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Abstract: Samples of Mg-3Gd (wt. %) were prepared by accumulative roll-bonding 

followed by annealing at different temperatures to produce samples with average grain 

sizes ranging from 3.3 μm to 114 μm. The samples were tensile-tested at room 

temperature to characterize their strength and ductility, both of which were found to be 

significantly affected by transitions in mechanical behavior and deformation 

mechanisms. These transitions occurred with decreasing grain size and are described 

by: (i) a transition in the mechanical behavior from continuous flow to discontinuous 

flow associated with a yield point phenomenon, and (ii) a transition in the deformation 

mechanisms from <a> slip and twinning to <a> and <c+a> slip. The dislocation 

structures and deformation twins in the tensile samples have been characterized by 

transmission electron microscopy and electron backscatter diffraction, respectively. 

Dislocations of <a> and <c+a> type were identified based on two-beam diffraction 

contrast experiments. The results reveal that <a> dislocations and tension twins 

dominate in the samples with grain sizes larger than 10 m, while <a> and <c+a> 

dislocations dominate in the samples with grain sizes smaller than 5 m. In parallel, a 

consistent trend for both the strength and ductility to increase with decreasing grain size 

is observed. The appearance of a yield point phenomenon at small grain sizes has a 

significant effect on both strength and ductility, illustrated by an increase in boundary 

(Hall-Petch) strengthening and an increase in the total elongation to 36.6%. These 

results demonstrated a positive effect of a superposition of the transitions on both the 
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strength and ductility of Mg-3Gd. 

Keywords: Mg-3Gd alloy; Grain size; Hall-Petch relationship; <c+a> dislocations; 

Twinning. 

 

 

1. Introduction  

In the research and development of strong and ductile Mg alloys, many routes have 

been explored encompassing a variety of processing and materials parameters [1,2]. 

Some examples of the processing routes explored include rolling [3,4], extrusion [5,6], 

and high pressure torsion (HPT) [7,8]. With regard to materials parameters, example 

approaches cover both the addition of alloying elements, including rare earths [9-11], 

as well as structural variations, such as a reduction in grain size [3,6,12,13]. Adding 

alloying elements, such as Al, Zn, Gd and Y, into Mg can change the critical resolved 

shear stress (CRSS) ratios for different deformation modes [14-16], as well as 

dislocation core structures [17,18] and cross-slip ability [19-21] of multiple slip systems 

[18-22]. Furthermore, high ductility has frequently been reported in fine-grained Mg 

alloys, indicating that the grain size plays an important role in the activation of non-

basal slip, which is desirable for enhancement of ductility [6,22-24]. 

 

Based on an optimization of parameters and on the inherent high anisotropy of Mg 

alloys, many characteristic features, including mechanical behavior and deformation 

mechanisms, have been explored in Mg alloys, for example a yield point phenomenon, 

twinning, and non-basal slip. Each of these can provide an important contribution to 

the mechanical properties [25-29]. In particular, the grain size dependence of 

deformation mechanisms including twinning, <a> slip, and <c+a> slip was investigated 

by slip trace analysis method using electron backscatter diffraction (EBSD) data 

[30,31]. Transmission electron microscopy (TEM) observations of dislocation 

mechanisms, such as non-basal <a> slip and <c+a> slip, were also carried out recently 

[9,29,31-35]. However, there are still only limited data regarding statistical TEM-based 

analyses of the activation of different slip systems, especially in fine-grained samples 

where optimized mechanical properties can be obtained. 

 

In the present study, a Mg-3Gd alloy is investigated with grain size as the key variable. 
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The average grain size is varied over a wide range, which allows transitions in 

mechanical behavior and deformation mechanisms to be evaluated. Transitions in both 

are found to occur with decreasing grain size and cover: (i) a transition in the 

mechanical behavior from continuous flow to discontinuous flow, associated with a 

yield point phenomenon, and (ii) a transition in the deformation mechanisms from <a> 

slip and twinning to a combination of <a> and <c+a> slip. The investigation of the 

mechanical behavior is performed by tensile testing with a focus on the yield strength, 

the yield point phenomenon, the work hardening rate and the uniform and total 

elongation. The microstructures are characterized by electron microscopy techniques 

with a focus on identification of the different deformation mechanisms. The discussion 

will cover the microstructural evolution as affected by the deformation mode, the 

strengthening mechanisms, with focus on Hall-Petch strengthening, and the enhanced 

ductility in terms of uniform and total elongation. 

 

 

2. Experimental 

A Mg-3Gd (wt.%) ingot with a diameter of 100 mm was prepared by casting, followed 

by homogenization treatment at 450 °C for 24 h. The homogenized ingot was hot 

extruded to a plate with a thickness of 3 mm and then hot rolled to 1 mm at 450 °C, 

followed by annealing at 500 °C for 3 h to produce initial sheet samples with an 

equiaxed recrystallized grain structure. The grain structure of this initial state was 

investigated using EBSD and is shown in Fig. 1a. The grain size was measured as about 

45 μm. Specimens with a length of 70 mm and a width of 25 mm were prepared from 

the initial 1 mm thick sheet samples for processing using accumulative roll-bonding 

(ARB) [36,37]. Two such specimens were stacked and preheated at 400 ºC for 8 min, 

and then roll bonded. The ARB processing was repeated without lubrication for two 

cycles with the rolling direction (RD) kept fixed during each rolling treatment. The 

ARB-processed specimens were then annealed at different temperatures in the range of 

310 °C to 550 °C for 1 - 2 h followed by quenching into cold water to prepare samples 

with average grain sizes covering a wide range from 3.3 μm to 114 μm. No precipitates 

were observed in any of the samples. Examples of the microstructures of the samples 

with average grain sizes of 3.3 μm and 6.3 μm are shown in Figs. 1b and c, respectively. 

Fig. 1d illustrates the similar distributions of misorientation angles for the above 
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described samples, all showing a very low fraction of low angle boundaries. Analysis 

of the textures from the EBSD measurements showed a similar weak basal texture in 

all the annealed samples with different grain sizes. 

 

Dog-bone-shaped tensile specimens with a gauge length of 13 mm and a cross-section 

of 5×1 mm2 were cut, with the tensile direction parallel to the RD. Uniaxial tensile 

testing was performed using an AGX-50 system at an initial strain rate of 8.3×10-4 s-1 

at room temperature. A laser extensometer was used to measure the strain during 

loading. For each sample condition, three tensile specimens were tested. 

 

Microstructural characterization was carried out with a Zeiss Auriga scanning electron 

microscope (SEM) equipped with an Oxford AZtec EBSD detector, and using a JEM-

2100 transmission electron microscope operated at 200 kV. Samples for SEM 

investigations were prepared by mechanical polishing followed by electrochemical 

polishing in an AC2 solution, composed of 800 ml ethanol, 100 ml propanol, 15 ml 

perchloric acid, 18.5 ml distilled water, 10g hydroxyquinoline, 75g citric acid and 41.5g 

sodium thiocyanate. Thin foils for TEM observations were prepared by ion milling 

using a Gatan PIPS 691 instrument. Samples for TEM were cut from the uniformly 

deformed gauge section of the tested tensile samples such that the observation plane 

was the section containing the RD (and hence the tensile axis) and the normal direction 

(ND) of the initial rolled sheet.  
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Fig. 1. EBSD images showing the grain structures of (a) the initial sheet sample before ARB processing, 

and (b, c) two fine-grained samples produced by ARB processing followed by annealing for 1 h at (b) 

310 °C and (c) 360 °C. (d) Misorientation angle distributions of the three samples shown in (a-c).  

 

The TEM foils were used to analyze dislocation structures within individual grains in 

the tested tensile samples. Images for this analysis were taken under two-beam 

diffraction conditions using different diffraction g vectors. Table 1 shows the three 

selected g vectors [0002], [20] and [112] used in this study, all of which are all 

associated with the [010] zone axis, and also shows the corresponding g·b analysis for 

the two types of Burgers vectors in Mg, <a> and <c+a>. The g·b analysis shows that 

<a> dislocations are invisible for g=[0002] and both <a> and <c+a> dislocations are 

visible at g=[20], while dislocations of all Burgers vectors are visible at g=[112], except 

for b=[11]. Clearly, the use of these three selected g reflections allows an identification 

of the dislocation type (<a> and <c+a>, rather the individual Burgers vectors) in Mg. 

Combined with an analysis of slip plane traces, basal <a> and non-basal <a> 

dislocations can also be identified. 
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Table 1 Diffraction vectors used for analysis of the dislocation types in Mg 

g 

g·b 

<a> <c+a> 

[110] [20] [110] [11] [23] [113] [11] [2] [11] 

[0002] × × × √ √ √ √ √ √ 

[20] √ √ √ √ √ √ √ √ √ 

[112] √ √ √ √ √ √ √ √ × 

(√: visible, : invisible) 

 

 

3. Results and analysis 

3.1 Mechanical behavior 

Fig. 2 shows the engineering stress-strain curves of the samples with grain sizes ranging 

from 3.3 μm to 114 μm. Also included is the stress-strain curve (in black) of the initial 

sample (grain size of 45 μm). It is seen that the coarse-grained samples, defined as those 

with grain sizes ranging from 114 μm to 12 μm, show typical smooth stress-strain 

curves, while the fine-grained samples, with smaller grain sizes from 12 μm to 3.3 μm, 

show a yield point followed by Lüders elongation. Following the conventional 

definition [38], the stress-strain behavior in the coarse-grained samples can be 

described as continuous, and that in the fine-grained samples as discontinuous. Clearly, 

with decreasing grain size, a transition in stress-strain curve takes place from 

continuous to discontinuous flow associated with a yield point phenomenon. It is also 

seen that the decrease in the grain size range of 114 μm to 12 μm is associated with an 

increase in strength and a moderate increases in elongation. A substantial increase in 

both total elongation and yield strength occurs, however, with a decrease in the grain 

size from 6.3 μm to 3.3 μm. Table 2 summaries the mechanical properties obtained from 

the stress-strain curves of all the tested samples. 
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Fig. 2. Engineering stress-strain curves of the initial sample before ARB (grain size: 45 µm) and for 

samples of different average grain sizes obtained by ARB-processing and annealing under different 

conditions.  

 

The effect of grain size on the yield stress (0.2% offset) is plotted in accordance with 

the Hall-Petch relationship in Fig. 3a. This relationship has previously been 

demonstrated to hold for Mg and Mg alloys, although large variations in the Hall-Petch 

parameters have been found [12,39-43]. Fig. 3a also shows that such variations appear 

to be significantly dependent on the grain size. For large grain sizes (>12 μm) the 

experimental data follow a Hall-Petch relationship of the form: 

0.2 71.9 144.4 0.5              (1) 

Table 2. Mechanical properties of annealed samples. 

Group  σ0.2 (MPa) σUTS (MPa) ∆ (MPa) euniform (%) etotal (%) ∆ (%) Grain size (μm) K (MPa·μm0.5) 

 Initial 93 168 75 15.4 20.8 5.4 d=45 140.7 

FG 

310°C-1h 173 214 39 20.6 36.6 16.0 d=3.3 188.1 

320°C-1h 157 206 49 21.0 35.0 14.0 d=5.0 189.1 

360°C-1h 132 197 65 19.8 27.6 7.8 d=6.3 150.3 

CG 

400°C-1h 111 190 89 16.3 23.2 6.9 d=12 139.6 

450°C-1h 100 173 73 15.5 22.8 7.3 d=25 138.5 

550°C-1h 89 159 70 12.1 13.7 1.6 d=73 143.6 

550°C-1.5h 86 159 73 12.0 14.1 2.1 d=90 132.4 

550°C-2h 85 158 73 11.9 14.3 2.4 d=114 137.2 

 

This equation is valid for large grain sizes but breaks down at small grain sizes, where 

a significant increase in the Hall-Petch slope is observed, see Table 2. This grain size 

effect has also been found in other fine-grained metals characterized by a yield point 

phenomenon, e.g., IF steel [44,45], aluminium [46,47,48] and copper [49]. In these 
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studies, the strength increase has been related to a lack of dislocation sources [47,50] 

thus requiring an extra stress to activate dislocation sources and plastic deformation. In 

Fig. 3a, the yield stress σ0.2 is plotted versus the reciprocal square root of the grain size, 

where a transitional stage is observed in the grain size range of 5-10 μm, in which the 

Hall-Petch slope increases to about 190 MPa·μm0.5. The elongation also changes 

significantly in this transitional range, as seen in Fig. 3b. In this figure, the uniform and 

total elongations are plotted versus the reciprocal square root of the grain size to give a 

better impression of changes taking place in the transitional stage. Fig. 3b shows that 

the elongation increases with a decrease in grain size, highlighting the marked increase 

in total elongation to about 36.6% at the finest grain size of 3.3 μm examined. 

 

 
Fig. 3. (a) Hall-Petch relationship of Mg-3Gd samples, (b) The relationship between elongation and grain 

size. 

 

3.2 Microstructure 

To understand the transition in the mechanical behavior of different grain-sized 

samples, EBSD and TEM observations were carried out to analyze the grain size effect 

on deformation mechanisms during tensile straining. Note that EBSD and TEM were 

used to analyze twinning, and TEM was used to identify the active dislocation types in 

the finest grain-size sample (d=3.3 μm). 

 

3.2.1 EBSD observations 

EBSD observations of coarse-grained and fine-grained samples after an applied tensile 

strain of 5% are shown in Fig. 4, where boundaries with misorientation angles above 

15 (high angle boundaries, HABs) and between 2 to 15 (low angle boundaries, 

LABs) are indicated by black and white lines, respectively. As shown in Fig. 4a, many 
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twins (marked by red arrows) are formed in the coarse-grained sample (d=45 m) and 

in some large grains in the sample with 6.3 m grain size, with few LABs in the coarse-

grained sample. In contrast, many LABs are found in the fine grain-sized samples (Figs. 

4b and c). Fig. 4d shows the misorientation angle distributions, showing that 5% 

deformation increases the frequency of LABs in both the coarse- and fine-grained 

samples. A big difference, however, is the significant amount of {102} tension twinning 

(corresponding to the misorientation angle peak of 86°) in the coarse-grained sample. 

Analysis of pole figures from the EBSD measurements also showed that orientations 

corresponding to tension twinning were formed extensively in the coarse-grained 

samples but not in the fine-grained samples, even though these samples had a similar 

initial basal texture. This difference in textural evolution is a manifestation of a grain 

size effect on the deformation mechanisms. 

 

 

Fig. 4. EBSD images showing the 5% tensile-deformed structures of (a) the initial sheet sample and (b, 
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c) two fine-grained samples. (d) Misorientation angle distributions of the three samples shown in (a-c). 

 

3.2.2 TEM observations 

To further analyze the grain size dependence of the deformation mechanisms, coarse-

grained and fine-grained samples tensile deformed to failure were characterized in 

detail. In addition, a fine-grained sample deformed to a tensile strain of 5% was also 

characterized.  

Fig. 5 shows TEM images of the 45 m grain-sized sample tensile deformed to failure. 

As shown in Fig. 5a, a high density of basal <a> dislocations are present in the coarse 

grain. A narrow deformation twin (< 1 m wide) is also seen inside a coarse grain in 

addition to the <a> dislocations, as shown in Fig. 5b. Based on an analysis of the 

selected area electron diffraction pattern (see the inset in Fig. 5b), this twin is a tension 

twin (86/[110]). Parallel stacking faults (SFs) are also observed within the deformation 

twin. No <c+a> dislocations were observed, however, in any of the grains examined in 

this sample deformed to failure. 

 

 

Fig. 5. TEM images taken from the uniformly deformed gauge section of the 45 m grain-sized sample 

tensile-deformed to failure (corresponding to a tensile strain of ~15%) showing the activation of basal 

<a> slip and deformation twinning. 

 

Fig. 6 shows TEM images of the 3.3 m grain-sized sample deformed to a tensile strain 

of 5%. Figs. 6a and b show the two-beam bright field and dark field images with 

g=[0002] near the [010] zone axis. Many dislocations are seen (examples are indicated 

by red arrows) inside the grain; all these dislocations were determined to be <c+a> type 
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based on the g•b analysis shown in Table 1. Fig. 6c shows a two-beam bright field image 

taken using g=[20] near the [010] zone axis, revealing more dislocations in this area. In 

addition to the <c+a> dislocations, corresponding to those seen in Figs. 6a and b, many 

<a> dislocations are also identified (examples are marked by white dashed arrows). The 

<a> dislocations in the upper corner region, marked by a white frame, are more clearly 

reveled in the dark field image (Fig. 6d), where the basal plane trace is marked by a 

white solid line. 

 

 

Fig. 6. Bright field and dark field TEM images of the 3.3 m grain-sized sample after 5% tensile 

deformation using diffraction vectors of (a, b) g = [0002], and (c, d) g = [20]. 
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Fig. 7. Analysis of the dislocation structure in the uniformly deformed gauge section of 3.3 m grain-

sized sample tensile deformed to failure (corresponding to a tensile strain of ~20%). (a) TEM bright field 

image taken with the electron beam direction of approximately parallel to the [010] zone axis showing 

the presence of many dislocations in the grain. (b, c) Two-beam dark field images using g=[0002] and 

g=[110], respectively, from the area indicated by the dotted frame in (a). (d) A sketch showing the 

identification of <a> and <c+a> dislocations in the examined area. 

 

Fig. 7 shows an example of the dislocation structure analysis for the sample with d = 

3.3 m average grain size, tensile deformed to failure. Fig. 7a shows a bright field image 

taken with the electron beam approximately parallel to the [010] zone axis of the grain 

in the center of the image. A high density of dislocations can be seen within the grain 

interior. A more detailed analysis of the dislocation types was made for the area marked 

by a dotted frame. Figs. 7b and c show two-beam dark field images using two different 

g vectors (see Table 1). A majority of the dislocations are visible in both dark field 

images, and can therefore be identified as <c+a> type based on the g·b analysis shown 
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in Table 1. These <c+a> dislocations are shown as red lines in the sketch in Fig. 7d. In 

addition to the <c+a> dislocations, several more dislocations are seen in Fig. 7c that are 

out of contrast in Fig. 7b. These dislocations were therefore identified as <a> 

dislocations, and are indicated by white lines in Fig. 7d. Furthermore, a comparison 

between the dislocation line directions and the trace of the basal plane allows a 

separation of the observed <a> dislocations into basal <a> and non-basal <a> 

dislocations, as indicated in Fig. 7d. A majority of the dislocations stored in this grain 

have Burgers vector of <c+a> type, indicating the important role played by <c+a> slip 

during tensile deformation of this fine-grained sample. 

 

3.3 Transition in deformation mechanisms 

In total, 217 grains (85 grains from TEM and 132 grains from EBSD) were analyzed to 

identify the deformation mechanisms and the dislocation types. These results are 

summarized in Fig. 8. In the tensile-deformed samples, <a> dislocations are observed 

in all grains. Dislocations of <c+a> type, together with <a> dislocations, are only found 

in fine grains smaller than 10 μm, and twins are present in the deformed structure, 

together with dislocations of basal <a> type, in grains coarser than 10 μm. It should be 

noted, however, that a small grain size seen in a 2D-EBSD or TEM observation may 

represent the intersection of a small region of a coarse grain. A small number of twins 

may therefore also be present in the 3.3 μm sample. In Fig. 8, a transitional stage (5 - 

10 μm) separates the behavior of fine grains smaller than 5 μm and coarse grains larger 

than 10 μm, where <c+a> and <a> slip dominated in the former and twinning together 

with <a> slip dominated in the latter. 
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Fig. 8. Histogram showing the size distribution of grains having the <c+a> dislocations and deformation 

twins observed in the Mg-3Gd samples tensile deformed to failure. Note that all grains over the entire 

grain size range analyzed show the activity of <a> dislocations, therefore not indicated in the graph for 

clarity. 

 

 

4. Discussion 

The microstructural evolution during plastic deformation of Mg-3Gd clearly shows a 

transition in deformation mechanisms, from <a> dislocation slip and twinning to <a> 

and <c+a> dislocation slip as the grain size decreases in the interval from 114 to 12 m. 

Additionally, the mechanical behavior shows a transition from continuous to 

discontinuous flow, with the occurrence of a yield point phenomenon as the grain size 

reaches the fine grain size range (< 12 m). The following discussion will fall in two 

sections: (i) the effect of grain size on the structure and mechanical behavior in the grain 

size range 114 to 12 m, and (ii) the effect of discontinuous flow on the structure and 

mechanical behavior in the grain size range from 3.3 to 12 m.  

 

4.1 Grain size range 114 to 12 m 

The transition from <a> dislocation slip and twinning to <a> and <c+a> dislocation slip 

based plasticity in Mg-3Gd has been observed in a recent experiment [37], where 

samples with average grain sizes of 45 m and 10 m were deformed by accumulative 

roll-bonding to a strain of 0.8-1.6. By reducing the grain size, the volume fraction of 

twins was found to decrease from 41 to 27% and in parallel the fraction of lamellar 
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dislocation boundaries and high angle boundaries increased. A more detailed structural 

study by TEM and EBSD of samples deformed in tension to about 20% is shown in 

Fig. 8. The histogram of structural features in grains of different sizes, shows a 

transition from <a> slip and twinning to <a> and <c+a> slip that takes place in a grain 

size range of 5-10 m. However, this transition does not represent an abrupt change in 

deformation mode. The TEM characterization shows that parameters other than grain 

size may have an effect on the transition, for example, the crystallographic orientation 

of the grains and their neighbor-neighbor relationships [51-53].  

Complementary to the experimental study in Fig. 8, the effect of grain size on the 

transition from {102} twinning to dislocation slip has been investigated by a dislocation 

dynamics simulation [12]. The results of this simulation showed that deformation 

twinning exhibits a strong dependence on grain size whereas dislocation activity in an 

untwinned Mg polycrystal showed only weak grain size dependence. A plot of the yield 

stress versus the grain size, therefore, shows the presence of a critical (small) grain size 

above which twinning dominates, whereas for smaller grain sizes dislocation slip is the 

controlling mechanism [12]. 

The mechanical behavior of the samples examined in the present study shows a clear 

trend that both the strength and the ductility, expressed by the uniform/total elongation, 

increase with a decrease in grain size over the grain size range of 114-12 m. The 

strength can be related to the reciprocal square root of the grain size, with a Hall-Petch 

slope of ~144 MPa·m0.5 (Table 2), where this slope is independent of the grain size, 

pointing to a comparable resistance to slip from both twin boundaries and from low 

angle dislocation boundaries and high angle grain boundaries. 

 

4.2 Grain size range 12-3.3 m 

This grain size range represents a transition from continuous to discontinuous flow, 

where of special importance is the occurrence of a yield point phenomenon 

characterized by an upper and lower yield stress and a Lüders elongation at an almost 

constant stress. After the Lüders strain, the samples strain-harden to a maximum stress 

with a uniform elongation of approx. 20% (see Table 2) followed by a stage where the 

total strain can be as high as 36.6% (at a grain size of 3.3 m). In accordance with 

previous studies of the yield point phenomenon [45,46], the present study shows that 

the Lüders elongation increases with a decrease in grain size to reach a strain of 1 to 
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2%. 

 

The yield point phenomenon points to a lack of mobile dislocations, which may be 

absent or be strongly pinned. In the Mg-3Gd, solutes are present which may pin the 

dislocations [26]. However, as the yield point phenomenon is not observed at grain sizes 

larger than 12 m, the present observations are best interpreted as a lack of mobile 

dislocations, where these have been annihilated during the thermomechanical 

processing to give a structure with a high concentration of boundaries that can act as 

dislocation sinks. To initiate plastic deformation in these fine-grained samples, 

dislocation sources must therefore be activated, requiring an extra source-stress, and 

providing an additional strengthening mechanism [47,50]. The high yield stress is 

reflected in the significant increase in the Hall-Petch slope (see Table 2). This effect is 

in accord with previous experiments of fine-grained Al [46,47,48], IF steel [44,45] and 

copper [49]. 

 

A high concentration of dislocations may be stored in the structure during propagation 

of the Lüders strain, which may cause formation of pile-ups at the narrowly spaced 

grain boundaries and a continuance of plastic flow by activation of sources at the front 

of the pile-ups [54-56]. An estimate of the dislocation density after propagation of the 

Lüders strain can be obtained based on the value for the lower yield stress assuming 

Taylor strengthening, i.e. σ~ρ0.5. This density is high and of the order of 1014 m-2. The 

existence of such a high dislocation density is demonstrated in Fig. 6 showing the 

microstructure in a sample deformed to 5% in tension, i.e. just slightly beyond the 

Lüders region. 

An important observation is the very large increase in total elongation, which follows 

a reduction in grain size to 3.3 m (see Table 2). The total elongation combines a 

uniform elongation to the maximum strength, followed by necking and a reduction in 

the flow stress. The necking mechanisms appear to be depend significantly on the grain 

size. This is illustrated in Fig. 9 showing tensile samples after testing to fracture. All 

samples show the presence of necking. However, for a small grain size (3.3 m), the 

necking is in the form of a reduction in the cross-section area of the sample. However, 

for the larger grain size sample (~12 m) the necking is more localized. As a tentative 

hypothesis, it is suggested that the dislocation structures developed during Lüders 
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elongation, combined with the high yield stress, facilitate the activation of <c+a> 

dislocations during further tensile straining. As a consequence, the dislocation density 

increases remarkably with strain, which may enhance both strain hardening and the 

strain hardening rate, leading to high total elongation (Fig. 9). 

 

 
Fig. 9. Tensile samples after testing to fracture (a) and corresponding strain hardening rate (b).  

 

In summary, the high density of dislocations encompassing both <c+a> and <a> 

dislocations (see Fig. 6 and Fig. 7) suggests that a change in slip mode following a 

reduction of grain size may be the cause of the enhanced strength and ductility seen in 

the fine-grained Mg-3Gd alloy [9,22,57-59]. These findings point to further research 

including characterization of strength and formability of alloys with a grain size 

approaching the sub-micrometer dimension. 

 

 

5. Conclusions 

The effect of grain size on the transition from <a> slip and twinning to <a> and <c+a> 

slip based plasticity has been investigated by tensile deformation of Mg-3Gd samples 

with different grain sizes in the range of 3.3 to 114 μm. The conclusions as follows: 

 

1. There is a clear trend in the grain size range investigated that both the strength and 

elongation increase with a decrease in grain size. 

 

2. Grains with sizes larger than 10 μm deform by the activation of <a> slip and 

twinning, whereas grains with sizes smaller than 5 μm deform by a combination of <a> 

and <c+a> slip. A transitional stage of deformation mechanism from <a> slip and 
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twinning to <a> and <c+a> slip is observed in the grain size range 5-10 μm. A 

corresponding transitional stage in mechanical behavior from continuous flow to 

discontinuous flow is initiated at a grain size of ~12 μm. The discontinuous flow is 

characterized by the appearance of a yield point phenomenon followed by a pronounced 

strain hardening to a large tensile strain. 

 

3. The yield point phenomenon leads to an increase in the Hall-Petch slope from 140 

MPa·μm0.5 at grain sizes larger than 12 μm, increasing with decreasing grain size to 

188 MPa·μm0.5 at a grain size of 3.3 μm. In particular, the yield point phenomenon leads 

to an enhancement in the strength σ0.2 to 173 MPa and an increase in total elongation 

to 36.6% at a grain size of 3.3 μm. 
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