was conducted using a Struers LectroPol-5 on polished 

samples in chilled Struers C1 electrolyte at 25 V for 120 s at -5 ºC. Samples were sonicated for 
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20 minutes afterwards in absolute ethanol to remove artifacts from the surface. Texture and 

microstructure analysis were conducted on transverse cross-sectional using EBSD. EBSD 

analyses were performed using a field emission scanning electron microscope (SEM) Zeiss 

Supra 40 at the operating voltage of 20 kV. Scanning step size was 1 µm for micro-texture 

measurements and 0.1 µm for ones used for intragranular misorientation axes (IGMA) analysis. 

3. Results and discussions 

Figure 1 shows the inverse pole figures (IPFs) of the extruded materials. RE additions 

retard DRX in Mg-RE alloys [12], and hence, they retain their deformed microstructure after 

slow extrusions with relatively smaller volume fractions of DRX grains (Table 1). This 

established bimodal microstructures in the extruded alloys, which are composed of deformed and 

DRX grains (Figure 1f). The bimodal grain size information and DRX volume fraction of 

extrudates are listed in Table 1. Deformed and recrystallized grains were differentiated by 

choosing the grain orientation spread (GOS) values smaller than 2 º for DRX grains, and the 

remaining for deformed grains. Higher fraction of deformed grains resulted in strong 〈   ̅ 〉 

fiber texture as RE driven texture modification occurs during recrystallization [13, 14].  

 

Figure 1. Inverse pole figures (IPFs) of extruded a) pure Mg, b) Mg-0.40 Ce, c) Mg-0.51 Ce, d) Mg-0.38 Gd, 

e) Mg-2.51 wt. %Gd, f) ED mapped IPF map of Mg-2.51 Gd as a representative initial microstructure. Extrusions 

were conducted at 450 ºC with 10 mm/min ram speed with 1:6 extrusion ratio. 
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The extensive activation of  {   ̅ } twinning during compression along the ED in 

deformed grains of Mg-RE alloys overshadowed the contribution of DRX grains to plasticity, as 

the mechanical response of the samples appeared to be “Mg’s typical sigmoidal behavior”. Pure 

Mg expressed ~58 % DRX volume fraction that spread 〈   ̅ 〉 fiber to 〈   ̅ 〉 〈   ̅ 〉 fiber 

due to high mobility of {   ̅ } twin boundary upon recrystallization, which weakens the texture 

intensity [15]. However, all the grains within 〈   ̅ 〉 〈   ̅ 〉 fiber are susceptible to {   ̅ } 

twinning during compression along ED, as they have their 〈 〉-axis perpendicular to ED and 

compression direction. Therefore, sigmoidal flow behavior during compression along ED was 

expected. 

Table 1. Grain size data of the extruded materials obtained from low magnification EBSD scans.  

Compression along ED direction, which triggered extensive formation of {   ̅ } twins, 

illustrated a notable difference between pure Mg and binary Mg-RE alloys regarding their 

{   ̅ } twinning induced hardening in Figure 2b. The higher strain hardening rate for RE-

containing alloys resulted in greater maximum flow stresses in Figure 2a. On the other hand, it 

reduced ductility. The IPF maps of interrupted pure Mg compression samples (inset micrographs 

in Figure 2a) explain the plastic flow behavior in regions I-III. Region I starts after the yield 

point associated with activation of {   ̅ } twinning till        . RE addition slightly altered 

the work hardening rate and the flow stress in Region I (Figure 2). These minor differences may 

be justified by RE solute effects and grain size effects, which failed to exhibit a systematic trend 

[16, 17]. In other words, strengthening mechanisms such as solute strengthening, grain size 

refinement, RE segregation to the grains boundaries and precipitation hardening (for Mg-Ce 

Metal/Alloy 

(wt. %) 

Grain Size 

(GS)-µm 

Deformed 

GS-µm 

Recrystallized 

GS-µm 

DRX Volume 

Fraction (%) 

High Purity Mg 41±5 - - 58±5 

Mg-0.40Ce 19±2 47±4 17±2 14±2 

Mg-0.51Ce 14±2 40±3 12±2 13±2 

Mg-0.38Gd 33±4 48±5 31±4 36±4 

Mg-2.51Gd 16±2 48±4 14±2 33±3 
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alloys) seemed to be overshadowed by extreme activity of {   ̅ } twinning and its interaction 

with lattice defects, like dislocations [3]. 

Meanwhile, twinning stress is directly affected by the chemical composition and grain 

size, the effect of which was observed in the compressive yield stress of the samples [18-20]. 

Since the yield strength is directly associated with the onset of twinning under the present 

circumstances, we take it as a qualitative criterion for twinning stress. Considering the similar 

grain size, structure and DRX volume fraction of RE containing alloys, the remarkable increase 

in yield stress with increasing RE content (see Figure. 2a) may be attributed to the solute 

strengthening effects. Pure Mg samples on the other hand had different grain size and structure, 

which made it hard to draw any solid conclusion regarding its twinning stress compared to the 

binary alloys. However, we expect it to have a smaller twinning stress compared to other alloys 

as it has less distorted/stressed lattice due to its purity, which may play a part in its lower work 

hardening rate [21]. 

At total strain of 0.06 (i.e.        ), relatively higher volume fraction of {   ̅ } twins 

(crystallographically hard orientations) and immense interaction of {   ̅ } twin boundaries with 

basal and 〈   〉 dislocations increase the work hardening rate and starts Region II (        

    ) [4, 5]. It is worth noting that {   ̅ } twinning reorients parent grains by ~86º around 

〈   ̅ 〉 [22], and align their 〈 〉 axis nearly parallel to extrusion/compression direction. Hence, 

twinned grains (i.e. hard orientations) “absorb a large fraction of the load” [23], which is mainly 

accommodated by 〈   〉 dislocations [4]. Variants of {   ̅ } twins grow to saturation at 

       , which is commensurate with the steep increase in work hardening rate in Figure 2b. 

This is consistent with the consensus on traditional Mg alloys, which demonstrates the triviality 

of RE effects on twin growth rate [3, 4]. 

Although all the experimental materials express sigmoidal plastic flow behavior, the 

work hardening rate in region II appears to be considerably higher for Mg-RE alloys, as higher 

RE concentrations lead to higher work hardening rates in samples with similar grain size and 

structure (Figure 2b). As mentioned above, plastic deformation continues by glide of 〈   〉 

dislocations within the twinned hard orientations in Region II [4]. It has been well understood 

that RE additions facilitates 〈   〉 slip by decreasing its CRSS value [24, 25], which results in 

easier dislocation glide and faster dislocation generation and multiplication [26, 27]. As a matter 
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of fact, higher flow stress of Mg-RE alloys insinuates that forest hardening effects may 

overshadow the RE-induced 〈   〉 softening. This effect is remarkable particularly after 

        that commensurate with {   ̅ } twin saturation strain (Figure 2b). 

  

Figure 2. a) Typical true stress-true strain plot for compression tests along extrusion direction for extruded materials 

listed in Figure 1. The inset IPF maps correspond to pure magnesium strained to 0.02, 0.06 and 0.09 compressive 

true strain. b) The corresponding work hardening curves. 

Here, the influence of solute drag on dislocation dynamics and preferential RE 

segregation to grain boundaries and dislocation cores would be the strongest contributor to the 

increase in the work hardening rate [16, 28, 29]. In fact, activated 〈   〉 dislocations motion is 

disrupted by the lattice distortions induced by solute atoms and possibly Mg-RE precipitates that 

were rarely observed in this study. Yin et al. demonstrated that RE additions have negligible 

effect on stacking fault energy (SFE) of basal faults and the energy barrier for transition of 

pyramidal II stacking faults to basal ones [30]. This observation substantiates the reasoning 

based on the paramount effects of interfaces/solute atoms and dislocations interactions, as RE 

additions barely alter dislocation cross slip events [30]. Atop of solute effects, dislocation 

transmutation events [5, 31] took place with higher frequency in Mg-RE  alloys during {   ̅ } 
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twin growth, which further enhanced their work hardening rate, particularly compared with pure 

Mg. This remarkable difference may be associated with two microstructural observations: 

1) {   ̅ } twins pass across the low angle grain boundaries (LAGBs) between the pancake 

shaped grains (Figure 3a and b), which resulted in the formation of large twins (Figure 3a 

and 4a). On the other hand, length of {   ̅ } twins are pinned by grain boundaries in 

pure Mg, which limits their growth. Therefore, in Mg-RE alloys, there is a higher 

probability of interactions between LAGB dislocations and twin boundaries, which may 

lead to a higher dislocation forest hardening during early stages of plastic deformation in 

Region II (i.e.             ). 

2) EBSD scans with 0.1 µm step size in Figure 3c revealed that the transmutation of basal to 

prismatic dislocations take place during the growth of a {   ̅ } twin, which has crossed 

LAGBs (   ) composed of geometrically necessary dislocations (GNDs). Figure 3c 

shows that arrays of basal dislocations that form a LAGB (indicated by red arrows) 

transmute into prismatic dislocations (indicated by black arrows) as the {   ̅ } twin 

consumes the parent grain [32]. The observed dislocation transmutation enhances the 

forest hardening rate by producing prismatic dislocations, which have higher CRSS value 

compared to basal ones [2]. Transmuted prismatic dislocation could serve as hard 

obstacles for glide of 〈   〉 dislocations within hard orientations. 

It is worth noting that the misorientation axis of LAGBs ranging (5-10º) altered from 

〈   ̅ 〉 to [    ], which is associated with lattice rotations induced by a {   ̅ } twin crossing 

the LAGBs (Figure 3b). Solute segregation to the mentioned boundaries and the transmuted 

dislocation cores may change their resistance as obstacles for dislocation motion [16]. 

〈   〉 dislocations glide rotates twinned lattice around its Taylor axis (i.e. 〈 ̅   〉) [16], 

which deviates 〈 〉-axis of the crystals from compression direction. At        , 0.1 µm step 

size EBSD scan of Mg-0.40 Ce wt. % alloy indicated lattice rotations about 2-6º, which tallies a 

Schmid factor of 0.04-0.1 for basal slip (Figure 4b). 
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Figure 3. a) A typical EBSD scan of the extruded Mg-0.38 wt. % Gd alloy after compression to 0.04 true strain. 

Extrusion was performed at 450 ºC with 10 mm/min ram speed. b) An IPF map with scanning step size of 0.1 µm 

illustrating {   ̅ } twins passing the grain boundaries. c) A higher magnification image from b highlighting {   ̅ } 

twin boundaries along with basal and prismatic dislocations. Red and black arrows indicate the transmutation of 

basal to prismatic dislocations as the {   ̅ } twins grow. 

This boosts the activity of basal and prismatic modes, and the work hardening rate starts 

to sharply decrease at the beginning of Region III (        till failure), which is conceivably 

due to the dominance of basal slip with smaller critical resolved shear stress (CRSS) values than 

〈   〉 mode [1]. In other words, at        , work hardening curves approach their peak 

values. Region III for pure Mg starts with a smoother transition in hardening behavior, and 

reaches its peak hardening rate at higher strains, which insinuates less 〈   〉 driven rotations 

(Figure 2b). 〈   ̅ 〉     texture component in pure Mg may also affect the twin saturation 

strain/behavior due to its lower Schmid factor during extrusion [23, 33]. However, a stark 

comparison between only binary Mg-RE alloys express a systematic trend of increase in 

twinning induced work hardening with increasing the RE concentration. 
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Figure 4. a) A typical EBSD scan of Mg-0.40 wt. % Ce alloy extruded with 10 mm/min ram speed, after 

compression to 0.04 true strain showing formation of large {   ̅ } twins crossing grain boundaries. b) 0.1 µm step 

size EBSD scan of Mg-0.40 wt. % Ce alloy at         indicating rotations around 〈   ̅ 〉 axis within twinned 

grains. 

Figure 5a shows extensive activity of {   ̅ } twins in pure magnesium at        , 

which consume nearly all the parent grains at         (Figure 2a). This leads to higher stored 

strain energy and deformation inhomogeneity at grain boundaries and triple junctions, which 

triggers low temperature dynamic recrystallization (LTDRX) at room temperature. Figure 5b 

demonstrates the nucleation of DRX at triple junctions, which have the highest local energy, to 

produce fresh DRX grains for continuation of plastic deformation. Occurrence of LTDRX is 

substantiated by refinement of the average grain size from 41 to 12 µm.  However, small 

additions of RE halts recrystallization nucleation at room temperature due to recrystallization 

retardation [12, 24]. We propose that LTDRX causes a smooth transition of dislocation activities, 

while Region III starts sharply for Mg-RE alloys in the absence of restoration phenomena. 
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Figure 5. Image quality (IQ) map of extruded pure Mg strained to a) true strain of 0.02 showing the immense 

activity of {   ̅ } twinning (highlighted in red) within the relatively coarse grains of extruded pure Mg, b) true 

strain of 0.09 revealing the occurrence of low temperature dynamic recrystallization upon twin saturation, wherein 

average grain size drops from 41 to 12 µm. 

4. Summary and conclusions 

We investigated the effect of RE element additions on hardening typically associated 

with {   ̅ } twinning. Our mechanical testing results indicated a notable increase in work 

hardening rate in RE element containing alloys, which boosted their plastic flow stress. Our 

micro-texture analyses clearly supported the test results. While in these alloys {   ̅ } twins 

nucleated shortly after the yield point and swiftly traversed low angle grain boundaries, in pure 

Mg, grain boundaries stopped twin propagation. This resulted in formation of large {   ̅ } twins 

in Mg-RE alloys that enhanced the interaction of grain boundary dislocations and twin 

boundaries. Moreover, transmutation of basal 〈 〉 to prismatic 〈 〉 dislocations occurred during 

growth of the twins that crossed several low angle grain boundaries. Upon twin saturation, RE 

element additions boosted 〈   〉 dislocations activity, which significantly enhanced the work 

hardening rate due to solute drag events and entanglement with transmuted prismatic dislocation. 

High work hardening rate more than compensated for the softer 〈   〉 slip in RE containing 

alloys and yielded higher flow stress. 〈   〉 activity within hard orientations induced rotations 
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around the 〈 ̅   〉 Taylor axis which boosted basal 〈 〉  slip. Higher basal 〈 〉  slip resulted in a 

sharp drop in the work hardening rate of RE element containing alloys. 
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