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Abstract 

Mg-Y cast alloy shows excellent ductility (elongation to failure > 15%) compared with pure Mg and commercial Mg cast alloys. By 
monitoring the microstructure evolution during an in situ tensile test of a Mg-2.5 wt%Y alloy, we identify the activation of prismatic < c > 

slip, which is rare in Mg. Synchrotron X-ray micro-beam Laue diffraction ( μ-Laue) and transmission electron microscopy revealed the 
morphology of prismatic < c > slip bands and individual < c > dislocations. Density functional theory and molecular dynamics calculations 
indicate that solute Y can significantly reduce the stacking fault energy (SFE) along < c > direction on prismatic plane in Mg lattice and 
thus facilitate the nucleation of < c > dislocations during deformation. The presence of free < c > dislocations in the Mg lattice can also lead 
to nucleation of {10–12} twins even under unfavorable geometric conditions. 
© 2021 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 

Magnesium is the lightest structural material with very 

igh specific strength ( i.e. strength-to-weight ratio), making 

t attractive for automobile and aerospace applications. Cur- 
ently, the usage of Mg is largely limited by its ductility and 

ormability at room temperature. As a hexagonal metal, defor- 
ation of Mg is predominantly accommodated by basal slip 

 0001 }〈 1 ̄2 10 〉 and tensile twinning { 10 ̄1 2} < 1̄ 011 > [ 1 , 2 ],
hile non-basal slip such as prismatic slip { 10 ̄1 0 }〈 1 ̄2 10 〉 and 

yramidal II < c + a > slip { 11 ̄2 2 }〈 ̄1 ̄1 23 〉 are much more dif-
cult to be activated unless under extremely favorable geo- 
etric conditions, for instance under uniaxial tension parallel 
ith the {0001} plane or under uniaxial compression along 

he < 0001 > direction ( i.e. c-axis) of single grains [ 3 , 4 , 5 , 6 ].
∗ Corresponding author. 
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or pure Mg, it is estimated that the critical resolved shear 
tress (CRSS) of basal slip is one or two orders of magni- 
ude lower than that of non-basal slip [7] . The general lack 

f ways to accommodate plastic deformation along the < c > 

irection limits Mg’s ductility [8] . 
In the past decade, it has been found that selective rare 

arth alloying elements can significantly improve Mg’s me- 
hanical properties, especially its ductility [ 9 , 10 , 11,12 , 13 , 14 ].
icroscopically, those rare earth elements have two major ef- 

ects: (1) weakening the wrought texture of Mg, and (2) low- 
ring the energy barrier for non-basal slip to be activated in 

g lattice. The latter is an intrinsic effect that will improve 
he ductility of both wrought and cast alloys. Influence of 
are earth solutes on < c + a > slip and non-basal < a > slip
as been extensively studied in recent years. It has been ex- 
erimentally found that Y can enhance the activity of < c + a > 

islocations in Mg [9] . Whether this is owing to solute atoms 
ltering the I 1 stacking fault energy (SFE) on the basal plane, 
r their directly reducing the Peierls stress of < c + a > dislo-
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 
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Fig. 1. Geometry of μ-Laue line scans. The specimen was 45 ° from the incident X-ray beam. Laue diffraction patterns were recorded on a CCD camera 
above the specimen. “X” and “H” directions describe the direction of motion of the specimen with respect to the stationary beam. The “H” direction is parallel 
to the tensile axis of the specimen. 
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ations on the pyramidal plane is still under debate according 

o different computational studies [ 15 , 16,17 , 18 ]. By simulat- 
ng the interaction of Y atoms with < a > dislocation cores, 
ome authors suggested that Y can lower the energy barrier 
or < a > dislocation to cross slip from {0001} basal plane 
o { 10 ̄1 0 } prismatic planes, thus promoting prismatic < a > 

lip [ 19 , 20 ]. Recent experimental studies of the deformation 

f Mg-Y using in situ three dimensional X-ray diffraction 

3DXRD) and transmission electron microscopy indicated that 
he ratio of CRSS prism 

/CRSS basal can be as low as 1.4 ∼2.7 

 21 , 22 ], which further support the above theoretical predic- 
ions. In addition to enhancing non-basal dislocation activi- 
ies, Y is known to suppress the nucleation of { 10 ̄1 2 } twins 
n Mg [ 12 , 22 ]. In a Mg-10 wt.%Y alloy, activation of the un-
ommon { 11 ̄2 1 }〈 ̄1 ̄1 26 〉 twin mode was identified [23] . This 
nding was attributed to Y obstructing the atomic shuffling 

rocess that is necessary for { 10 ̄1 2 } twinning, while it has 
ess impact on { 11 ̄2 1 } twinning that does not require atomic 
huffling. 

Compared with < a > and < c + a > dislocations, < c > dis-
ocation with a [0001] Burgers vector has been long regarded 

s too energetically unstable to self-nucleate in Mg lattice 
uring deformation. Fan et al. [24] computed the core struc- 
ure of edge < c > dislocations in Mg using density function 

heory (DFT). The unstable stacking fault energy (USFE) as- 
ociated with < c > slip was found to be ∼0.8 J/mm 

2 , which
s significantly higher than that for pyramidal < c + a > slip 

 ∼0.5 J/mm 

2 ) [25] . The only occasions for < c > dislocations
o form are either through local decomposition of < c + a > 

islocations into < c > and < a > components [ 26 , 27 , 28 , 29 ],
r through irradiation that creates many point defects in the 
g lattice [30] . In all those cases, < c > dislocations were 

ssumed to form locally and be immobile. In the present pa- 
er, we report a long-range activity of < c > dislocations in a 
2 
g-2.5 wt%Y cast alloy. The material shows an elongation to 

ailure of more than 15%. Formation of prismatic slip bands 
ere observed in a specimen during an in situ tensile ex- 
eriment using electron backscatter diffraction (EBSD) based 

lip trace analysis [31] .Synchrotron X-ray micro-beam Laue 
iffraction ( μ-Laue) [ 32 , 33 ] and transmission electron mi- 
roscopy (TEM) with focused ion beam (FIB) sample prepa- 
ation further confirmed that those slip bands originated from 

 c > dislocations gliding on the { 10 ̄1 0 } prismatic plane. DFT 

nd molecular dynamics (MD) calculations were performed 

o elucidate the effect of Y solutes on the activity of < c > 

islocations in Mg lattice. 

. Material and methods 

.1. Specimen preparation and in situ tensile test. 

A binary Mg-2.5 wt.%Y alloy was prepared by casting. 
o achieve a homogeneous composition distribution, the melt 
as taken to 700 °C for 10 min before casting. Flat dog- 
one tensile specimens with a gauge dimension of 18 mm 

L) × 3.4 mm (W) × 1.4 mm (T) were prepared by elec- 
rical discharge machining (EDM). For the in situ tensile 
est, additional specimens with a gauge dimension of 5 mm 

L) × 2 mm (W) × 1 mm (T) were extracted. They were 
rinded to a thickness of ∼0.7 mm and polished for EBSD 

easurements using a FEI Nanolab 200 scanning electron 

icroscope (SEM). The EBSD data was analyzed using 

SL/EDAX OIM 

TM Analysis Software. During the in situ 

ensile test, the specimen was deformed by a MICROTEST 

00 N (Deben, UK Limited) module with a nominal strain 

ate of 6.67 × 10 

−4 s −1 . The microstructure evolution close 
o the gauge center was monitored using an Olympus SZX10 

ptical microscope connected with a video recording system. 
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Fig. 2. Microstructure evolution during the in situ tensile test. ( a, b ) EBSD and optical micrograph of the same region at the gauge center of the specimen 
before deformation. ( c ) Optical micrograph taken at ε= 1.4%. Slip bands parallel to the ( ̄1 100 ) prismatic plane were observed in Grain 1. ( d ) Optical micrograph 
taken at ε= 6.4%. More slip activities developed in Grain 1. ( e ) Engineering stress-strain curve of the specimen. 
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.2. Synchrotron X-ray micro-beam Laue diffraction 

 μ-Laue) 

The μ-Laue experiment was performed at Beamline 34-ID- 
 at the Advanced Photon Source (APS) in Argonne National 
aboratory in USA. A polychromatic micro-beam with the en- 
rgy range of 8 − 25 keV and beam size of 0.5 μm × 0.5 μm
as used to probe the specimen mounted at a 45 ° angle from 

he beam direction. Laue diffraction from all volumes along 

he beam path was recorded on a two-dimensional CCD cam- 
ra above the specimen. A moving Pt edge served as the 
differential aperture” to deconvolute Laue diffraction pat- 
erns of individual volume elements ( i.e. voxels). By indexing 
3 
ach deconvoluted Laue pattern using the “LaueGo” program 

vailable at the beamline, crystallographic orientation of each 

oxel can be determined. When the beam scanned across the 
pecimen surface along either the “H” direction ( i.e. H scan) 
r the “X” direction ( i.e. X scan), a subsurface orientation 

ap can be generated, as depicted in Fig. 1 . 

.3. TEM sample preparation and dislocation analysis 

A thin lamella sample taken from one of the prismatic slip 

ands in Grain 1 (the grain is shown in Fig. 2 ) was prepared 

y FIB-milling and subsequent lift-out using a micromanip- 
lator inside a FEI NanoLab DualBeam system. The lamella 
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Fig. 3. Further characterization of the post-deformation microstructure in Grain 1. ( a ) Optical micrograph showing the upper part of Grain 1, where 
many ( ̄1 100 ) prismatic slip bands are present. The trace of the ( ̄1 100 ) prismatic plane is marked by a black dashed line. ( b ) Higher magnification image and 
associated EBSD orientation map showing small-sized twins of the { 10 ̄1 2 } type. ( c ) Results of three μ-Laue line scans. The subsurface orientation maps are 
colored based on the orientation deviation of individual voxels from the average orientation. Straight slip bands extended underneath the surface. From plane 
trace analysis, they are parallel to the ( ̄1 100 ) prismatic plane. 

Table 1 
Average tensile properties of the Mg-2.5 wt.%Y alloy. YS: yield strength; 
UTS: ultimate tensile strength; εf : elongation to failure. 

YS (MPa) UTS (MPa) εf 

Mg-2.5wt%Y 27 85 15.5% 
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as then transferred to small mesh grids and analyzed using a 
EOL 2100F TEM. The lamella was tilted to the [ ̄1 100 ] zone 
xis. Dark field (DF) images were taken at different diffrac- 
ion vectors ( g ) under the two-beam condition. g �b analyses 
 b is the Burgers vector) were performed to determine the 
urgers vector of dislocations [ 29 , 34 ]. 

. Results 

.1. Tensile properties and in situ tensile test 

Table 1 shows the average tensile properties of the Mg- 
.5 wt.%Y cast alloy. Compared to pure Mg, this Mg- 
.5 wt%Y alloy shows a significantly higher εf of 15.5%. 
4 
o understand the underlying reason, we further investigated 

ts deformation mechanisms through in situ characterization. 
An in situ tensile specimen of the Mg-2.5 wt%Y cast al- 

oy was loaded using a MICROTEST 200 N (Deben, UK) 
odule under the optical microscope to record the microstruc- 

ure evolution on the surface. Fig. 2 shows the initial grain 

eometry of the investigated area, development of slip bands 
uring deformation, and the engineering stress-strain curve 
f this specimen. The material shows a large grain size with 

andom grain orientation ( Fig. 2 a and b), a typical feature of 
g cast alloys. After a tensile strain of ∼1.4%, slip bands 

eveloped in different grains. In particular, long slip bands 
hat are about 70 ° away from the tensile axis appeared in 

rain 1 ( Fig. 2 c). From EBSD-based slip trace analysis, those 
lip bands are parallel to the ( ̄1 100 ) prismatic plane of Grain 

 (Euler angles = (126 °, 23 °, 10 °)). When the tensile strain
eached 6.4%, more slip bands of this type developed in Grain 

 ( Fig. 2 d). In addition, slip bands parallel to the basal plane 
nd slip bands parallel to another prismatic plane ( 10 ̄1 0 ) also 

eveloped in the same grain. The specimen was unloaded 

fter 12.5% strain without any sign of failure. From the 
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Fig. 4. Diffraction peak streak analysis for identifying local GNDs. ( a ) Deconvoluted Laue diffraction pattern for a voxel in line scan 2 marked in 
Fig. 3 (c). The blue box region contains most of the visible peaks, so it is magnified and shown in ( b ) with indexed diffraction peaks. ( c ) Calculated streak 
direction for four peaks, assuming edge type GNDs from 15 individual slip systems. Slip system ( ̄1 100 )[ 0001 ] (#15) provides the best match between the 
calculated and observed peak streak direction (see blue arrows in ( b) ). 
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tress-strain curve in Fig. 2 e, this specimen showed steady 

train hardening in the plastic stage. 
Fig. 3 a shows a post-deformation optical micrograph of 

he upper part of Grain 1 with many ( ̄1 100 ) prismatic slip 

ands. Small-sized { 10 ̄1 2 } twins were observed in the vicin- 
ty of some slip bands, for example in the white box region 

hich is magnified in Fig. 3 b. Notably, the c-axis of Grain 

 was far away from the tensile direction, making it unfavor- 
ble for { 10 ̄1 2 } twin nucleation. The Schmid factor (based on 

 global tensile stress) for the activated twin system is a neg- 
tive value of −0.43. Thus, nucleation of these twins cannot 
e interpreted using the classic theory of twinning disloca- 
ions. Their formation was related to the < c > dislocations, 

s will be discussed later. e

5 
.2. μ-Laue characterization of the prismatic slip bands 

In order to further understand the prismatic slip bands 
n Grain 1, the specimen was taken to the Advanced Pho- 
on Source for μ-Laue characterization. Line scans were per- 
ormed in three locations of Grain 1, as indicated in Fig. 3 a. 
he step of each line scan was set to be 2 μm. The three line
cans were all H scans, so the resultant orientation maps are 
f parallelogram shapes. Fig. 3 c shows subsurface orientation 

aps from these line scans, all of which were solely inside 
rain 1. Local orientation deviation up to 2 ° developed as a 

esult of plastic deformation. Voxels in the orientation maps 
re colored based on the orientation deviation from the av- 
rage value, as shown in the {0001} pole figures below. All 
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Fig. 5. TEM dark field images of the lamella prepared by FIB-milling and lift-out. ( a ) DF images of one region taken at g =( 11 ̄2 0 ) and g = (0002), 
respectively. Based on the visibility criteria, almost all dislocations are < c > dislocations (marked by yellow arrows). ( b ) < c > dislocations are observed in 
another area of this lamellae. 
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ine scans contain straight, near vertical bands with distinct 
olors. They are identified as the subsurface morphology of 
hose prismatic slip bands observed on the surface. Based on 

he plane trace analysis both on the surface and on the view- 
ng plane of Fig. 3 c, the slip bands are exactly parallel to the
 ̄1 100 ) prismatic plane of Grain 1 in the 3D space. 

In deformed materials, Laue diffraction peaks are often 

treaked due to the presence of geometrically necessary dis- 
ocations (GNDs) locally. Peak streak direction is dependent 
n the GND content. In particular, a set of edge GNDs hav- 
ng Burgers vector b and slip plane normal n would cause a 
iffraction peak (hkl) to be streaked in the reciprocal space 
long the direction of ξ = 

τ×g hkl 

| τ×g hkl | [35] . Here, g hkl is the 
6 
eciprocal lattice vector of peak (hkl) and τ is the disloca- 
ion line direction ( τ= b ×n ). 

Using this theory, Laue diffraction patterns of individual 
oxels were examined to infer local dislocation activities. Ac- 
ording to the beam size and our scan strategy, each voxel 
orresponds to a material volume of 0.5 μm × 2 μm × 2 μm. 
n some voxels, diffraction peaks are sharp spots, suggesting 

he absence of GNDs. In other voxels particularly near the 
rismatic slip bands, peak streaking is observed, suggesting 

he presence of GNDs locally. Fig. 4 a shows the Laue diffrac- 
ion pattern of a voxel in line scan 2, marked by a small 
quare in Fig. 3 c. Using peak streak analysis [ 36 , 37 ], the slip
ystem of those GNDs can be inferred. Fig. 4 b shows the 
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Fig. 6. Computational study of the effect of Y solute atoms on prismatic 
< c > slip in Mg. ( a ) GSFE curves along < c > direction on prismatic plane 
in Mg 256 and Mg 255 Y 1 according to DFT and MEAM calculations. ( b –d ) 
Atomic displacement and shuffle associated with a < c > dislocation in pure 
Mg. ( e –g ) Atomic displacement and shuffle associated with a < c > disloca- 
tion in Mg 255 Y 1 . 
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alculated peak streak direction assuming edge dislocations 
n fifteen different slip systems: basal < a > slip (#1 −3), pris- 
atic < a > slip (#4 −6), pyramidal II < c + a > slip (#7 −12),

nd prismatic < c > slip (#13 −15). While none of the twelve 
egular slip systems (#1 −12) can provide a good match 

etween the calculated and the actual peak streak directions, 
7 
 less common slip system ( ̄1 100 )[ 0001 ] (#15) gives a very 

lose match. Note its slip plane ( ̄1 100 ) is same as that identi- 
ed for the slip bands. The μ-Laue experiment thus suggests 

hat near the prismatic slip bands of Grain 1, there are pure 
 c > dislocations. 

.3. TEM characterization of < c > dislocations 

To further verify that the dislocations associated with the 
rismatic slip bands in Grain 1 are of < c > type, we per-
ormed TEM characterizations. A thin foil crossing one of 
he prismatic slip bands was extracted by FIB-milling and 

ift-out. Its location is indicated by the blue arrow in Fig. 3 a. 
he dimension of the foil is 15 μm (surface length) × 10 μm 

depth beneath the surface). The sample was then sent to TEM 

or double tilt characterizations. The zone axis is [ ̄1 100 ] . The 
0001) basal plane is edge-on under such observing direction. 
EM dark field images were taken under two-beam condition 

sing g vectors of (0002) or ( 11 ̄2 0 ) . As shown in Fig. 5 , the
islocations are visible when g = (0002) but almost invisible 
hen g =( 11 ̄2 0 ) . Based on the invisibility criteria for disloca- 

ions ( i.e. g �b = 0 ), almost all dislocations in the view are of
he < c > type. Many segments of the dislocations are nearly 

erpendicular to the [0002] direction, suggesting they are of 
dge type, while other segments are of screw or mixed type. 
he TEM result and the μ-Laue result together indicate that 

he slip bands in Grain 1 were caused by < c > dislocations 
n prismatic plane ( ̄1 100 ) . 

. Discussion 

To the authors’ knowledge, it is the first time that long- 
ange prismatic < c > slip has been reported in a Mg alloy. 
he conventional wisdom is that the energy associated with 

 c > slip is so high that it is prohibited to independently nu- 
leate from the matrix. Assuming that the stress state in Grain 

 was similar to the uniaxial tension applied on the specimen, 
he Schmid factor for ( ̄1 100 )[ 0001 ] slip ( = 0.22) was close to
he Schmid factor for basal slip ( = 0.21), which suggests that 
he prismatic < c > slip is relatively easy to be activated in 

his material. Apparently, solute Y plays an important role 
or its activation. 

A few computation studies have found that solute Y can 

ritically reduce the CRSS ratio between non-basal slip and 

asal slip in Mg. By simulating the interaction between solute 
 with dislocation cores, Kim et al. [17] estimated the ratio 

f CRSS pyramidal < c + a > 

/CRSS basal to be reduced from a value 
reater than 100 in pure Mg to around 1.8 in Mg-1.0at%Y 

equivalent to Mg-3.6 wt%Y). Another study by Tsuru and 

hrzan [20] using DFT estimated the ratio of CRSS prism < a > 

CRSS basal to be reduced from a value greater than 20 in pure 
g to around 1.5 in Mg-1.0at%Y. 
So far, the influence of Y solute on < c > slip has 

ot been computationally studied, mostly because < c > slip 

as rarely been observed in Mg or any other hexagonal 
etals. To understand this issue, we calculated the general- 

zed stacking fault energy (GSFE) curve along < c > direction 
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[

[

n prismatic plane using a supercell of 256 Mg atoms (Mg 256 ) 
nd re-calculated it by replacing one Mg atom with one Y 

tom (Mg 255 Y 1 ). The supercell was adopted to produce a c- 
ault over a faulting area 2a ×2c, where a = 3.20 Å, c = 5.19 Å
 c/a ratio ∼1.622), with 64 atomic layers in the perpendic- 
lar direction and a pair of free surfaces. The calculation 

as performed using both DFT and MD with modified em- 
edded atom methods (MEAM) potential developed by Kim 

t al. [38] . The DFT calculation was performed with Vienna 
b initio Simulation Package (VASP) [39] , using a plane- 
ave basis with the projector-augmented wave (PAW) method 

40] and potentials generated by Kresse and Joubert [41] . The 
lectronic exchange and correlation effects are described by 

 generalized gradient approximation [42] , and a plane-wave 
nergy cutoff of 385 eV. The GSFE curves were obtained with 

udged elastic band (NEB) techniques [43] , following a simi- 
ar calculation procedure described in an earlier study of basal 
SFEs in Mg [44] . In terms of planar stacking fault energy, 

he two sets of NEB calculations yield similar values for Mg, 
.e. , 0.834 J/m 

2 (DFT) and 0.927 J/m 

2 (MEAM), as shown in 

ig. 6 a. These values are consistent with the similar calcula- 
ion results in [24] , and they are much higher than that of a
lanar < a > fault on the basal plane (0.09–0.13 J/m 

2 ) [ 38 , 44 ].
hen a < c > dislocation is generated on the prismatic plane 

 Fig. 6 b −d), atomic shuffle along the prismatic plane normal 
irection (prismatic shuffle, �S3 ) is necessary. If one Mg atom 

ight below the prismatic fault plane is replaced by a solute 
tom Y ( Fig. 6 e and f), the magnitude of prismatic shuffle is
ncreased such that atomic relaxations extend strongly over a 
istance of about 10 Å ( �S3 ∼ 2 

√ 

3 a) above the fault plane 
 Fig. 6 g). The consequence is so significant that the energy 

arriers for the < c > fault can be reduced by almost 40% 

ccording to both DFT and MEAM calculations ( Fig. 6 a). 
his calculation indicates that solute Y can lower the energy 

arrier for < c > dislocation to nucleate in Mg lattice. 
Activation of < c > slip increases the number of indepen- 

ent slip systems that can accommodate the external strain. 
his can explain the enhanced ductility of Mg-Y compared 

ith pure Mg. When free < c > dislocations encountered < a > 

islocations in the same grain, they might jointly form { 10 ̄1 2 } 
win embryos through the classic “pole mechanism” [45] that 
oes not require twinning dislocations on the { 10 ̄1 2 } plane. 
hazisaeidi and Curtin suggested that a < c > dislocation in 

g can dissociate and assist the formation of a 6-layer-thick 

 10 ̄1 2 } twin embryo [46] . Under the above mechanisms, twin 

ucleation does not necessarily abide by the Schmid law. 
he presence of < c > dislocations can potentially explain the 

win nucleation in Grain 1 even when the Schmid factor for 
winning was negative ( Fig. 3 b). Nevertheless, those twins 
acked the driving force for their further growth due to the 
egative shear stress. 

. Conclusions 

In summary, the Mg-2.5wt%Y cast alloy shows excellent 
ensile ductility. From an in situ tensile test, long-range pris- 
atic slip bands developed during deformation. μ-Laue and 
8 
EM characterization revealed that these slip bands were as- 
ociated with the unusual < c > dislocations. Nucleation of 
 c > dislocations is attributed to Y solute atoms reducing 

he stacking fault energy along < c > direction on prismatic 
lanes. Activity of < c > dislocations likely contributes to the 
igh ductility of this Mg-2.5wt%Y alloy. < c > dislocations 
n the Mg lattice could assist the nucleation of { 10 ̄1 2 } twin 

mbryos, even if the Schmid factor for twinning was negative. 
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