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A B S T R A C T   

Texture modification during sheet rolling appears differently in binary Mg-RE (rare-earth) or Mg-Ca alloy, 
compared to their ternary counterparts containing Zn. The differences in texture development and the active 
deformation mechanisms under tensile loading were investigated in the binary alloys. These analyses are based 
on in-situ synchrotron experiments and electron backscatter diffraction measurements to reveal direct experi
mental evidence of the texture development and the active deformation mechanisms. Higher activations of 
nonbasal <a> and pyramidal <c+a> dislocations were found in the Nd or Ca containing Mg alloys, compared to 
the Mg-Zn alloy. The texture development shows an obvious feature, which is a broadening of the basal pole 
intensity distribution perpendicular to the loading direction and a strengthening of the <1010> pole at the 
loading direction in all examined sheets. This texture development relates to the higher activation of prismatic 
<a> slip. The addition of Zn in the Mg-RE or Mg-Ca alloys further promotes the activation of nonbasal <a> and 
pyramidal <c+a> dislocations. This enhanced prismatic <a> slip in the Zn containing ternary alloys is 
confirmed by EBSD misorientation analysis.   

1. Introduction 

The improved formability of certain Mg sheet alloys containing rare 
earth (RE) elements or Ca is associated with a texture modification 
during thermomechanical processing, i.e. the sheet rolling and subse
quent annealing process [1–4]. Such texture modification is found in 
rolled sheets with a randomized orientation distribution compared to 
those in classical Mg alloy sheets, e.g. AZ31. Several mechanisms have 
been associated with the effect of alloying elements and the develop
ment of specific texture components, represented by a basal pole split 
toward the rolling direction (RD) or a basal pole broadened toward the 
transverse direction (TD). It has been revealed by crystal-plasticity 
simulation that the basal pole spread toward the RD is related to the 
activation of pyramidal II <c+a> slip systems [1]. The basal pole 
broadening toward the TD has been associated with a large amount of 
twinning and the respective orientation changes of the matrix grains 
[4,5], as well as with the enhanced activation of prismatic <a> slip in 
ternary Mg-Zn-RE alloys [6]. Furthermore, the varying impact of 

different recrystallization mechanisms has also conclusively been sug
gested to explain such texture development, e.g. by particle-simulated 
nucleation [7], shear band nucleation [8], or boundary pinning [9]. 
Earlier studies regarding the texture weakening investigated the defor
mation or recrystallization mechanisms either in binary, e.g. Mg-RE or 
Mg-Ca alloys, or their ternary counterparts containing Zn, Al, or Mn. In 
our previous work, the impact of additional Nd and Ca in a binary Mg-Zn 
alloy was investigated at various temperatures. Enhanced activity of 
nonbasal <a> dislocations due to the addition of Nd or Ca was related to 
the texture development with the basal pole spread to the TD under 
tensile loading [6]. However, the binary Mg alloys containing Y, Ce, Nd, 
or Ca show a spread of the basal pole toward the RD [6,10–12]. 

It is, therefore, necessary to evaluate the influence of individual 
alloying elements on the deformation and RX mechanisms that result in 
different texture development. Only through such an approach, the 
exact influence of the individual alloying element can be unveiled. Be
sides, the deformation mechanisms, which cause rotation of grains to
ward random orientations, are closely correlated to recrystallization 
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mechanisms. Advanced experimental techniques and evaluation 
methods promote an understanding of the crucial mechanisms that 
contribute to the texture and microstructure developments in Mg alloys. 
The recently developed experimental techniques allow an investigation 
of the texture development and the dislocation structure in real-time 
under various conditions, e.g. a representative deformation condition 
or dynamic and static recrystallization. 

In the present study, binary Mg-Nd and Mg-Ca alloys were examined 
to reveal the activities of different deformation mechanisms using two 
experimental analysis approaches, i.e. convolutional multiple whole 
profile (CMWP) fitting procedure and in-grain misorientation axes 
(IGMA) analyses. The results obtained from the binary alloys were 
analyzed in comparison to their ternary counterparts containing Zn, i.e. 
Mg-Zn-Nd, and Mg-Zn-Ca alloys. The binary Mg-Zn is used as a reference 
alloy without RE or Ca addition. The quantitative analysis of the active 
deformation modes and the identification of the predominant disloca
tion slip modes using in-situ experiments for different Mg alloys were 
successfully conducted in conjunction with the CMWP and IGMA ana
lyses. Moreover, as sheets with different textures were obtained, which 
itself will influence the activity of the deformation mechanisms, the in- 
situ measurements were conducted and compared in the RD and TD of 
the sheets to estimate the intrinsic effect of the alloy composition on the 
dislocation activities, rather than the impact of the initial texture. The 
experimental results obtained in the present study provide a meaningful 
pathway to understand the interrelation among the initial texture in 
terms of alloy compositions, the active deformation modes, and their 
contribution to the microstructure and texture evolution during ther
momechanical treatments. 

2. Materials and methods 

2.1. Materials 

Binary and ternary Mg alloys of 5 different compositions, see Table 1, 
were gravity cast and machined to slabs with 20 mm in thickness, 200 
mm in width, and 100 mm in length for rolling experiments. A binary 
Mg-Zn alloy modified with Zr was examined as a benchmark alloy. Hot 
rolling was performed at 400 ◦C on ZK10, N05, X05, and ZN10 and at 
370 ◦C on ZX10 to the final thickness of 8 mm. The thickness reduction 
was between 10 to 20% per rolling pass, and the sheets were reheated to 
the rolling temperature for 600 to 900 s before each rolling step. 
Different annealing conditions were applied to achieve comparable 
initial microstructures, as also given in Table 1. The microstructure 
analysis was conducted by optical microscopy based on mechanically 
polished surfaces using an oxide polishing suspension (OPS) and an 
etchant composed of picric acid [13]. Grain sizes were measured by 
using a liner intercept measurement. The average grain sizes are also 
collected in Table 1. The annealed sheets have a fully recrystallized and 
homogeneous microstructure with similar average grain size, as shown 
in Fig. 1. In the case of ZK10, a small amount of Zr was added as a 
microstructure controller in order to avoid abnormal grain growth, 
which is typically found in binary Mg-Zn alloys after thermomechanical 
processing. Such abnormal grain growth hinders the collection of 
diffraction patterns with appropriate grain statistics. Besides the effect 

of Zr on the grain refiner, its impact on the deformation and recrystal
lization textures is acknowledged to be negligible [6,14]. 

2.2. In-situ hard X-ray experiments under tensile loading 

Tensile tests were conducted using a universal testing machine 
(UTM) installed at the High Energy Material Science beamline, HEMS- 
P07B, at PETRA III (DESY, Hamburg, Germany). Tensile specimens of 
dog-bone type with a gauge length of 20 mm and a diameter of 4 mm 
were machined from each sheet parallel to the RD and the TD for tensile 
tests at an initial strain rate of 1.5 × 10− 4 s− 1 and room temperature 
(RT). The experimental setup is schematically shown in Fig. 2 (a). High 
energy synchrotron X-ray radiation allows tracking the diffraction peaks 
of the investigated materials during deformation. In such an in-situ 
diffraction experiment, a representative sample volume can be 
constantly tracked due to the applied transmission geometry. Synchro
tron X-ray radiation with a wavelength of 0.142 Å and a beam size of 0.6 
× 0.6 mm2 was used. The beam size used in this study covers approxi
mately 130,000 grains, calculated from the average grain size, and 
provides sufficient grain statistics to represent overall deformation 
behavior. Debye-Scherrer diffraction rings were collected at selected 
strains during the sample rotation of 105◦ in 3◦ steps using an area de
tector (PerkinElmer XRD 1621) with a fast read-out. During the collec
tion of the Debye-Scherrer rings, the applied loading was stopped. The 
Debye-Scherrer rings were transmuted from area to diffraction pattern 
by using an open source software Fit2D [15]. The diffraction patterns 
were used to evaluate the texture and line profile analysis. The texture 
was recalculated using an open source software MTEX [16]. 

2.3. Line profile analysis using the CMWP fitting procedure 

Convolutional multiple whole profile (CMWP) fitting procedure was 
used for evaluating the diffraction patterns and the analysis of the 
dislocation structures. The CMWP analysis allows revealing the activ
ities of particular slip systems distinguished by their Burgers vectors 
[17,18]. The line profile analysis was carried out using the diffraction 
patterns integrated over a sample rotation of 24◦, denoted as the omega 
angle, and an azimuth angle of 24◦ along the Debye-Scherrer ring at the 
section perpendicular to the loading direction (LD). The transmutation 
and integration of the detector image to a diffraction pattern is sche
matically illustrated in Fig. 2 (b). An example of the diffraction pattern 
used for the line profile analysis is shown in Fig. 2 (c). 

The diffraction patterns in Fig. 2 (c) exhibit a peak broadening after 
10% strain as a result of plastic deformation by dislocations, planar 
faults, and size distribution [19]. A classical Williamson-Hall plot of the 
examined specimens after the deformation shows a nonmonotonic 
broadening of full width at half maximum (FWHM), as exemplarily 
shown in Fig. 3, with respect to the diffraction vector, g = 2 sin θ/λ, 
where θ is the diffraction angle and λ is the wavelength. This type of 
nonmonotonic broadening demonstrates a strong strain anisotropy due 
to the dislocations [20,21]. In the present study, the dislocations 
determined by the classical Williamson-Hall plot are accounted as the 
main factor leading to the peak broadening in the CMWP analysis, 
whereas planar faults, e.g. twinning, and size distributions are not 
considered. 

In the CMWP fitting procedure, the peak broadening caused by the 
dislocations is determined based on the mean square strain, <ε2

g,L>, with 
respect to the diffraction vector, g, and the Fourier variable, L [18,22]. 
The mean square strain is given as follows: 

〈
ε2

g,L

〉
≅

ρChk.lb2

4π f (η) (1) 

where 

Table 1 
Chemical compositions in wt%, annealing conditions, and average grain sizes of 
the N05 and X05 as well as their ternary counterparts containing Zn, i.e., ZK10, 
ZN10, and ZX10.  

Alloy Zn Zr Nd Ca Mg Annealing 
condition 

Grain size 
(μm) 

ZK10 1.32 0.13 – – Bal. 400 ◦C for 900 s 27 
N05 – – 0.61 – Bal. 400 ◦C for 900 s 23 
X05 – – – 0.52 Bal. 400 ◦C for 1800 s 22 
ZN10 1.03 – 0.73 – Bal. 400 ◦C for 1800 s 23 
ZX10 0.91 – – 0.54 Bal. 370 ◦C for 900 s 17  
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Chk.lb2 =
∑N

i=1
fiCi

hk.lb
2
i (2)  

ρ is the average dislocation density in the measured volume, and b is the 
Burgers vector. f(η) is the Wilkens function, which eliminates the loga
rithmic singularity, and η = L/Re; Re is the effective outer cut-off radius 
of the dislocation. N is the number of different activated sub slip sys
tems. Ci

hk.l is the average contrast factor corresponding to the ith sub slip 
systems, and fi is the fraction of the particular sub slip systems, which 
contribute to the broadening of a specific reflection. In hexagonal 
crystals, the average contrast factor has to be extended to consider 
together with different Burgers vectors, because it is not to have only one 
type of Burgers vector as in the case of face-centered cubic crystals [19]. 
The average contrast factor for a single sub slip system in hexagonal 
crystals is [18]. 

Chk.l = Chk.0
[
1+ q1x+ q2x2] (3)  

where x = (2/3)(1/ga)2, q1 and q2 are parameters depending on the 
elastic properties of the material. Chk.0 is the average contrast factor 
corresponding to the hk.0 type reflections and a is the lattice parameter 

in the basal plane. The lattice parameters a and c and the corresponding 

c/a ratio have been determined from the measured 
(

1010
)

and (0002) 

peaks from the synchrotron diffraction measurements for the initial 
samples in each sheet. They are listed in Table 2. As obviously no dif
ference in the parameters and the ratio is revealed on this diffraction 
pattern level for the different alloys, the same values for a = 0.321 and c 
= 0.521 nm were used for the CMWP fitting procedure and the evalu
ation of the dislocation density for all examined alloys. It is worthwhile 
to mention that a potential change of the lattice parameters is also not 
likely to be found due to the dilute nature of the examined alloys. A 
potential change of the lattice parameters during deformation was not 
considered. 

The average dislocation density and the experimental parameters q1 
and q2 (Eq. 3), here denoted as qm

1 and qm
2 as obtained from the peak 

broadening in the CMWP fitting procedure, are used for the determi
nation of the fractions (weights) of each dislocation type. The fractions 
of various dislocation types with different Burgers vectors, <a>, <c>, 
and <c+a>, for all possible combinations were estimated by matching 
the experimental values (qm

1 and qm
2 ) to the theoretical values (qi

1 and qi
2) 

in all given slip modes of Mg [17]. The total number of the possible 

Fig. 1. Initial optical microstructures from longitudinal sections of (a) ZK10, (b) N05, (c) X05, (d) ZN10, and (e) ZX10 sheets after annealing at different conditions.  

Fig. 2. (a) Sample coordinates in the beamline set-up for in-situ experiments at HEMS-P07B, at PETRA III (DESY, Hamburg, Germany), (b) schematic illustration of 
the angles of omega and azimuth for the integration from the Debye-Scherrer rings, and (c) transmuted and integrated diffraction patterns at 0% and 10% strain from 
the in-situ experiment. 
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combinations of different slip systems equals (24–1)(22− 1)(25–1) =
1395. This repetitive matching is conducted using a computer program, 
called ‘HexBurger’. More detail about the descriptions of the CMWP 
analysis and the ‘HexBurger’ program applied in the present study can 
be found elsewhere [6,18,22]. The qm

1 and qm
2 of the examined sheets 

after the CMWP fitting are listed in Table 3. The different values are due 
to the fact that various slip systems are active with different populations 
in each case. 

2.4. IGMA analysis from the EBSD measurement 

For electron backscatter diffraction (EBSD) measurement, the tensile 
specimens deformed up to ԑ = 10% were prepared by using the same 
standard preparation techniques with the optical micrograph, which 
was followed by electrolytic polishing at 33 V and − 18 ◦C for 30 s. The 
EBSD measurement was conducted on the area of 400 × 400 μm2 in 0.5 
μm step on a field emission gun scanning electron microscope, FE-SEM 
(Zeiss, Ultra 55 installed with a Hikari detector, EDAX/TSL EBSD sys
tem), at an accelerating voltage of 15 kV. In order to reveal the activities 
of the various dislocations through an intragranular misorientation axis 
(IGMA) analysis. The IGMA analysis is to evaluate the local misorien
tation of the crystal lattice with respect to the local axis rotation caused 
by dislocation slip, which can be determined from the cross product of 
the slip plane and the slip direction as follows: 

Ts = ns × ds (4)  

where Ts, ns, and ds are the Taylor axis, slip plane normal, and slip di
rection, respectively, for given slip modes. According to these assump
tions, it is possible to qualitatively determine the dominant slip mode in 
deformed grains by matching the experimentally measured IGMA to the 
Taylor axis for a given slip mode. For instance, the prismatic <a> slip 
accompanies a lattice rotation around the <0001> axis, and the basal 
<a> and pyramidal <c+a> slip cause a lattice rotation around the 
<1100> axis as well as the <1012> axis of the pyramidal <a> slip 
[11,23]. While the analysis method based on a diffraction peak does not 
include directly available microstructure information, the IGMA 

Fig. 3. Example of the classical Williamson-Hall plot of the broadening FWHM 
at ԑ = 0% (solid) and 10% (open) of the N05. 

Table 2 

Lattice parameters a and c and c/a ratio measured using 
(

1010
)

and (0002) 

peaks of the results from the synchrotron diffraction measurement for the initial 
samples in all examined sheets.  

Alloy a c c/a 

ZK10 0.3213 0.5215 1.6228 
N05 0.3216 0.5218 1.6226 
X05 0.3216 0.5218 1.6225 
ZN10 0.3213 0.5215 1.6228 
ZX10 0.3213 0.5216 1.6231  

Table 3 
The experimental values of the qm

1 and qm
2 fitted by the CMWP analysis in examined sheets.  

Alloy Loading direction  q1 and q2 at selected strain levels  

0.00 0.02 0.05 0.10 0.15 0.20 

ZK10 RD qm
1  0.696 1.277 1.125 0.614 0.588 0.570 

qm
2  − 0.014 0.022 0.096 0.121 0.112 0.153 

TD qm
1  1.653 1.472 0.864 0.547 0.524 – 

qm
2  − 0.117 − 0.175 0.174 0.214 0.205 –  

N05 RD qm
1  1.174 1.044 0.502 0.420 0.339 0.249 

qm
2  − 0.121 − 0.067 0.041 0.091 0.124 0.151 

TD qm
1  1.853 1.203 0.460 0.359 0.40 0.239 

qm
2  − 0.287 − 0.169 0.146 0.137 0.173 0.192  

X05 RD qm
1  0.670 0.784 0.300 0.228 0.079 – 

qm
2  − 0.049 − 0.055 0.026 0.081 0.085 – 

TD qm
1  1.971 1.252 0.587 – – – 

qm
2  − 0.512 − 0.992 0.055 – – –  

ZN10 RD qm
1  0.782 0.507 0.056 − 0.002 − 0.058 − 0.074 

qm
2  − 0.028 0.036 0.051 0.083 0.088 0.09 

TD qm
1  1.762 0.964 0.587 0.643 0.315 0.405 

qm
2  − 0.235 − 0.078 0.02 0.117 0.109 0.157  

ZX10 RD qm
1  0.821 0.481 0.099 0.023 0.015 0.030 

qm
2  − 0.032 0.085 0.098 0.113 0.109 0.097 

TD qm
1  1.656 0.586 0.331 0.326 0.297 0.291 

qm
2  − 0.23 − 0.006 0.063 0.136 0.144 0.155  
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analysis allows individual grain properties. Especially, this analysis has 
a benefit of easy identification of the prismatic <a> dislocation slip 
system in the various dislocation slip activities via the preferred axes of 
lattice rotation (Taylor axes) within the grains [11,23]. 

3. Results 

3.1. Mechanical properties 

The stress-strain curves acquired from the continuous tensile loading 
at the constant strain rate of all examined sheets along the RD and TD are 
presented in Fig. 4. Repeated experiments have been stopped at various 
strain levels for in-situ X-ray measurements. The concurrent stress 
relaxation during in-situ X-ray measurement has no significant influence 
on the statistically measurable differences of the active deformation 
modes and texture evolution from the diffraction experiments, including 
the flow curve and the work hardening behavior [6,14]. The corre
sponding tensile properties of the examined sheets are summarized in 
Table 4. X05 showed a premature fracture at ε = 5% during the tensile 
loading in the TD. 

A distinct mechanical anisotropy is observed in the examined alloys. 
The TD samples in all cases indicate lower yield stress (YS) than those 
after loading in the RD, while the ultimate tensile stress (UTS) is similar 
in both loading directions. ZK10 and N05 show a relatively higher YS in 
both loading directions than X05, ZN10, and ZX10, whereas a higher 
UTS is observed in the ZK10, ZN10, and ZX10. The difference between 
the YS and UTS (UTS-YS) can be used to evaluate the work hardening 
ability. In both loading directions, the larger differences of UTS-YS were 
measured in ZN10 and ZX10 rather than in N05 and X05, as shown in 
Table 4. That is, the former has a relatively larger work hardening 
ability. 

3.2. Texture developments 

The initial texture of the examined alloys is shown in Fig. 5. While 
ZK10 shows a strong texture with the c-axis parallel to the ND and no 
distinct difference of the angular distribution of the basal poles toward 
the RD or TD, texture weakening is found in the Nd or Ca containing 
alloys that can be described in two different ways. First, the basal pole 
split toward the RD is preferentially observed in N05 and X05. Second, 
the basal pole broadening toward the TD is observed in ZN10 and ZX10. 
Such texture weakening is known as a result of the addition of RE or Ca 

in comparison with the conventional Mg alloys, e.g. AZ31 or the ZK10 of 
the present study [5–7,12,24]. The maximum pole densities of the 
(0002) pole figures in the examined sheets are Pmax = 11 m.r.d (multiple 
of random distribution) for ZK10, 5.1 for N05, 5.6 for X05, 2.7 for ZN10, 
and 3.2 for ZX10, respectively. 

The texture of deformed samples to ԑ = 15% along the RD and TD is 
shown in Fig. 6. In the case of the TD sample in the X05, the texture 
measured at ԑ = 5% is presented due to the early fracture. The RD 
samples of N05 and X05 maintain the RD spread of the basal pole, 
concurrent with a slight basal pole broadening toward the TD (perpen
dicular to the LD). The latter is also visible in ZK10. The RD samples of 
ZN10 and ZX10 clearly indicate a broadening of the basal pole 
perpendicular to the LD in addition to the basal pole around the ND 
tilted by 15–20◦. Simultaneously, the <1010> pole in the LD 

strengthens, while the 6 poles at the symmetric position on the 
{

1010
}

pole figure are developed. The TD samples show similar tendencies of 
the texture development to the RD samples, but with a rotation of 90◦, 
which is the strengthening of the <1010> pole at the LD and the basal 
pole broadening perpendicular to the LD. Thus, it can be seen that the 
tendency of the texture development in the examined sheets is qualita
tively comparable in both loading directions, but less distinct in the TD 
samples. It is anticipated that the deformation occurs with identical 
deformation modes in examined sheets, but different significance. 

3.3. Dislocation activities 

The activities of the dislocation slip systems during the tensile 
deformation are evaluated by using the CMWP fitting procedure. The 
results on the overall dislocation densities as well as the classified 

Fig. 4. True stress-true strain curves during the tensile loading along the (a) RD and (b) TD in examined sheets.  

Table 4 
Tensile properties along the RD and TD measured for the examined sheets at RT 
(YS: yield strength in MPa, UTS: ultimate tensile strength in MPa, FS: fracture 
strain).  

Alloys RD loading TD loading 

YS UTS FS UTS-YS YS UTS FS UTS-YS 

ZK10 116 190 20 74 107 192 14 85 
N05 118 171 31 53 109 170 28 61 
X05 105 177 12 72 108 160 5 52 
ZN10 113 188 31 75 83 181 23 98 
ZX10 109 200 29 91 94 197 24 103  
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dislocation densities according to the Burgers vectors are shown in 
Fig. 7. The X05 sample in the TD is excluded from the detailed evalua
tion of CMWP analysis, because it is limited to evaluate its tendency of 
the dislocation activities with only 2% and 5% due to the early fracture 
(ԑ = 5% strain). The examined sheets show an increase in the overall 
dislocation densities with the applied strain in both directions, RD and 
TD (Fig. 7 (a)). The RD samples of ZN10 and ZX10 show a higher overall 
dislocation density than those of the TD samples, whereas the other 
sheets, ZK10, N05, and X05, show no difference in the respective in
crease comparing both directions. This is associated with the different 
significance in the dislocation activities for strain accommodation. 

This different behavior correlates with the respective activities of 
<a>, <c>, and <c+a> dislocations, as shown in Figs. 7 (b) and (c). The 
<a> dislocations play a major role during tensile deformation along 
both directions, RD and TD, with a fraction higher than 70%. The 
<c+a> dislocation density then follows with a fraction of 25%, whereas 
the <c> dislocations have the lowest density (approximately 0.5 ×
10− 14 m− 2), which also remains unchanged with increasing strain in all 
cases. The sheets, except for ZK10, show a comparable development in 
the activities of the <a> dislocation density at the early stage of 
deformation up to approximately 5% strain. During the further strain, 
the increasing tendencies of <a> dislocations vary between the alloys, 
being the highest in the ZN10 and ZX10, the lowest in N05 and inter
mediate in X05. The higher densities of the <a> dislocation in the ZN10 
and ZX10 are more pronounced in the deformation along the RD, 
compared to the TD. That is, the <a> dislocations in the ZN10 and ZX10 
distinctly increased during the loading in the RD, as shown in Figs. 7 (b) 
and (c). Consistently, the ZK10 shows the lowest densities of <a>
dislocation in both directions. In the case of the densities of <c+a>
dislocations, the higher increase in the RD samples of the ZN10 and 
ZX10 is found. Again, the RD sample of the ZK10 shows the lowest 
density. In the case of the TD samples, the difference in the densities of 

the active <c+a> dislocations is relatively low between the alloys. In 
summary, the higher activation of the <a> and <c+a> dislocations 
attributes to the higher overall dislocation densities, especially in the RD 
samples of the ZN10 and ZX10. In comparison between the loading di
rections, the ZN10 and ZX10 show relatively higher activation of the 
<a> and <c+a> dislocations during the loading in the RD than in the 
TD. In the ZK10 and N05, the activities of the <a> dislocations are 
comparable in both directions, while a slightly higher activation of the 
<c+a> dislocations is observed in the TD samples than in the RD 
samples. These differences between the loading directions are associated 
with the initial texture, corresponding to the 90◦ rotation of the texture 
components. 

The density evolution of the <a> dislocations, which are the major 
deformation modes, is evaluated into two separate groups, i.e. basal 
<a> and nonbasal <a> dislocations. The nonbasal <a> dislocations are 
considered as a combination of the prismatic and pyramidal edge <a>
dislocations because both slip systems cannot be easily distinguished 
due to their similar peak broadening effects in the X-ray measurement 
[6,22]. 

Fig. 8 shows the evolution of the <a> dislocations densities during 
the deformation along the RD and TD. For both loading directions, the 
nonbasal <a> dislocations are dominant, whereas a lower basal <a>
dislocation density does not change significantly with increasing strain. 
The remarkable increases of the nonbasal <a> dislocations are indicated 
in the RD samples of ZN10 and ZX10, which is the highest from all 
examined cases. This feature is not found in the TD samples. The acti
vation of nonbasal <a> dislocations is shown in N05 and X05. The ZK10 
shows the lowest activation of nonbasal <a> dislocations with a similar 
density evolution in both loading directions. The nonbasal <a> dislo
cations consistently increase with increasing strain, but their quantities 
are different for the examined sheets as well as for the loading di
rections. The differences in the increasing tendencies of nonbasal <a>

Fig. 5.
{

1010
}

and (0002) pole figures at annealed condition of the examined sheets (levels: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 7.0, 9.0, 11.0 m.r.d.).  
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Fig. 6.
{

1010
}

and (0002) pole figures after deformation, ԑ = 15%, by the tensile loading along the (a) RD and (b) TD of the examined sheets. The pole figures of the 
TD samples in the X05 is shown at ԑ = 5% (Levels: 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 7.0, 9.0, 11.0 m.r.d.). 
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dislocations between the alloys and loading directions relate to the 
alloying compositions and the initial texture in correlation with Schmid 
factors. Even though the role of Zn is ambiguous on the activation of 
nonbasal <a> dislocations, it is obvious that an individual addition of 
Nd or Ca addition leads to the enhanced activation of nonbasal <a>
dislocations in the binary N05 and X05, compared to the ZK10. This 
finding is in good agreement with a previous study [6]. Moreover, 
slightly higher basal <a> dislocation densities of ZN10 and ZX10 are 
found in the TD samples than in the RD samples, while the lower basal 
<a> dislocations of N05 are found in the TD sample than in the RD 
sample. Additionally, it is worth mentioning that X05 shows a higher 
activity of nonbasal <a> dislocations, during the loading in the RD, 
compared to the N05, as shown in Fig. 8 (a). However, a direct com
parison of the efficiency of Nd and Ca for this enhanced activation of 
nonbasal <a> dislocations is limited due to different contents (0.32 at.% 
on the Ca and 0.10 at.% on the Nd in binary systems). 

3.4. IGMA analysis of the EBSD measurement 

Fig. 9 presents representative EBSD orientation maps measured from 
the tensile samples deformed along the RD up to 10% strain. All EBSD 
measurements show that homogeneously deformed structures and their 
microstructures are similar for each sheet except for ZK10, where a 

locally deformed area, likely shear or deformation band, is visible. The 
strain accommodation by dislocation glide is reasonably considered. The 
deformation within a grain results in intergranular misorientation that is 
visible as colour gradient in the EBSD orientation map. It is noted that 
the TD sample of X05 was measured after 4% tensile strain due to its 
premature fracture. An equivalent misorientation angle between 2◦ and 
5◦ and a grain orientation spread (GOS) higher than 2◦ are applied to 
select the deformed grains [6,12,25]. The IGMA analysis allows the 
determination of the dominating slip systems via the preferred axes of 
lattice rotation within the grains, so-called Taylor axes [11,23]. Espe
cially the prismatic <a> dislocation slip can be relatively easily iden
tified from the IGMA analysis. Fig. 10 presents the IGMA plots of the 
deformed grains. The important Taylor axes are marked on the IGMA 
plot, e.g. <1010> corresponding to basal <a> or pyramidal <c+a> slip, 
<1012> corresponding to pyramidal <a> slip, as well as <0001>
corresponding to prismatic <a> slip [11,23]. For considering the in
fluence of the grain orientation on the dislocation slip, the IGMA plots 
were determined for two different groups of grain orientations, i.e. one 
with their c-axes parallel to the ND (RED-grains) and the other with their 
c-axes perpendicular to the LD (BLUE-grains). The orientations of the 
grains selected for the IGMA plots are also presented in the (0001) 
discrete pole figure, Fig. 10. 

Fig. 7. Evolution of (a) average dislocation density and dislocation density classified according to the three Burgers vectors, <a>, <c>, and <c+a>, along (b) the RD 
and (c) TD, as a function of applied strain for the examined sheets. The X05 sample in the TD showed the dislocation density at only 2% and 5% due to a premature 
fracture at ε = 5%. 

Fig. 8. Dislocation density of the basal edge <a> and nonbasal edge <a> dislocations during deformation along the (a) RD and (b) TD for the examined sheets.  
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In the ZK10, the RED-grains of both RD and TD samples show a 
concentration of misorientation around the <0001> axis, while the 
BLUE-grains have a homogeneous distribution of the IGMA. In addition 
to the concentration at the <0001> axis, ZK10 also shows the relatively 
high concentration at other axes, compared to the other alloys. This 
shows that a ratio between prismatic <a> and other slip systems is 
relatively low, which is in good agreement with the result of the CMWP 
analysis. In the N05 and X05, the RED-grains of the RD samples show a 
homogeneous distribution with a slight concentration around the 
<0001> axis. ZN10 and ZX10 clearly indicate a high concentration of 
IGMA around <0001> axis, which corresponds to the preferred activity 
of prismatic <a> slip. Similar behavior is shown in the BLUE-grains, 
even though they show low grain statistics. On the other hand, the 
RED-grains of the TD samples in all examined sheets except for the ZK10 
indicate a comparable concentration around the <0001> axis of the 
IGMA plots. That is, the TD samples show small differences in the IGMA 
distribution between the alloys in comparison with the RD samples. 
These small differences are visible in the RED- and BLUE-grains of the 
TD samples. It is a good agreement with the results shown in Fig. 8, 
where a higher activation of nonbasal <a> dislocations is found in the 
RD samples for ZN10 and ZX10 rather than for N05 and X05, whereas 
these differences in the RD samples between the alloys vanish in the TD 
samples. The other slip systems, which are the basal <a>, pyramidal 
<a>, and pyramidal <c+a> slip systems, are also activated, but less 
concentrated in comparison with the prismatic <a> dislocations in the 
examined sheets except for the ZK10. Moreover, it is worth to mention 
that the TD sample of the X05 measured at 4% strain also indicates 
concentration around the <0001> axis. Even though the quantitative 
analyses, e.g. a direct comparison among the different cases, are diffi
cult, the IGMA results are qualitatively consistent with the results of the 
CMWP analysis. In other words, the high activation of nonbasal <a>
dislocations, measured from the CMWP analysis, is reasonably attrib
uted to the high activity of prismatic <a> slip. 

4. Discussion 

4.1. The activity of nonbasal dislocation and the texture development 

The texture developments of the examined sheets are characterized 
by the strengthening of the <1010> pole parallel to the LD and a spread 
of the basal pole perpendicular to the LD, as shown in Fig. 6. All 

examined sheets show a similar tendency of the texture development 
irrespective of the initial texture, i.e. loading directions, and alloy 
compositions. It has been reported in [6,26,27] that the higher activa
tion of the prismatic <a> slip systems leads to such texture develop
ment. In the RD samples of N05 and X05, the basal pole spread 
perpendicular to the LD is slowly formed in comparison to ZN10 and 
ZX10. These results indicate that the main deformation modes are not 
different in all examined sheets. However, it seems that different sig
nificances of the main deformation modes play a role on the texture 
development, due to the differences in the initial texture and the addi
tion of alloying elements. 

The activity of pyramidal <c+a> dislocation slip is determined in 
the following order ZK10 < N05 and X05 < ZN10 and ZX10. The py
ramidal <c+a> slip is known to lead to the split of the basal pole from 
the ND toward the LD during deformation [1,28], which is not clearly 
found in the results obtained from the in-situ texture measurements. The 
fraction of pyramidal <c+a> dislocation slip measured in the present 
study is lower than 0.20, which seems not to be sufficient to result in a 
corresponding texture change. In this regard, it has been reported in 
[28], that the basal pole split toward the LD formed by the deformation 
can disappear, if the significance of dominant deformation modes is 
varied in different loading directions. During the tensile deformation of 
an AZ31B sheet in the RD and TD, the fractions of prismatic <a> slip 
were determined as 0.5 and 0.7, respectively, while a similar fraction of 
about 0.15 was found for the pyramidal <c+a> slip in both directions. 
Consequently, the texture component of the basal pole split toward the 
LD disappeared in the TD sample. In addition, it has been reported that a 
decrease of the CRSS for the activation of pyramidal <c+a> slip requires 
a higher deformation temperature than 280 ◦C in Mg alloys, e.g. in AZ31 
[29]. In the previous work [6], a higher fraction of pyramidal <c+a>
dislocations was observed during the tensile loading at 200 ◦C in the 
ZN10 and ZX10, e.g. 0.27 (ρpyra./ρtotal). The corresponding texture 
change by the pyramidal <c+a> slip system was not observed even at 
200 ◦C, as the nonbasal <a> dislocations were found still dominant [6]. 
Hence the higher activities of nonbasal <a> slip, especially prismatic 
<a> slip, and insufficient deformation temperature hinder the forma
tion of the corresponding texture component to the pyramidal <c+a>
slip. Nevertheless, it is to mention that the sheets except for ZK10 have 
the high activation of pyramidal <c+a> dislocation slip (fraction of 
approximate 0.20), and a weak texture component of basal poles around 
the ND tilted by 15–20◦ is formed with increasing strain, e.g. at ε =

Fig. 9. Representative EBSD orientation maps of the deformed samples along the RD at ԑ = 10%, for examined sheets. High angle grain boundaries, θ > 15◦, are 
marked with a black line. 
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~20%. 
It is to mention that the twin behavior is similar in all the examined 

sheets. The fraction of extension twins is approximately 6–7% in all the 
examined samples, while the contraction and secondary twins show a 
low fraction below 1%. However, the texture component corresponding 
to the extension twin does not represent the global texture development 
observed from the in-situ texture measurement. 

4.2. Influence of initial texture on the slip activities 

It is revealed that prismatic <a> slip is distinctly active in the Nd or 
Ca added binary alloys and their counterpart ternary alloys with Zn 
addition, as confirmed from the CMWP and IGMA results shown in 
Figs. 8 and 10. It is evident that the Nd or Ca addition enhances the 
activation of the nonbasal <a> dislocations. Figs. 7 (b) and 8 (a) show 
that the addition of Zn in combination with the Nd or Ca significantly 
enhances the activation of prismatic <a> dislocations and pyramidal 
<c+a> dislocations, especially in the RD samples. High activities of 
nonbasal dislocations promoted by the Nd or Ca addition also in com
bination with the Zn result in the distinct texture evolution. The rela
tively slow evolution of the deformation texture in the N05 and X05 can 
be understood as a result from the lower activation of prismatic <a>

slip, in comparison to ZN10 and ZX10, which matches also to the IGMA 
analysis of a lower concentration of the Taylor axis around the <0001>
axis. The enhancement of the nonbasal <a> dislocations clearly shown 
in the RD samples diminishes in the TD samples, as shown in Figs. 7 (c) 
and 8 (b). The influence of the Zn addition should be considered with the 
contribution of the initial texture to the active deformation modes. 

The alloys examined in the present study show characteristic tex
tures after hot rolling and annealing, Fig. 4. The ZK10 forms the basal 
pole in the ND (no predominant spread toward RD or TD), and the N05 
and X05 show the basal pole split toward the RD, whereas the ZN10 and 
ZX10 indicate a large broadening of the basal pole toward the TD. This 
provides a higher Schmid factor on the basal <a> slip during the loading 
in the TD in ZN10 and ZX10. Contrarily, the ZK10, N05, and X05 have a 
relatively equivalent Schmid factor of the active slip systems in both 
directions. The CMWP analysis of the ZN10 and ZX10, Fig. 7 (b), indeed 
indicates that the TD loading induces a higher density of basal <a>
dislocations in comparison to the loading in the RD. In the latter case, 
the activation of basal <a> dislocations is even lower than those of the 
N05 and X05. The high activity of basal <a> dislocations at early 
deformation stage, up to ε ~ 5%, in the TD of ZN10 and ZX10 contrib
utes to the relatively small activities of prismatic <a> dislocations and 
pyramidal <c+a> dislocations, Figs. 7 and 8. Interestingly, during 

Fig. 10. IGMA plots of the deformed grains (GOS > 2◦), depending on the grain orientations (RED- or BLUE-grains), in deformed samples along the (a) RD and (b) 
TD, at ԑ = 10% for examined sheets. Exceptively, the TD samples in the X05 showed the IGMA plot at ԑ = 4%. The (0001) discrete pole figures indicating the 
orientation of the grains selected for the IGMA analysis are inserted. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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further loading, the TD samples in the ZN10 and ZX10 do not show a 
significant increase in the activation of basal <a> dislocations, despite 
the higher Schmid factor, and nonbasal <a> dislocations become 
dominant. It is consistent with the mechanical behavior of the low YS in 
the TD loading of the ZN10 and ZX10, Table 4. This shows that the initial 
texture itself influences the activity of the slip system at the early 
deformation stage, but its impact decreases with increasing strain. 
Conclusively, it is reasonable to consider that the higher activation of 
nonbasal <a> dislocations, i.e. predominant slip activities, is attributed 
to the addition of Zn combined with Nd or Ca, rather than the impact of 
initial texture. 

4.3. Influence of alloying elements on the slip activities 

It is known that the addition of elements such as Y and Nd results in a 
significant decrease in the stacking fault energy (SFE) on the basal plane 
[30,31] and promotes a formation of stacking faults and/or localized 
segregation during the recrystallization [32]. The reduced SFE on the 
basal plane in Mg alloys leads to the activation of nonbasal deformation 
modes, experimentally shown in the present study, because the sessile 
defect structures (e.g. stacking faults) on the basal plane hinders the 
dislocation glide on the basal plane. It is assumable that the reduced SFE 
by the addition of Nd causes a change in the relative critical resolved 
shear stresses (CRSS) for active slip systems, i.e. an increase of CRSS on 
basal slip or a decrease of CRSS on prismatic or pyramidal slip systems. 
Additionally, the stacking fault itself acts as a source of <c+a> dislo
cations [30,33]. The proposed source mechanism described the forma
tion of pyramidal <c+a> dislocation by the interaction of the active 
prismatic <a> slip with sessile c dislocation (assuming it exists from the 
initial stage). Consequently, it can also be understood that prismatic 
<a> and pyramidal <c+a> slip are highly activated due to the reduc
tion of the SFE and promoting the stacking fault on the basal plane in the 
present study. The Ca seems to play a similar role in promoting the 
nonbasal dislocations in Mg alloy. 

Furthermore, the presence of Zn added in Mg-Nd and Mg-Ca alloys, 
ZN10 and ZX10, can be supposed to leading to a higher probability of 
formation of the stacking fault due to the strong interaction between Zn 
and Nd or Ca, compared to the individual addition of Nd or Ca. It is 
recently reported that the phenomenon of combination Zn and Nd or Ca 
atoms are observed and they have a strong interaction as Zn-Nd or Zn-Ca 
in Mg alloys than as an individual addition, single Zn, Nd, or Ca [34,35]. 
Several investigations showed that the SFE decreases distinctly with the 
simultaneous addition of Y and Zn in comparison with a singular addi
tion of Y [36] and their stacking fault and/or localized segregation 
tended to form along the (0001) plane [32,37]. Hence, the effective 
reduction of the SFE by addition of Zn combined with Nd or Ca seems to 
result in a higher probability of sources for activating nonbasal <a>
dislocation slips, which are supported by the present experimental re
sults, i.e. high activations of prismatic <a> and pyramidal <c+a> dis
locations, Figs. 6 (b) and 7 (a). 

The higher activation of prismatic <a> slip contributes to the 
aforementioned basal pole broadening perpendicular to the LD. Several 
studies reported that the texture weakening in Zn containing Mg-RE or 
Mg-Ca alloy sheets during static recrystallization is accompanied to the 
TD spread of the basal pole. They revealed that the recrystallization 
kinetics is retarded due to reduced boundary mobility by co-segregation 
at grain boundaries and dislocations [32,34,35]. Conclusively, it is 
supposed that the Zn addition in Mg-RE or Mg-Ca alloys ensures the 
higher activation of nonbasal <a> dislocation, corresponding to the 
prismatic <a> slips, relating to the broadened basal pole toward the TD. 
During recrystallization, this texture component is retained due to the 
retardation of recrystallization behavior by the presence of Zn, e.g. 
strong segregation with effectively reduced boundary energy (low 
boundary mobility) [30,32,35,38]. 

5. Conclusions 

In the present study, in-situ X-ray measurements were applied to 
investigate the dislocation activities and their impact on the texture 
evolution under tensile loading in Mg-Nd and Mg-Ca alloys by using the 
CMWP and IGMA analyses. The addition of Zn in combination with Nd 
or Ca shows a significant change in the active deformation modes. The 
main findings from the experimental investigations are concluded as 
follows:  

1. Tensile deformation leads to a strengthening of the <1010> pole 
parallel to the LD and a spread of the <0001> pole perpendicular to 
the LD. This tendency of texture development is shown in all cases, 
irrespective of alloying compositions and loading directions, but its 
significance is quantitatively different in each alloy.  

2. The similarity of texture developments between the examined alloys 
is anticipated to identical deformation modes activating in all cases. 
Such texture development is closely related to the high activity of 
prismatic <a> slip. The CMWP and IGMA analyses have shown the 
high activities of nonbasal <a> dislocations, especially prismatic 
<a> slip, while its significances are distinctly different in each alloy.  

3. The high activation of prismatic <a> slip is ascribed to the addition 
of Nd or Ca, compared to the addition of Zn. The addition of Zn 
combined with Nd or Ca significantly enhances the activation of 
nonbasal <a> dislocations, including <c+a> dislocations, in com
parison with the individual addition of Zn, Nd, and Ca. The quanti
tatively different texture developments between the examined alloys 
are attributed to such differences in the activities of the dislocation 
slip systems by the addition of alloying elements rather than the 
impact of initial texture.  

4. The addition of Zn in combination with Nd or Ca facilitates the 
development of the basal pole broadening toward the TD during 
thermomechanical processes due to the enhanced prismatic <a> slip 
and significant retardation of recrystallization. Contrarily, the indi
vidual addition of Zn, Nd, and Ca in Mg does not facilitate the texture 
development with the formation of TD broadening of the basal pole 
because there is no significant retardation of recrystallization, even 
though the enhanced prismatic <a> slips are found. 
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