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Abstract 

Mg-5wt%Y extruded alloy showed excellent tensile ductility along the extrusion 

direction. An in situ tensile test with three-dimensional X-ray diffraction (3DXRD) 

identified prismatic, basal, and pyramidal <a> slip in different grains during 

deformation based on the analysis of grain rotation. Ex situ slip trace analysis using 

electron backscatter diffraction confirms the extensive activation of non-basal slip 

systems, which can explain the high ductility of this material. Critical resolved shear 

stress (CRSS) ratios between non-basal slip and basal slip are estimated from Schmid 

factor analysis. 
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Text 

As the lightest structural metallic material, Mg alloys have gained growing attention 

in the automobile industry for fuel efficiency [1]. However, room temperature 

ductility of Mg alloys still needs improvement to reduce the production cost [2]. 

Recent studies have shown that the addition of rare earth (RE) elements can improve 

the ductility of Mg alloys by weakening the basal-type texture [3-5] and reducing the 

critical resolved shear stress (CRSS) of non-basal slip in relative to basal slip [6-8]. 

Sandlöbes et al. [9] identified a high activity of pyramidal <c+a> dislocations in a 

Mg-3wt%Y alloy by transmission electron microscopy (TEM), which was attributed 

to the reduction of the stacking fault energy (SFE) by Y and those stacking faults 

serving as nucleation sites for <c+a> dislocations [10,11]. This mechanism for <c+a> 

dislocation nucleation was further explored by Agnew et al. [12] using continuum 

elasticity-based dislocation theory. In a molecular dynamics (MD) study, Kim et al. 

[13] found that Y impedes the movement of basal <a> dislocation more strongly than 

pyramidal <c+a> dislocation, which is an alternative explanation for the high activity 

of <c+a> dislocations in Mg-Y. Stanford et al. [6] quantitatively evaluated the effect 

of Y on CRSS for various slip modes in Mg using in situ neutron diffraction. Their 

result, however, suggested that the CRSS of pyramidal <c+a> slip is still 10 times 

higher than that of basal slip in a Mg-2.2wt%Y, which implies that <c+a> slip may 

have a limited role in explaining the high ductility of Mg-Y alloys. In a recent 

first-principles study, Tsuru and Chrzan [14] found that Y can stabilize the screw <a> 

dislocation compact core in Mg and thus enable cross-slip of <a> dislocations from 

the basal plane to non-basal planes. This mechanism has not been experimentally 

investigated so far. 
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Three-dimensional X-ray diffraction (3DXRD) is a novel technique to analyze the 

meso-scale deformation of polycrystalline materials. Compared with electron 

microscopy, 3DXRD allows a non-destructive and dynamic characterization of grain 

structure and grain-by-grain stress state in the bulk material [15]. In situ 3DXRD has 

been used to study grain-level stress heterogeneity [16], twin nucleation [17-20], and 

in-grain orientation gradient [21, 22] in metals under deformation. 

 

In the present paper, slip activity in individual grains in a Mg-Y alloy is studied by in 

situ 3DXRD. Both basal slip and non-basal <a> slip are identified in different grains 

based on the analysis of grain rotation. The CRSS ratio between non-basal <a> slip 

and basal slip is further estimated from Schmid factor (SF) analysis. 

 

A binary Mg-5wt%Y alloy was produced by casting. The billets were solution treated 

at 540°C for 24 h, extruded at 500°C (extrusion ratio = 18:1), and finally annealed at 

530°C for 25 min. The average grain size in the final state was approximately 100µm. 

Tensile specimens with the gauge dimension of 4mm×1mm×1mm (L×W×T) were 

fabricated from the extruded rod, with the tensile axis being parallel to the extrusion 

direction (ED). The in situ 3DXRD experiment was performed at the P07 beamline of 

PETRA III at the Deutsches Elektronen-Synchrotron (DESY) facility. Figure 1 shows 

a schematic of the experimental setup. A monochromatic X-ray beam (width = 1.5mm, 

height = 100µm) with an energy of 45 keV was used to illuminate the specimen. To 

employ the 3DXRD technique, at each load step the specimen was rotated from -70.5° 

to +70.5° around the loading axis (Z) together with the pin-load tensile frame. At 

every 1° rotation interval, a diffraction pattern was collected using an X-ray VHR 
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camera (Photonic Science Ltd.). The X-ray camera has an array of 4008×2672 pixels 

with an effective pixel size of 30µm×30µm. The sample-to-camera distance was 

approximately 211mm. The specimen was deformed by tension up to 3.3% 

engineering strain with a total of 24 load steps and then deformed to its failure with 6 

additional load steps (strain to failure ~15%). The stress-strain curve is shown in 

Figure 1. At each of the first 24 load steps, 3DXRD measurement was performed in 

two sequential layers along the specimen gauge. A digital image correlation (DIC) 

camera was used to ensure that approximately the same position on the gauge was 

measured through all load steps. Due to the increased smearing of the diffraction 

peaks, grain indexing from the 3DXRD data became more difficult after 2.0% of 

strain. Nevertheless, analysis of the deformation behavior up to 2.0% of strain already 

brings insights for the high ductility of this alloy. For comparison, similarly extruded 

pure Mg typically has a strain to failure of less than 5% under tension along ED. 

 

Diffraction patterns collected at each load step were used to index grains in the 

illuminated volume using the FABLE software [23, 24]. Overall, three analysis 

programs  PeakSearch, Transformation, GrainSpotter  were used sequentially. 

These programs identify peaks above a certain intensity threshold, assign to each a 

reciprocal lattice vector, and index grains based on these reciprocal lattice vectors, 

respectively. An independent Matlab code [18] was additionally used to obtain the 

center of mass (COM) position on the X-Y plane (2 unknowns) and elastic strain 

tensor (6 unknowns) of each indexed grain using the position of all its diffraction 

peaks through least squares fitting. Due to the relatively small area of the X-ray 

camera used for this experiment, the number of identified diffraction peaks per grain 

was ~35, which is lower than that in similar 3DXRD experiments (e.g. 70-80 



 

5 
 

diffraction peaks per grain in [20]). This introduced a relatively large fitting error for 

COM position and elastic strain tensor. The average error bar for COM position (∆X, 

∆Y) is 60 µm, which is still smaller than the average grain size of 100 µm. The fitting 

errors for elastic strain components are more severe: ∆eXX = 3.3×10-3, ∆eYY = 1.9×10-3, 

∆eZZ = 1.3 ×10-3, making it difficult to obtain a reliable grain-averaged stress tensor. 

On the other hand, the grain orientation determined by FABLE is more accurate, as 

there are only 3 unknowns (instead of 8) that need to be fitted using the same number 

of peaks. The average mean internal angle (meanIA) of each indexed grain is ~0.6°. 

By tracking the orientation evolution for selected grains during loading, we can 

identify the active slip mode in each of them. 

 

Approximately 180 grains were indexed among the two layers (~90 grains in each 

layer). Figure 2 shows the {0001} pole figures and the COM maps of all indexed 

grains in the two layers at zero strain. The specimen shows a typical extrusion texture, 

where the <0001> axis of most grains are perpendicular to the extrusion direction (Z). 

The COMs of all indexed grains are within a 1200µm×1200µm square area, which is 

consistent with the 1mm×1mm cross-section area of the specimen. Nine grains that 

were tracked in most subsequent load steps were analyzed in detail for the slip activity 

in each of them.  

 

To identify the activated slip system in a grain, we analyze how the grain orientation 

rotated during deformation. The difference in grain orientation between the initial 

state and each subsequent load step is defined as the disorientation value at that load 

step. The angular difference of the <0001> direction between the initial state and each 

subsequent load step is defined as the c-axis misalignment at that load step. 
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Mathematically, the c-axis misalignment of a grain should be always lower or equal to 

its disorientation at any step. Disorientation and c-axis misalignment evolution with 

the macroscopic engineering strain (ε) in Grains 1, 2 and 5 are shown in Figure 3 (a-c) 

up to 1.9% strain. A hexagonal prism illustrates the crystal orientation of each grain 

when viewing along the Z direction.  

 

For Grain 1, its c-axis misalignment was always very close to the disorientation, 

increasing from 0 (at ε=0) to ~1.7° (at ε=1.9%). This indicates that the orientation 

rotation of Grain 1 was achieved by tilting its c-axis without rotation around the c-axis. 

Crystal orientation of Grain 1 at the load step when plastic deformation just started 

(ε=0.16%) and the last load step when it can still be identified (ε=1.9%) were 

compared. The orientation difference and the rotation axis between these two 

orientation values are calculated and shown in Table 1. The rotation axis is close to 

the [0, 1, 0] direction, which can result from either basal slip ]1102[0001
_

）（  or 

pyramidal II <c+a> slip ]3112)[1122(
___

. From Schmid factor analysis (Table 1), the 

basal slip system (SF=0.394) is more likely the activated slip system than the <c+a> 

slip (SF=0.099). Grains 6 and 7 show a similar way of rotation as Grain 1. From 

Schmid factor analysis, they were also most likely deformed by basal slip.  

 

For Grain 2, its c-axis misalignment closely followed the disorientation up to ε=0.1%. 

Further strain, however, separated the two values: the c-axis misalignment stayed 

around 0.1°, while the disorientation increases rapidly and eventually to ~0.6° at 

ε=1.4%. This indicates that the orientation rotation of Grain 2 was achieved by 

rotation around its c-axis. Such a behavior can only result from prismatic slip 
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>< 1021}0110{
__

. From Schmid factor analysis (Table 1), the activated slip system in 

Grain 2 is most likely ]0211)[0011(
__

. Grain 3 shows similar prismatic slip activity.  

 

For Grain 5, after the plastic deformation started, both its disorientation and c-axis 

misalignment increased, but the disorientation increased at a faster pace than the 

c-axis misalignment. Neither basal slip nor prismatic slip can account for this type of 

orientation rotation. It is found that the rotation axis of Grain 5 during plastic 

deformation was around  the direction of [0.02, -0.42, -0.91]. Activation of 

pyramidal <a> slip ]0112[1110
___

）（  would theoretically cause a grain to rotate around 

an axis of [0, -0.47, -0.88]. The observed rotation axis in Grain 5 being very close to 

that theoretical value indicates that pyramidal <a> slip with SF=0.499 was the 

dominant slip mode in Grain 5. Grains 4, 8, and 9 show similar way of crystal rotation. 

For Grains 8 and 9, the pyramidal <a> slip that can be responsible for the rotation axis 

also has a high Schmid factor (highest among all six pyramidal <a> slip systems). For 

Grain 4, however, that pyramidal <a> slip has a low Schmid factor of 0.116. That slip 

system could still be activated by local stress concentration. Another possibility is that 

the crystal rotation in Grain 4 was achieved by concurrent activation of basal slip 

]0112[1110
___

）（  (SF=0.195) and prismatic slip ]0121)[0101(
__

 (SF=0.429).  

 

To further verify the non-basal slip activity in this Mg-5wt%Y alloy, a separate 

specimen of this material was ground and polished, and then deformed up to 4.5% 

tensile strain. EBSD-based slip trace analysis (e.g. [25]) was performed on the 

deformed sample by a FEI NOVA NanoSEM 230 scanning electron microscope 
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(SEM). The identified slip systems in a few grains are shown in Figure 3(d-g). Slip 

lines in Grains G2, G3, and G8 correspond to the slip trace of basal slip. Slip lines in 

Grain G1 (Euler angles = (266º, 133º, 68º)) correspond to the slip traces of prismatic 

slip ]0211)[0011(
__

 (SF=0.49) and pyramidal <a> slip ]0211)[1011(
__

 (SF=0.45). The 

wavy slip lines indicate the occurrence of cross slip between these two slip systems 

with the same Burgers vector. Slip lines in Grain G7 (Euler angles = (220º, 153º, 50º)) 

correspond to the slip traces of pyramidal <a> slip ]0211)[1011(
__

 (SF=0.42) and 

basal slip ]0211)[0001(
_

 (SF=0.30). EBSD-based slip trace analysis confirms that 

basal, prismatic and pyramidal <a> slip can all be activated in this Mg-5wt%Y alloy, 

which is consistent with the in situ 3DXRD experiment. 

 

In order to estimate the CRSS ratio between non-basal slip modes and the basal slip 

mode, SF of basal, prismatic, and pyramidal <a> slip in Grains 1, 6, 7, 2, 3, 5, 8, and 

9from the 3DXRD measurements were compared in Figure 4(a). From the above 

analysis, Grains 1, 6, and 7 were dominated by basal slip. In these three grains, SFs 

for basal slipare generally higher than the other grains in which prismatic slip or 

pyramidal <a> slip was activated. The comparison indicates that the slip activity in a 

grain strongly depends on the Schmid factor ratio between non-basal slip and basal 

slip. The ratios of SFpyramidal <a> /SFbasal and SFprism /SFbasal were further calculated for 

these grains and shown in Figure 4(b). According to crystal plasticity theory, a slip 

system will be activated when the resolved shear stress (RSS) exceeds its CRSS value. 

Assuming the local stress in each grain is similar as the global tension stress on the 

specimen, the RSS on a slip system would be proportional to the SF. In that case, the 

ratio of CRSSprism /CRSSbasal in the examined Mg-5wt%Y alloy is estimated between 
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1.8 and 2.7  had the ratio been less than 1.6, prismatic slip instead of basal slip 

would have been activated in Grain 6 whose SFprism /SFbasal is approximately 1.8; had 

the ratio been greater than 2.7, basal slip rather than prismatic slip would have been 

developed in Grain 2 whose SFprism /SFbasal is approximately 2.7. In a similar way, the 

ratio of CRSSpyramidal <a> /CRSSbasal is estimated between 1.6 and 1.8. The estimated 

ratios of CRSSprism /CRSSbasal and CRSSpyramidal <a> /CRSSbasal in this Mg-5wt%Y alloy 

are significantly lower than that in most Mg alloys (>10) [6, 26]. The reduced CRSS 

ratio between non-basal slip and basal slip can explain the excellent ductility of this 

alloy. Wavy slip lines are frequently observed in the deformed microstructure (e.g. 

Grain G1 and Grain G7 in Figure 3(d, f)), suggesting that cross-slip is relatively easy 

in this material. According to a recent study using density function theory (DFT) [14], 

Y is able to dramatically reduce the energy barrier for <a> dislocations to cross slip 

from the basal plane to non-basal planes. Detailed calculation in [14] estimated the 

ratio of CRSSprism /CRSSbasal to be ~1.5 in Mg-1.0at%Y (equivalent to Mg-3.6wt%Y). 

Our 3DXRD experiment result supports that prediction.  

 

Activity of <c+a> dislocations has received much attention in many studies of the 

deformation of Y-containing Mg alloys [9, 10, 12, 13, 26, 27]. Due to the high CRSS 

of pyramidal <c+a> slip, it is usually activated in late deformation when <a> slip 

modes are strongly hardened and unable to accommodate local strain. In the present 

experiment, we mostly focus on the early deformation regime (strain<2%). The 

relatively weak texture of this Mg-5wt%Y alloy and the easiness for the cross-slip of 

<a> dislocations also mean that basal and non-basal <a> slip can probably 

accommodate plastic strain very well, which further reduces the necessity for <c+a> 
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slip to be activated. Nevertheless, we shall not exclude the possibility that <c+a> slip 

might have been activated in some grains with strong stress concentration. Those 

grains are unlikely though to develop continuous orientation rotation around a single 

axis, as the mobility of <c+a> dislocations are low and they often undergo non-planar 

dissociation [12, 29, 30] during their glide. TEM that can resolve dislocations in 

single grains would be a better technique to characterize <c+a> slip than the present 

3DXRD technique.  

 

To conclude, in an extruded Mg-5wt%Y alloy, we identified the activity of basal, 

prismatic and pyramidal <a> slip in different grains using in situ 3DXRD. The result 

was verified by ex situ EBSD-based slip trace analysis. The estimated ratio of 

CRSSprism /CRSSbasal is 1.8−2.7; the estimated ratio of CRSSpyramidal <a> /CRSSbasal is 

1.6−1.8. Enhanced non-basal <a> slip can account for the high tensile ductility of the 

Mg-Y alloy. 
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Figure 1. Schematic of 3DXRD experimental setup and the sample coordinate system 

for the data analysis. The tensile stress-strain curve of the specimen is also shown.  
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Figure 2. The {0001} pole figures and COM maps of the indexed grains in layer 1 (a, 

c) and layer 2 (b, d) at zero strain. The identified active slip modes in Grains 1−9 are 

marked. 
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Figure 3. (a-c) Disorientation and c-axis misalignment evolution in Grains 1, 2 and 5 

during deformation. A hexagonal prism at the top left of each figure represents the 

grain orientation. (d-g) EBSD based slip trace analysis of a separately deformed 

specimen shows slip lines from basal, prismatic and pyramidal <a> slip in different 

grains. 

 

 



 

17 
 

 

Figure 4. (a) SFs of basal, prismatic, and pyramidal <a> slip in Grains 1, 6, 7, 2, 3, 5, 

8, and 9. For each grain, the actually activated slip mode is colored in black. (b) 

Ratios of SFpyramidal <a> / SFbasal and SFprism / SFbasal in these grains.  
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