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The activation of non-basal slip systems is of high importance for the ductility in hcp Mg and its alloys.
In particular, for Mg–Y alloys where a higher activation of pyramidal dislocation slip causes an increased
ductility detailed characterization of the activated slip systems is essential to understand and describe
plasticity in these alloys.

In this study a detailed analysis of the activated dislocations and slip systems via post-mortem TEM
and SEM-EBSD based slip band analysis in 3% deformed Mg–3 wt% Y is presented. The analysis reveals a
substantial activity of pyramidal ocþa4 dislocations with different Burgers vectors. The obtained
dislocation densities and active slip systems are discussed with respect to atomistic simulations of non-
basal dislocations in hcp Mg.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction and motivation

Poor room temperature formability of wrought Mg alloys limits
its application in many fields. The combination of strong basal-
type texturing and a limited number of available deformation
mechanisms is the main reason for the poor room temperature
ductility [1].

Y containing Mg alloys exhibit a significantly improved room
temperature ductility [2–4] via texture weakening and enhanced
activity of non-basal dislocation slip [5]. While in a previous study
[6] we analyzed the influence of the alloy-dependent stacking
fault energies on the active glide systems in terms of basal and
non-basal slip contributions, in the present study we conduct
a detailed Burgers vector analysis for a Mg–3 wt% Y model alloy.
This analysis is of importance for a fundamental understanding of
plasticity in Mg–Y alloys.

The main deformation mechanisms in hexagonal Mg are
deformation twinning [e.g. 7–11] and dislocation slip. Besides
the primary basal oa4 slip, additional non-basal dislocation slip
is of high importance to fulfill the Taylor criterion for compatible
polycrystalline deformation [12]. Despite the high importance for
deformation only little is known about the activity and mutual
interactions of basal and non-basal dislocations in Mg and Mg
alloys. In particular for Mg–Y alloys where a higher activity of
pyramidal dislocations is causing up a 5-times higher ductility at
room temperature [2–5] validation of theoretical approaches to
understand this phenomenon requires detailed characterization of
ll rights reserved.
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the activated dislocations. No detailed experimental analysis of
dislocation activities in these alloys is published yet.

The aim of this work is to conduct a detailed experimental
analysis of active slip systems in a Mg–3 wt-%Y alloy. The observa-
tions are used to critically evaluate and discuss the predictive
capabilities of corresponding atomistic simulations. The work is
inspired by the motivation to realize a theory-driven approach to
modern alloy design which is based on the joint development of
advanced atomistic simulation methods and quantitative micro-
structural characterization tools that enable the user to scrutinize
metallurgical predictions without relying on only simulation or
experiment alone.
2. Overview of slip system observations in Mg and Mg alloys

2.1. Activity of slip systems in Mg and Mg alloys in single crystal
experiments

Slip band analysis on Mg single crystals [13,14] deformed along
the hexagonal axis at temperatures ranging from room tempera-
ture to 400 1C showed basal and prismatic slip traces at tempera-
tures below 400 1C. After deformation at 400 1C pyramidal slip
traces were observed [13,14]. Another group [15] observed all
possible slip systems (basal, prismatic, pyramidal 1 and pyramidal 2)
during tensile experiments on single crystals at temperatures
between 200 1C and 400 1C. The activation of the different slip
systems was found to be dependent on the single crystal orienta-
tion in the studied temperature range. Single crystal experiments
performed by Hirsch and Lally [16] revealed only dislocations
with basal Burgers vector during room temperature deformation.
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Ando and Tonda [17,18] detected slip lines of the second order
pyramidal slip 1122

n o
1=3〈112 3〉 in Mg-Li single crystals by

optical microscopy after deformation at 77 K–293 K. The authors
observed ocþa4 screw dislocations and short oc4 disloca-
tions in MgLi by transmission electron microscopy (TEM). From
these observations they concluded that ocþa4 edge disloca-
tions decompose into sessile oc4 and mobile oa4 dislocations
while ocþa4 screw dislocations are mobile.

2.2. Activity of slip systems in Mg and Mg alloys in polycrystal
experiments

The observation of second-order 1122
n o

1=3〈112 3〉 pyramidal

slip and ocþa4 dislocations in Mg by TEM was reported by Chino
[3], suggesting that only screw ocþa4 dislocation are stable while
edge ocþa4 dislocations decompose into oa4 and oc4

dislocations. Galiyev et al. [19] found 1122
n o

1=3〈 1 123〉 slip traces

using scanning electron microscopy (SEM) and ocþa4 dislocations
using TEM in warm (423 K) deformed ZK60. They observed increas-
ing ocþa4 dislocation density with increasing temperature. The
authors [19] ascribed the activation of non-basal slip to locally high
compatibility stresses at grain boundaries, which exceeds the CRSS
for non-basal slip. Agnew et al. [20] performed a TEM study on the
dislocation activity in Mg–Li alloys. They found a high density of
ocþa4 dislocations in the Mg–Li alloys, while ocþa4 disloca-
tions in pure Mg occurred only occasionally in regions with stress
concentrations. Koike et al. [21] observed by TEM analysis non-basal
cross-slip of oa4 type dislocations in elongated AZ31, and addi-
tionally occasional ocþa4 dislocations were identified in those
grains where the basal planes are oriented parallel to the tensile axis.
Chino et al. [3,22] analyzed the deformation behavior of Mg–0.2 wt%
Ce, observing an increased room temperature ductility. The authors
related this improvement of cold formability to an enhanced activa-
tion of non-basal slip, namely prismatic oa4 slip in the Mg–0.2 wt
% Ce alloy [3,22]. Kang et al. [23] revealed the existence of pyramidal
dislocations in AZ31 after the sample was processed by ECAP under
hydrostatic pressure at 200 1C.
3. Theoretical predictions of slip system activity and structure
in Mg and Mg alloys

Molecular dynamics (MD) studies of pyramidal dislocations
using Lennard-Jones [24–33] and embedded atom (EAM) [34,35]
potentials revealed various stable dislocation core configurations
(perfect and dissociated) of pyramidal edge and screw disloca-
tions. Generally, pyramidal screw dislocations were predicted to
be both more stable and mobile than edge dislocations.

Li and Ma [36,37] performed molecular dynamics simulations
using EAM potentials on pure Mg showing nucleation of partial
oc4 and oa4 dislocations whose combination then leads to
the formation of ocþa4 dislocations. Corresponding TEM observa-
tions [38] of deformed pure Mg also showed dislocations having both
oa4 and oc4 components.

The existence of stable SFs on pyramidal planes was calculated by
MD calculations using Lennard-Jones and EAM potentials [23–34]
and the hardsphere-model [39].

Nogaret et al. [40,41] recently presented a MD study by using
ab initio-validated EAM potentials on the core structure and
motion of pyramidal dislocations between 0 and 300 K. Compared
to the earlier studies more stable dislocation core configurations
were predicted [40]. Furthermore, some core configurations
which were calculated to be stable in earlier studies were found
to be not stable [40]. Depending on core type and applied stress
dislocation glide on 1st order pyramidal planes or dislocation
dissociation causing either twin nucleation or immobilization
were derived. Several stable SF configurations on pyramidal planes
were calculated.

Theoretical methods such as MD have the potential to give
detailed insights into nucleation, core structure and motion of
dislocations in Mg specifically also with respect to effects resulting
from rare earth/ Y alloying. However, owing to the variety of the
used empirical potentials and the resulting variety in plausibility
of the predicted structures and kinetic features of active slip
systems atomic-scale predictions should be better interfaced with
crisp experimental validation data. The high variety of –partly
contradicting– experimental and theoretical data on non-basal
dislocations in Mg and Mg alloys shows the necessity of a
fundamental investigation of the dislocation activity in Mg alloys.
4. Experimental procedure

Mg–3Y (wt-%, here and below) specimens were produced from
99.98% pure Mg and 99.998% pure Y in a high-pressure induction
furnace under a protective gas atmosphere of 20 bar Ar. The as-
cast material was homogenized for 20 h at 450 1C and then water-
quenched. The annealed slabs were hot-rolled at 500 1C to a total
thickness reduction of 50%. Subsequent recrystallization annealing
was conducted at 500 1C for 15 min under Ar atmosphere. For TEM
observations samples were cold rolled for 3% thickness reduction.
TEM observations were performed in a Philips CM20 and a FEG
JEOL 2200FS at an acceleration voltage of 200 kV. Thin foils were
produced via mechanical grinding followed by electro-polishing
until perforation using a twin-jet polisher (Struers TenuPol-5). The
electrolyte was a solution of 3 vol% perchloric acid in ethanol. Slip
band analysis was performed on electro-polished specimen which
were slightly deformed (3%) before observation. Slip band obser-
vation was conducted on a JSM6500 JEOL EBSD-SEM.

TEM observations were performed on six different samples
which were subjected to the same deformation treatment (3%
engineering strain). ocþa4 dislocations were observed in more
than 30 grains (7 different samples) using at least three different
two-beam conditions (g ¼ ð0002Þ,g ¼ 1120

� �
,g ¼ 1122

� �
). A com-

plete Burgers vector analysis of the formed dislocation structures
was performed in 8 additional grains (6 different samples). This
paper presents TEM micrographs of 2 of these samples; in the
following referred to as sample I and sample II. The grain
orientations of the investigated grains (TEM and SEM-EBSD slip
trace analyses) was within7101 basal orientation (basal orienta-
tion: 0001ð Þ-axis perpendicular to the rolling direction).
5. Experimental Results

Fig. 1 shows the dislocation structure in Mg–3Y after 3% cold
rolling. The micrographs show the same area under different
diffraction conditions (see inlets for diffraction vector g). Both,
bright field and weak-beam dark field (WBDF) images of the
respective diffraction conditions are presented. According to the
g∙b criterion (b: Burgers vector) dislocations with different Burgers
vectors are visible when g∙b≠0 and invisible when g∙b¼0. Actually,
small values of g∙b(o0.5) are difficult to be distinguished from
g∙b¼0.

The g∙b values for the diffraction conditions presented in Figs. 1,
3 and 4 are summarized in Table 1.

The analysis reveals that ocþa4 dislocations of different Burgers
vectors are present, namely, b¼ 1=3½1123�, b¼ 1=3½112 3� and
b¼ 1=3½2113�. Additionally, the collinear dissociation of
b¼ 1=3½1123� dislocations according to 1=3½1123�-1=6½2023�þ
1=6½0223� is observed. The corresponding dissociationwidth amounts



Fig. 1. Bright field and weak-beam dark field images of the dislocation structure in Mg–3Y after 3% cold rolling in sample I. Each micrograph shows the same area under
different diffraction conditions (see inlet for diffraction vector g). The sequential use of different diffraction conditions is required to identify the Burgers vectors of
dislocations.
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to a value below 5 nm after 3% deformation (engineering strain).
Besides these pyramidal dislocations basal dislocations with a Burgers
vector b¼ 1=3½1210� and the basal intrinsic stacking fault I2 (SFI2
1=3½1120�-1=3½1010�þ1=3½0110�) are observed.

A schematic figure of the dislocation configuration is presented
in Fig. 2.

Figs. 3 and 4 show another specimen subjected to the same
deformation treatment, sample II. Here larger portions of a grain
were selected and consequently the Burgers vector analysis was
conducted for more complex dislocation arrangements and not only
for single dislocations. This is important in order to also visualize
possible reaction products or dislocation configurations that result
from cross slip events that can occur when dislocations interact. In
sample II (Figs. 3 and 4), both, basal oa4 and pyramidal ocþa4
dislocations are observed. Dislocations which are invisible under
g ¼ ð0002Þ are basal oa4 dislocation having Burgers vectors
b¼ 1=3½1120� and b¼ 1=3½1210� (denoted A in Figs. 3 and 4).
Those dislocations which are visible under g¼ ð0002Þ, g¼ ð1010Þ,
g¼ ð1011Þ, g ¼ ð0111Þ and g ¼ ð0110Þ and invisible under
g¼ ð1011Þ and g ¼ ð0111Þ have a Burgers vector b¼ 1=3½1123�
(denoted B in Figs. 3 and 4). Another group of pyramidal disloca-
tions was observed, they have the Burgers vector b¼ 1=3½112 3�
(denoted C in Figs. 3 and 4). According to the g∙b criterion these
dislocations are visible under g¼ ð0002Þ, g¼ ð1011Þ, g¼ ð1010Þ,
g¼ ð0111Þ and g ¼ ð0110Þ and invisible at g ¼ ð1011Þ, g ¼ ð0111Þ.
As already presented for sample I a third group of pyramidal
dislocations is found in sample II. As these dislocations are visible
under g¼ ð0002Þ, g ¼ ð1010Þ, g¼ ð1011Þ, g ¼ ð0111Þ and g ¼ ð0111Þ
and invisible under g¼ ð1011Þ and g ¼ ð0110Þ their Burgers vector
is b¼ 1=3½2113� (denoted D in Figs. 3 and 4). The label F in
Figs. 3 and 4 marks collinearly dissociated pyramidal dislocations
1=3½2113�-1=6½2023�þ1=6½2203� (labeled F in Figs. 3 and 4).

For better clarity of the images, the labeling of each different
dislocation group is only inserted in one of the micrographs.



Table 1
Calculated g∙b values for the diffraction conditions used to image the dislocations in samples I-III.

Burgers vector b Diffraction vector g

0002 −1011 10-10 11–20 10–11 0-11-1 0–111 01–10 10-1-1 01–11 −1010

perfect 1/3 [11–20] 0.00 −1.00 1.00 2.00 1.00 −1.00 −1.00 1.00 1.00 1.00 −1.00
perfect 1/3 [1–210] 0.00 0.00 0.00 −1.00 0.00 1.00 1.00 −1.00 0.00 −1.00 0.00
perfect 1/3 [−2110] 0.00 1.00 −1.00 −1.00 −1.00 0.00 0.00 0.00 −1.00 0.00 1.00
perfect [0001] 2.00 1.00 0.00 0.00 1.00 −1.00 1.00 0.00 −1.00 1.00 0.00
perfect 1/3 [3,11–22] 2.00 0.00 1.00 2.00 2.00 −2.00 0.00 1.00 0.00 2.00 −1.00
perfect 1/3 [1–213] 2.00 1.00 0.00 −1.00 1.00 0.00 2.00 −1.00 −1.00 0.00 0.00
perfect 1/3 [−2113] 2.00 2.00 −1.00 −1.00 0.00 −1.00 1.00 0.00 −2.00 1.00 1.00
perfect 1/3 [11–2–3] −2.00 −2.00 1.00 2.00 0.00 0.00 −2.00 1.00 2.00 0.00 −1.00
perfect 1/3 [1–21–3] −2.00 −1.00 0.00 −1.00 −1.00 2.00 0.00 −1.00 1.00 −2.00 0.00
perfect 1/3 [−211−3] −2.00 0.00 −1.00 −1.00 −2.00 1.00 −1.00 0.00 0.00 −1.00 1.00
partial 1/3 [10–10] 0.00 −0.67 0.67 1.00 0.67 −0.33 −0.33 0.33 0.67 0.33 −0.67
partial 1/3 [1–100] 0.00 −0.33 0.33 0.00 0.33 0.33 0.33 −0.33 0.33 −0.33 −0.33
partial 1/3 [01–10] 0.00 −0.33 0.33 1.00 0.33 −0.67 −0.67 0.67 0.33 0.67 −0.33
partial 1/2 [0001] 1.00 0.50 0.00 0.00 0.50 −0.50 0.50 0.00 −0.50 0.50 0.00
partial 1/6 [3,20–22] 1.00 −0.17 0.67 1.00 1.17 −0.83 0.17 0.33 0.17 0.83 −0.67
partial 1/6 [2–20–3] −1.00 −0.83 0.33 0.00 −0.17 0.83 −0.17 −0.33 0.83 −0.83 −0.33
partial 1/6 [02-2-3] −1.00 −0.83 0.33 1.00 −0.17 −0.17 −1.17 0.67 0.83 0.17 −0.33
partial 1/6 [−2023] 1.00 1.17 −0.67 1.00 −0.17 −0.17 0.83 −0.33 −1.17 0.17 0.67
partial 1/6 [02−23] 1.00 0.17 0.33 1.00 0.83 −1.17 −0.17 0.67 −0.17 1.17 −0.33
partial 1/6 [20–2–3] −1.00 −1.17 0.67 1.00 0.17 0.17 −0.83 0.33 1.17 −0.17 −0.67
partial 1/6 [11–21] 0.33 −0.33 0.50 1.00 0.67 −0.67 −0.33 0.50 0.33 0.67 −0.50
partial 1/6 [11–2–1] −0.33 −0.67 0.50 1.00 0.33 −0.33 −0.67 0.50 0.67 0.33 −0.50

Fig. 2. Schematic drawing of the dislocation configuration in sample I.
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6. Discussion

Post-mortem TEM analysis of activity and interaction of dis-
locations in Mg–3Y reveals a significant activity (about 65%) and
interaction of pyramidal dislocations during the early stages of
plastic deformation (3% engineering strain) at room temperature.
Table 2 gives an overview of the frequency of the observed basal
and non-basal dislocations, both in perfect and dissociated states.

Generally, it is difficult in such an approach to differentiate
between geometrically necessary dislocations (GND) and statisti-
cally stored dislocations (SSD) in a post-mortem analysis. Because
of this conceptual problem and due to the fact that a very limited
number of experimental studies on dislocation activities in hcp
Mg exist we conducted a slip trace analysis using SEM-EBSD on
Mg-3Y. The rationale behind combining an EBSD based slip trace
analysis with direct TEM observations of individual dislocations is
that this approach allows us to observe the active glide planes
of the dislocations during plastic deformation by EBSD-SEM and
the associated oa4 or ocþa4 Burgers vectors by TEM. The
combination of these two methods is necessary to identify the
types, Burgers vectors and glide planes of the active dislocations
during plastic deformation. Fig. 5 shows the results of the
conducted slip-trace analysis.

As shown in Fig. 5 slip bands on three different glide planes
were observed: basal plane 0001ð Þ, 1st order pyramidal plane
1011

� �
and 2nd order pyramidal plane 1122

� �
. The slip band

densities range from approximately 70% basal plane slip traces and
30% pyramidal plane slip traces (Fig. 5 left image) to approximately
60% basal plane slip traces and 40% pyramidal plane slip traces
(Fig. 5 right image). The wavy appearance of the pyramidal plane
slip bands is due to cross-slip of the dislocations indicating that
they are formed by non-basal dislocations [3]. This is supported by
the post-mortem TEM analysis where we found no pyramidal
oa4 slip. The quantitative differences and scatter in the densities
of basal and pyramidal dislocations observed between the post-
mortem TEM analysis on the one hand and the slip band analysis
in SEM-EBSD on the other hand might be due to one or more of
the following reasons:
(i)
 the post-mortem SSD density of basal oa4 dislocations is
probably lower compared to pyramidal ocþa4 dislocations
because of defined slip bands and easy glide of basal oa4
dislocations;
(ii)
 basal oa4 dislocations might form higher surface steps than
pyramidal ocþa4 dislocations as they (basal oa4) glide
only along the defined basal slip band. Pyramidal dislocations
glide on several planes and, hence, do not form such defined
surface steps (see also the wavy appearance of pyramidal
plane slip bands in Fig. 5);
(iii)
 pyramidal dislocations interact and can form networks, con-
sequently, not all pyramidal dislocations reach the surface.
By using the software TOCA [41,42] we determined that most of
the observed perfect pyramidal dislocations were screw dislocations
on the 1st order (higher density) and 2nd order pyramidal planes.



Fig. 3. Bright field and weak-beam dark field images of the dislocation structure in Mg–3Y after 3% cold rolling in sample II (region1), each micrograph shows the same area
under different diffraction conditions (see inlet for diffraction vector g). The sequential use of different diffraction conditions is required in order to make all dislocations
visible.
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This confirms the predictions of various MD studies [24–35,40]
showing higher stability and mobility of pyramidal screw disloca-
tions as compared to the properties of the pyramidal edge disloca-
tions. While these theoretical studies found pyramidal screw
dislocations only on the 1st order pyramidal planes, we observed
pyramidal dislocations on 1st and also on 2nd order pyramidal
planes. The wavy appearance of the observed pyramidal dislocations
in the TEM analysis indicates frequent cross-slip allowing disloca-
tions to move from one pyramidal plane to another and, by that,
promoting homogeneous and compatible deformation. This discre-
pancy between MD based predictions and our current experimental
findings might be caused by the empirical potentials implemented



Fig. 4. Bright field and weak-beam dark field images of the dislocation structure in Mg–3Y after 3% cold rolling in sample II (region 2), each micrograph shows the same area
under different diffraction conditions (see inlet for diffraction vector g). The sequential use of different diffraction conditions is required in order to make all dislocations
visible.
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for most of the MD calculations in combination with the complex
structure of the pyramidal planes in hcp structures.

All published MD studies reveal the existence of stable SFs on
pyramidal planes by dissociation of perfect ocþa4 dislocations
[24–35,39,40]. The glide of 〈cþa〉-1=2〈cþa〉þ1=2〈cþa〉 disso-
ciated screw dislocations with a dissociation widths of a few time
the lattice parameter a was proposed [28–33].
Experimentally we observed collinearly dissociated ocþa4
dislocations according to:

1=3½1123�-1=6½2023�þ1=6½0223� and

1=3½2113�-1=6½2023�þ1=6½2203�
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The observed dissociation widths of the partial dislocations are
below 5 nm. As the dissociation occurred in the glide plane, the
dissociated dislocations may be mobile as long as the dissociation
width is small enough.

Prismatic oa4 slip was not observed in the present study.
Probably, the required shear stress for cross-slip of basal disloca-
tions onto prismatic planes becomes more prevalent at higher
strains as suggested by some earlier works [3,22].
Table 2
Frequency of dislocations observed in samples I–II (Figs. 1, 3 and 4) and samples
III–VI (not shown in this paper) via post-mortem TEM analysis. The analysis is
based on complete Burgers vector analyses in 8 grains.

Dislocation
type

Dislocation Burgers vector Amount
(%)

Amount
(%)

Basal perfect b¼ 1=3½1120� and b¼ 1=3½1210�
35

32.5

dissociated (SFI1þSFI2) b¼ 1=3½1210� 2.5
Pyramidal perfect b¼ 1=3½1123� screw

65

31.5

perfect b¼ 1=3½112 3� screw 8

perfect b¼ 1=3½2113� mixed 18.5
dissociated

1=3½112
−
3�-1=6½202

−
3�þ1=6½022

−
3�

and 1=3½2
−
113�-1=6½202

−
3
−
�þ1=6½22

−
03
−
�

7

Fig. 5. SEM-EBSD based slip trace analysis and corresponding inverse pole figure map
pyramidal slip traces 1011

� �
; and yellow lines show 2nd order pyramidal slip traces 1

�

the references to color in this figure legend, the reader is referred to the web version o
With the presented experimental dislocation analysis we hence
aim at providing quantitative experimental data that can be used
for validation of theoretical results to obtain an improved funda-
mental understanding of dislocation-driven plasticity phenomena
in Mg–Y alloys.
7. Conclusions

The remarkable ductility improvement in Mg–Y alloys com-
pared to pure Mg is caused by a high activity of pyramidal
dislocations [5]. Their correct identification and the quantification
of their contribution to the overall shear hence is the key to
understand and describe the plastic behavior of these alloys.
Analysis of the active dislocations and slip systems during early
stage room temperature deformation (~3% engineering strain) of
Mg–Y reveals
(i)
s on M
122

�

f this
high activity of pyramidal ocþa4 dislocations gliding on
1st and 2nd order pyramidal planes;
(ii)
 most pyramidal dislocations are screw dislocations;

(iii)
 collinearly dissociated dislocations with 〈cþa〉-1=2〈cþa〉þ

1=2〈cþa〉 are observed in the glide plane;

(iv)
 frequent cross-slip of pyramidal dislocations is observed

enabling the dislocations to cross-slip from one pyramidal
plane to other pyramidal planes;
(v)
 prismatic oa4 slip was not observed after 3% (engineering
strain) deformation.
g–3Y: red lines show basal slip traces 0001ð Þ; orange lines show 1st order
; the slip traces were identified using the software OIM. (For interpretation of
article.)
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