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Abstract: To explore the effect of neodymium (Nd) on the deformation mechanisms of Mg–Zn alloys,
texture and lattice strain developments of hot-rolled Mg–Zn (Z1) and Mg–Zn–Nd (ZN10) alloys were
investigated using in situ synchrotron diffraction and compared with elasto-viscoplastic self-consistent
simulation under tensile loading. The Nd-containing ZN10 alloys show much weaker texture after
hot rolling than the Nd-free Z1 alloy. To investigate the influence of the initial texture on the texture
and lattice strain evolution, the tensile tests were carried out in the rolling and transverse direction.
During tension, the {002}<100> texture components develop fast in Z1, which was not seen for ZN10.
On the other hand, <100> fiber // loading direction (LD) developed in both alloys, although it was
faster in ZN10 than in Z1. Lattice strain investigation showed that <101> // LD-oriented grains
experienced plastic deformation first during tension, which can be related to basal slip activity.
This was more apparent for ZN10 than for Z1. The simulation results show that the prismatic
slip plays a vital role in the plastic deformation of Z1 directly from the beginning. In contrast,
ZN10 plastic deformation starts with dominant basal slip but during deformation prismatic slip
becomes increasingly important.

Keywords: texture; lattice strain; synchrotron diffraction; elasto-viscoplastic self-consistent simulation
(EVPSC); Mg-Nd-Zn

1. Introduction

Magnesium (Mg) and its alloys have been manufactured in large quantities for the automobile
industry and as aeronautic and 3C products [1] due to its low density of 1.74 g/cm3. However,
the pronounced plastic anisotropy has limited the wide applications of Mg and its alloys in the
automotive industry [2–9]. The reason of anisotropy is the hcp crystal structure, which shows limited
available activated dislocation system at room temperature. The most common deformation modes
include basal slip, prismatic slip, pyramidal slip, and tension twinning. To overcome this anisotropy
problem, one must modify the microstructure to have less preferred orientation, optimized grain
size, and balanced nano-defects. Many researchers have investigated the effect of texture [10–12],
grain size [5,11,13,14], precipitation [15–18], and solutes [19–21] on the deformation behavior of Mg
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alloys. Bohlen et al. [8] discussed the benefits regarding ductility and potential formability of the
addition of rare-earth elements (REs) into Mg alloys. The addition of yttrium (Y) to Mg has been
proposed to improve ductility because of increasing activation of <c + a> slip mode [19,21], increase the
critical resolved shear stress (CRSS) for basal slip, <c + a> slip and {10.2} twinning comparing pure Mg
and other common alloys [19–21]. Compared to Y, fewer studies have been performed on the influence
of neodymium (Nd) on deformation. Herrera-Solaz et al. [22] reported the effect of Nd on the isotropic
mechanical behavior of Mg-Mn alloys. On one hand, they found the higher CRSS ratio of basal slip
modes and twinning (CRSSbasal/CRSStwinning) for Mg-Mn alloy than for pure Mg and on the other
hand the lower CRSSnon-basal/CRSStwinning ratio for Mg-Mn alloy than for pure Mg. Zhang et al. [23]
investigated the extended and stabilized dislocation configuration and the improved ductility due to
the decrease stacking fault energy with the addition of REs (in [23] REs = Pr, Nd, Gd, Tb, Dy) using
density functional theory. Most studies focused on the effect of addition of REs in pure Mg. Ha et
al. [24] discussed the influence of Nd and Ca addition on the dislocation activity and texture changes
of Mg–Zn alloys. They found the high activation of prismatic <a> slip and pyramidal <c + a> slip was
due to the addition of Nd or Ca into the Mg–Zn alloys. Nevertheless, the influence of REs especially
Nd on the deformation mechanism of Mg–Zn binary alloy system is still unclear.

The aim of the present study is to obtain understanding of the effect of Nd to Mg–Zn alloy during
tensile deformation. To achieve this goal, the texture and lattice strain evolution were measured
using in situ measurements at synchrotron diffraction, which were compared with elasto-viscoplastic
self-consistent simulation to describe in more detail the activation of each glide system. Mg–Zn
system was chosen as base material due to the similar texture as pure Mg and their attractive practical
applications as a degradable biomaterial [25].

2. Experimental and Simulation Procedure

2.1. Materials

Two different Mg alloys, ZN10 (Mg-1.0Zn-0.7Nd wt. %) and Z1 (Mg-1Zn wt. %), were prepared
for the present study, while a very small amount of Zirconium (0.13% Zr) is used in Z1 as a grain refiner
in order to avoid abnormal grain growth during rolling and annealing [8,26]. Rectangular slabs were
machined to the dimensions of 100 mm × 200 mm × 20 mm for the rolling experiments. Before rolling,
the Z1 and ZN10 billets were homogenized at 400 ◦C for 20 h and at 500 ◦C for 18 h, respectively.
The rolling procedure consisted of different passes with different thickness reduction degrees, each
referring to a true strain,

ϕ = − ln(hm+1/hm) (1)

where m is the number of the pass and hm is the sample thickness after pass m. The two alloys were
hot-rolled at 400 ◦C. Z1 alloy was primarily rolled with the two passes at ϕ = 0.1, subsequently rolled
with two passes at ϕ = 0.15, then finally rolled with the two passes at ϕ = 0.2. For ZN10 alloy, it was
rolled with three passes at ϕ = 0.1, then four passes at ϕ = 0.15. After each rolling pass, the sheets
were reheated at 400 ◦C for 15 min to keep the rolling temperature constant. The rolled sheets, with a
thickness of 8.0 ± 0.1 mm, were air cooled. Finally, the rolled sheets were annealed at 400 ◦C for 15 min
(Z1) and 30 min (ZN10) to produce a similar grain size.

The microstructure of the sheets were examined by optical microscopy after using standard
metallographic sample preparation and etching by a picric acid-based etchant [27]. The average grain
size was determined by computer-aided linear intercept measurements based on the micrographs from
longitudinal sections.

2.2. In Situ Synchrotron Diffraction during Tensile Testing

Standard cylindrical tensile samples (DIN 50125) with 4 mm in diameter and 20 mm in gauge
length were machined along the rolling direction (RD) and the transverse direction (TD), respectively.
In situ tensile tests were carried out at room temperature (RT) with an initial strain rate of 1.5 × 10−4 s−1
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with a Universal Testing Machine (UTM) mounted at the High Energy Materials Science (HEMS)
Beamline at PETRA III P07B (DESY, Hamburg, Germany). Figure 1 shows the beamline with the
(UTM) setup.Metals 2019, 9, x FOR PEER REVIEW 3 of 15 
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beam is marked with red line and circles. 

The texture measurements were carried out at nominal strains of 0%, 2%, 5%, 10%, 15% and 20%. 
The tensile tests were stopped (but not unloaded) for pole figure measurements at these points. Texture 
measuring time at each nominal strain was approximately 8 min. For pole figure measurements, the 
sample rotation was used in 3° steps for 180° before loading and for 105° during loading, respectively. 
In addition, the sample was continuously exposed during rotation every 3° for 3 s, to obtain great 
grain statistics. The beam with a wavelength of 0.14235 Å and beam size of 0.6 mm × 0.6 mm was 
used. The sample to detector distance was 1409 mm, calibrated by LaB6 standard powder. Complete 
Debye–Scherrer rings were collected with an image plate area detector type Perkin Elmer XRD 1622 
(PerkinElmer Technologies GmbH & Co. KG; Walluf, Germany, Type: XRD 1621 CN3-EHS, Serial 
No.: 723-10194). Data evaluations for pole figures were taken from Debye–Scherrer rings including 
background subtraction using programs FIT2D and SABO (inhaus software). The orientation distribution 
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Figure 1. Beamline setup for texture measurement at HEMS P07B. Incoming hard X-ray and diffracted
beam is marked with red line and circles.

The texture measurements were carried out at nominal strains of 0%, 2%, 5%, 10%, 15% and
20%. The tensile tests were stopped (but not unloaded) for pole figure measurements at these
points. Texture measuring time at each nominal strain was approximately 8 min. For pole figure
measurements, the sample rotation was used in 3◦ steps for 180◦ before loading and for 105◦ during
loading, respectively. In addition, the sample was continuously exposed during rotation every 3◦

for 3 s, to obtain great grain statistics. The beam with a wavelength of 0.14235 Å and beam size
of 0.6 mm × 0.6 mm was used. The sample to detector distance was 1409 mm, calibrated by LaB6

standard powder. Complete Debye–Scherrer rings were collected with an image plate area detector
type Perkin Elmer XRD 1622 (PerkinElmer Technologies GmbH & Co. KG; Walluf, Germany, Type:
XRD 1621 CN3-EHS, Serial No.: 723-10194). Data evaluations for pole figures were taken from
Debye–Scherrer rings including background subtraction using programs FIT2D and SABO (inhaus
software). The orientation distribution functions (ODFs) were calculated using the iterative series
expansion method with positivity correction based on the set of six pole figures (10.0), (00.2), (10.1),
(11.0), (10.2) and (10.3) [28]. The volume fractions of each texture component were estimated by ideal
components and ideal fibers using MTEX. MTEX is a free Matlab toolbox for representing, analyzing
and interpreting crystallographic textures, based on pole figure or EBSD measurements. MTEX can
import, analyse and visualize diffraction pole figure data, to calculate an orientation density function
(ODF), to compute pole figure or ODF characteristics, to model ODF in terms of model functions, to
simulate pole figure, to write or change scripts for multiple use, and others. MTEX is a versatile free
and open-source software toolbox for texture analysis and modeling [29].

In addition to the texture measurements, the lattice strain evolution was measured during the
tensile deformation of the samples. The diffraction patterns were continuously collected at every 8 s
without pausing the load. Due to the high speed of data collection one can follow the lattice strain
behavior along the complete stress-strain curve. Line position and line broadening are very sensitive
to the elastic and plastic behavior of the material. The focus in this study was on the lattice strain
evolution as function of the strain calculated by

ε =
dhkl − d0,hkl

d0,hkl
(2)

where d0,hkl refers to the lattice spacing at initial condition. To determine the lattice spacing dhkl parallel
to the loading direction (LD) a ± 5◦ segment was integrated from complete Debye–Scherrer rings.
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2.3. Modeling Procedure

The elasto-viscoplastic self-consistent (EVPSC) model is applied to simulate the texture and
mechanical behavior during the tensile deformation. The EVPSC model was originally developed
by Molinari et al. [30] and was recently implemented by Wang et al. [31] to be applicable to large
strain and to arbitrary crystal structure. The detailed description of the model is available in
elsewhere [32] [19,33–39].

The plastic deformation of a crystal is attributed to slip and twinning modes, in terms of which
the grain level plastic strain rate

.
εp is computed following the equation:

.
εp =

∑
α

.
γ
αPα (3)

where
.
γ
α and Pα are shear rate and Schmid tensor of slip/twining system α, respectively. For Mg

alloys, four deformation mechanisms, including {00.2}<11.0> basal slip, {10.0}<11.0> prismatic slip,
{11.2}<11.3> pyramidal <c + a> slip and {10.2}<10.1> tensile twinning, are generally considered in the
plasticity modeling. For both slip and twinning modes, the shear rate is expressed by a rate-sensitive
relation [40]:

.
γ
α
=

.
γ0

∣∣∣τα/ταcr

∣∣∣ 1
m sgn(τα) (4)

where
.
γ0 is the reference shear rate, τα is the resolved shear stress, ταcr is the CRSS and m is the strain

rate sensitivity. In particular, the polar nature of twin activation should be considered, namely if the
resolved shear stress is along the anti-twinning direction, the corresponding twinning system will not
be activated.

In the EVPSC model, the evolution of CRSS ταcr is considered following an empirical extended
Voce hardening rule:

.
τ
α
cr =

dτ̂α

dΓ

∑
β

hαβ
∣∣∣∣ .
γ
β
∣∣∣∣ (5)

where Γ =
∑
α

∫ ∣∣∣ .
γ
α∣∣∣dt is the accumulated shear strain in the grain, and hαβ is the latent hardening

coupling coefficient which empirically determines the obstacles of system β on system α. The threshold
stress τ̂α is determined by:

τ̂α = τα0 +
(
τα1 + θα1 Γ

)
(1− exp (−

θα0 Γ

τα1
)) (6)

τα0 is the initial CRSS, θα0 and θα1 correspond to the initial and terminal strain hardening rates
respectively, and τα1 is the back-extrapolated flow stress.

The orientation of every grain with anisotropic property contributes to the texture characteristic of
the material. The measured initial texture was simplified by MTEX selecting 2000 orientations (ϕ1, Φ,
ϕ2) and was used as the input texture for the EVPSC modeling. The macroscopic loading conditions
are acting on the grain level with a self-consistent manner by deformation. The main fitting parameters
for these models are CRSS values of the chosen slip systems and/or twinning to balance between
measured and simulated stress-strain curve.

3. Results

3.1. Microstructure and Texture at the Rolled State

The optical micrographs of the initial sheets are presented in Figure 2. It shows recrystallized
microstructures without twins for both alloys. The average grain sizes of Z1 and ZN10 are comparable
at 27 µm and 23 µm, respectively (Figure 2).

The initial textures examined by synchrotron X-ray diffraction are presented by the recalculated
(10.0) and (00.2) pole figures and the inverse pole figure in RD, Figure 3 (Z1) and Figure 4 (ZN10).
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Figure 4. The initial pole figure of ZN10: (a) (10.0) pole figure; (b) (00.2) pole figure; (c) the inverse pole
figure in RD.

Z1 has the typical rolling texture, i.e., <00.2> fiber // normal direction (ND), where many grains
have orientation with c-axis parallel to ND with a spread of approximately 35◦. The texture sharpness
is Pmax = 9.0 mrd (mrd = multiple of random distribution). A second much weaker texture component
is a partial <10.0> fiber // RD, seen by the higher intensity in RD-direction of the (10.0) pole figure as
well as in the spread of ±45◦ in TD direction in the (00.2) pole figure. The inverse pole figure expresses
an intermediate state, where the material is on this way from ideal deformation texture (<10.0> // RD)
to ideal recrystallization texture (<11.0> // RD).

ZN10 shows a much weaker texture (Pmax = 3.1 mrd) than Z1, which is related on one hand to a
higher spread of some texture components and on the other to the development of weaker texture.
There is lower importance of the ideal <00.2> fiber // ND and the higher spread of the partial <10.0>

fiber // RD with ±75◦. The ratio of the orientation spread // ND is ±40◦ to RD/±75◦ to TD. Moreover,
(00.2)<10.0> ideal component is seen in ZN10 but not in Z1. The inverse pole figure does not show
such a strong movement from the (10.0) corner to the (11.0) corner, which indicates less recrystallization
of ZN10 than Z1. This may be related to the Nd-content. Moreover, the in-plane anisotropy of ZN10 is
higher than in Z1.
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3.2. Mechanical Properties

Figure 5 shows the true stress–true strain curves of Z1 and ZN10 along RD and TD at RT.Metals 2019, 9, x FOR PEER REVIEW 6 of 15 

 

 
Figure 5. True stress- strain curves of Z1 and ZN10 along RD and TD. 

ZN10 shows a stronger RD/TD anisotropy in yield tensile strength (YS) and ultimate tensile 
strength (UTS) than Z1. While the UTS has values between 181 MPa and 195 MPa, similar in both 
alloys, the YS is higher in Z1 (123 MPa // RD) than in ZN10 (84 MPa // TD). Elongation is higher in 
ZN10 than in Z1. The tensile properties are listed in Table 1. 

Table 1. Tensile properties along RD and TD (YS: yield strength in MPa, UTS: ultimate tensile strength 
in MPa, εUTS: uniform elongation in %, εF: fracture elongation in %). 

Alloys Sample Direction YS UTS 𝜺𝑼𝑻𝑺 𝜺𝑭 

Z1 RD 123 195 16 22 
TD 105 192 18 25 

ZN10 RD 115 188 17 >30 
TD 84 181 27 28 

The in-plane anisotropy can be explained by the orientation spread given in chapter 3.1 and by 
comparing (the inverse pole figures: IPF) IPFRD with IPFTD. Figure 6 shows IPF of Z1 and ZN10. It can 
see clearly that ZN10 shows much higher variation between RD and TD which indicates differences 
in the properties in both directions. 

 
Figure 6. Inverse pole figures of alloys: (a) Z1 in RD; (b) Z1 in TD; (c) ZN10 in RD; (d) ZN10 in TD. 

3.3. Texture Evolution during in situ Tensile Test 

Texture evolution of Z1 and ZN10 during tension in the RD is presented in Figure 7. The quantitative 
fractions of texture components (Figure 8) were analyzed by MTEX to describe the texture 
development [29]. Three texture components, <00.2> fiber // ND, <10.0> fiber // RD and {00.2}<10.0> 
component, were found for both alloys after deformation. These three texture components with 10° 
angle of texture components are used for simulation by MTEX. 

Figure 5. True stress- strain curves of Z1 and ZN10 along RD and TD.

ZN10 shows a stronger RD/TD anisotropy in yield tensile strength (YS) and ultimate tensile
strength (UTS) than Z1. While the UTS has values between 181 MPa and 195 MPa, similar in both
alloys, the YS is higher in Z1 (123 MPa // RD) than in ZN10 (84 MPa // TD). Elongation is higher in
ZN10 than in Z1. The tensile properties are listed in Table 1.

Table 1. Tensile properties along RD and TD (YS: yield strength in MPa, UTS: ultimate tensile strength
in MPa, εUTS: uniform elongation in %, εF: fracture elongation in %).

Alloys Sample Direction YS UTS εUTS εF

Z1
RD 123 195 16 22
TD 105 192 18 25

ZN10
RD 115 188 17 >30
TD 84 181 27 28

The in-plane anisotropy can be explained by the orientation spread given in chapter 3.1 and by
comparing (the inverse pole figures: IPF) IPFRD with IPFTD. Figure 6 shows IPF of Z1 and ZN10. It can
see clearly that ZN10 shows much higher variation between RD and TD which indicates differences in
the properties in both directions.
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3.3. Texture Evolution during in situ Tensile Test

Texture evolution of Z1 and ZN10 during tension in the RD is presented in Figure 7. The quantitative
fractions of texture components (Figure 8) were analyzed by MTEX to describe the texture
development [29]. Three texture components, <00.2> fiber // ND, <10.0> fiber // RD and {00.2}<10.0>

component, were found for both alloys after deformation. These three texture components with 10◦

angle of texture components are used for simulation by MTEX.
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Z1 along RD:

During the following deformation, the max pole density of pole figures of (10.0) and (00.2) planes
gradually increased from Pmax = 2.9 mrd and 10.1 mrd at 2% strain to Pmax = 4.8 mrd and 10.9 mrd
at 20% strain. The broadening of basal poles from ND toward TD and RD showed no significant
difference, <10.0> partial fiber // RD did not become a complete fiber. However, the volume fraction of
{00.2}<10.0> component increased during the tensile testing. When the strain reached 20%, new texture
component could be observed from TD in the (00.2) pole figure. The fraction of texture components at
the initial condition (Figures 3 and 8), is 2.5% for <10.0> partial fiber // LD which is parallel to LD,
9.5% for <00.2> fiber // ND which perpendicular to LD and the remaining components. The fraction of
<00.2> fiber // ND is decreasing during tension from 9.5% to 5%. Partial <10.0> fiber//RD is increasing
from 2.5% without strain to about 5.5% at the largest strain during tension. The {00.2}<10.0> component
is new and grows with higher load.

ZN10 along RD:

The intensity of (10.0) and (00.2) planes increased from 2.7 mrd and 3.4 mrd at 2% strain to
4.3 mrd and 3.8 mrd at 20% strain during tension. The basal plane spread from ND toward TD during
tension and tilted ±20◦ to TD. The broadening from ND toward TD reached ±90◦ at 10% strain, i.e.,
the texture components <100> partial fiber // RD comes to <100> fiber // RD. The texture component
<00.2> fiber // ND reduced to partial fiber when the tensile strain was larger than 10%, while no
obvious change was visible for the {002}<100> component during the tensile test. The fraction of
texture components for tensile tests along RD (Figure 8b) at the initial condition (Figure 4) is 1.5% for
{00.2}<100> component and <00.2> fiber // ND, 4.5% for <10.0> partial fiber // LD. It is to mention that
the fractions of <00.2> fiber // ND and {002}<100> component remained stable at around 1.5% during
the tensile test. The value of <10.0> partial fiber // RD increased from 4.5% at without strain to 9.5% at
largest strain.

In the case of tensile tests along TD, at 2% strain the texture of Z1 did not change compared to the
initial textures, but in ZN10, a <100> fiber // LD is visible at 2% strain but not in Z1, the intensity of
(100) and (002) planes gradually decreased from Pmax = 2.4 mrd and 3.4 mrd at the starting condition
to Pmax = 1.8 mrd and 3.0 mrd at 2% strain for ZN10 alloy. The texture components <100> partial fiber
// RD reduced. During the following deformation, the intensity of (100) and (002) planes gradually
increased for the Z1 alloy. In ZN10, the intensity of (002) is stable, but intensity of (100) increased. In Z1,
the tendency of texture evolution is very similar to the RD sample. In case of ZN10, the broadening
from ND toward TD is shortening, and the broadening from ND to RD increased but did not reach
±90◦ until fracture, i.e., the texture components <100> partial fiber//TD grows but does not come to
<100> fiber // TD. The texture components <100> partial fiber // RD is not visible from 10% strain.
The texture component <002> fiber // ND reduced to partial fiber at 20% strain.

The quantitative fractions of texture components are shown in Figure 8c,d. The tendency of TD
samples are similar compared RD sample in Z1, i.e., in Z1, {002}<100> component and <100> fiber //

LD increase, <002> fiber // ND decreases and <100> fiber ⊥ LD disappeared during tension. In ZN10,
{002}<100> component and <002> fiber // ND are stable during plastic deformation, the fraction of
{002}<100> component and random are higher up to large strain in TD than in RD. <100> fiber ⊥ LD
disappeared, <100> fiber // LD increases during whole tensile test, but slower than the RD sample.

3.4. Lattice Strain Evolution during in Situ Measurements

The lattice strain evolutions of different {hkl} lattice planes in parallel to the LD are shown in
Figure 9. The intensities of some {hkl} peaks are too low to get accurate peak positions, e.g., {002} in
LD. Therefore, four {hkl} planes {100}, {101}, {110} and {201} were analyzed in this study. It can be seen
that the lattice strain curve of different {hkl} planes showed different behavior, such as different ‘yield
point’ of lattice stain—true strain curve and different hardening rate, i.e., some planes deform easier.
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The true strain-lattice strain curve of {101} indicated the variation of basal slip during the
deformation, while the variations of {100} and {110} planes refer to the prismatic slip. Generally, {101}
plane was first deviated from the elastic linearity, showing a lowest ‘yield’ strain. It suggested the
basal slip is the softest deformation slip in the alloys. Thus, it can be observed that the basal slip was
first activated and dominant at the beginning of plastic deformation. In comparison, the {100} plane
was last to deviate for all the conditions, which needed higher energy for the activity than the basal
slip. This difference resulted from different CRSS for the initiation of different glide systems in the
presented samples [41].

The lattice strain differences between different {hkl} lattice planes were largest in ZN10 along the
TD sample in this work, which is possibly related to initial texture and the addition of the alloying
element Nd. In comparison, the lattice strain of {101} grains in ZN10 was lower than in Z1 regardless
of TD or RD, indicating lower active energy of basal slip for ZN10 than Z1 for the initial plastic
deformation. Furthermore, in the plastic region, the differences between {100} and {110} lattice planes
in ZN10 were more evident than in Z1 as shown in Figure 9.

As for the yield point, the {100} and {110} planes were larger for Z1 in RD than TD, but it was
smaller for {101} plane in RD. The reasons for these differences are material anisotropy. Moreover,
the {101} plane exhibited the lowest yield point of ZN10 in TD, but the highest for Z1 in RD, which
agrees with the lowest yield strength of ZN10 in TD, but the highest yield strength of Z1 in RD. The
yield point difference between {100} and {110} in ZN10 along RD is more pronounced compared to
other samples. The reasons for these differences are the alloying elements and the initial texture (IPF of
ZN10 in Figure 6) [42].
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The hardening rate of lattice strain for all {hkl} planes decreased during the deformation, but the
hardening rate of {100} and {110} lattice planes in ZN10 was higher than in Z1.

3.5. Modeling Results

Based on the EVPSC simulation and the experimental data, such as initial texture data, the relative
deformation mode activity with texture development can be simulated. The simulation parameters for
the slip and twinning modes are given in Table 2.

Table 2. Simulation parameters for deformation modes and twinning used in the simulation (unit of all
shear stress values is GPa).

Alloy (Z1) τ0 τ1 θ0 θ1

<a>—basal 0.02 0.008 0.2 0
<a>—prismatic 0.05 0.045 0.5 0

<c + a>—pyramidal 2nd order 0.09 0.08 0.8 0
Tensile twinning 0.01 0 0.2 0

Alloy (ZN10) - - - -
<a>—basal 0.02 0.008 0.2 0

<a>—prismatic 0.06 0.04 0.45 0
<c + a>—pyramidal 2nd order 0.07 0.08 0.8 0

Tensile twinning 0.04 0 0.2 0.2

The experimental (Figure 5) results of the flow stress-strain curves and the texture are in well
agreement with the simulated results (Figure 10).
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Figure 11 presents the simulated pole figures for both alloys at strain 20%. Comparing the texture
components of experimental (Figure 7) texture and simulated texture are in well agreement, but it
shows a stronger texture intensity of simulation than that in experiments.
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Figure 12 presents the activity variations of the relative deformation mode as a function of the
strain. The results presented two dominated deformation modes for both alloys: the increasing activity
of prismatic slip and the decreasing activity of basal slip as the strain increases. The activity of those
slipping results in the enhancement of the {10.0} texture component. Additionally, the twinning
mode could be observed for both alloys at the initial strain stage, but slightly higher for ZN10 than
Z1. The pyramidal mode could also be found for ZN10, but not for Z1, because the CRSS value of
pyramidal slip in Z1 is higher than in ZN10. The activity of prismatic mode played a dominant role in
the Z1 alloy deformation during all the tensile tests. However, the basal mode showed the highest
activity for ZN10, but the prismatic slip turned out to be the predominant factor when the strain was
less than 15%. The reasons for these differences of activity varying for Z1 and ZN10 are the alloying
elements Nd and the initial crystallographic texture. Furthermore, the addition of Nd increases the
CRSS value of prismatic slip [22] and decreases the CRSS value of pyramidal slip.

Figure 12. The relative deformation mode activities as a function of the strain: (a) Z1 along RD;
(b) ZN10 along RD.

4. Discussion

4.1. Initial Texture and Texture Evolution

For the initial texture of the rolled alloys, the main components in Z1 are <00.2> fiber // ND and
small fraction of <10.0> fiber // RD. The primary deformation mechanisms are basal and prismatic
slip, because they produce <00.2> fiber // ND and a weak <10.0> fiber // RD [43,44]. In ZN10, it is
more complex than Z1 due to the activity of different slip systems and/or twinning during the rolling.
The reason for the weaker texture in ZN10 is the RE addition [8,9]. {00.2} pole shows much more
broadening from ND to TD due to activity of prismatic slip. Compared to Z1, a new texture component
{00.2}<10.0> was observed in ZN10, also reflected by the neat six-fold symmetry in the {10.0} pole figure
from prismatic slip [43]. Another interesting texture component, {00.2} pole split from ND to RD ± 20◦.
It is combined with a small fraction of activity of pyramidal slip [19,45]. Furthermore, compared to
the basal and prismatic slip-dominated deformation for Z1, more slip systems and twinning were
activated for ZN10 during hot rolling.

According to the texture evolution, the partial <10.0> fiber // LD and {00.2}<10.0> components
increased during tensile testing for Z1 due to the activation of prismatic slips and decreased the <00.2>

fiber // ND which can be explained by the reduction of basal slip activation. When the tensile strain
reached at 20%, the newly formed component in {00.2} plane in TD (Figure 7) was possibly formed due
to the activation of tensile twinning. This component has a low intensity compared with the intensity
of other texture components, suggesting that the tensile twinning plays a minor role in deformation
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mechanism. In ZN10, similar increase in the partial <10.0> fiber // LD is obtained during tensile
test. This component becomes a complete fiber at 10% strain, leading to the broadening ±90◦ of {00.2}
pole from ND to TD. The reason for these variations is the activation of prismatic slip. However,
the complete <002> fiber // ND changes to partial fiber for ZN10 due to the decreasing of the activation
of basal glide during tensile testing. The splitting of the {00.2} pole from ND to LD is still visible
throughout the deformation process, indicating the pyramidal slip is activated in the material [19,46].
Additionally, the primary deformation mechanisms for both alloys during the tensile testing are the
basal and prismatic slips. A small fraction of twinning is also possibly activated in Z1, although it is
the activation of pyramidal glide in the case of ZN10 rather than twinning.

4.2. Lattice Strain Evolution

In the elastic region, the lattice strains of different {hkl} lattice planes depend on elastic anisotropy
and texture of the material. Due to the nearly elastic isotropy of Mg alloys compared to other material,
e.g., copper or steel which have higher elastic anisotropy [47], the lattice strains for different lattice
planes show a similar strain rate. After the elastic area, a fluctuation can be seen in the lattice strain
curve of {10.1} plane, which is more obvious for Z1 than ZN10. The reason for this can be the activation
of the twinning. This can result in the sudden rotation of gains, thereby leading to a non-gradient
lattice strain curve. The curve of {10.1} plane is lower for ZN10 than Z1, it could be the reason the
yield point of ZN10 is lower than Z1, i.e., ZN10 starts plastic deformation earlier than Z1 (see Table 1
and Figure 5). It is of interest to note that the difference of lattice strain curves between {10.0} and
{110} in ZN10 is larger than in Z1, which could result from the initial texture, one can see clearly that
ZN10 shows much higher variation between {10.0} and {11.0} in RD and TD samples (Figure 6) which
indicates differences in the properties in both planes. Additionally, the presence of Nd in the material
changes the volume fraction of the activation of the basal and prismatic slips during the tensile testing.

4.3. Deformation Mode Activity by EVPSC

Based on the EVPSC method, the variations of relative deformation mode activity with texture
development can be simulated. The simulated results showed the primary deformation modes during
tensile testing are basal and prismatic slips. The basal slip is activated easily in random material [44]
during tensile testing. The activation of the basal slip decreases because of the decreased fraction
of other texture components in the present alloys. At the beginning, prismatic slip is dominant in
the deformation in Z1 because of the lower CRSS value of prismatic slip. The activation of the basal
slip is more important to the deformation of ZN10 due to the high-volume fraction of other texture
components. These simulated results are in good agreement with the experimental results. However,
some differences, for example, intensity, could also be obtained by comparing the measured pole figure
with the simulated pole figure. The reasons for these differences are listed as follows:

• The intensities of simulated pole figures are slightly higher than the experimental pole figures.
This higher intensity could be caused by the influence of neighboring crystals on grain rotation rate.
In simulation, grain-to-grain interactions on average were taken into account without neighboring
effects. However, from experimental results, grain rotation is more difficult since in reality a grain
is always surrounded by other grains with different orientations.

• Inhomogeneity of deformations occurs in measurements but not in simulations. In the simulation
procedure the strain is homogenously accommodated by the active slip system and twinning [10].

• In simulation, the size of grains with particular orientations are homogenous. The grain size and
the volume fraction of grain with certain sizes varies in the materials. Twinning is much easier
formed for large grains than the small ones [46].
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5. Conclusions

In the present study, the tensile deformation behaviors of Z1 and ZN10 along RD and TD were
investigated using in situ synchrotron measurements and EVPSC simulation. Based on the results,
the following conclusions about the effect of Nd on the deformation of Mg–Zn alloy can be obtained:

(a) The addition of Nd weakens the texture of Mg–Zn alloy, results in the formation of the {00.2}<10.0>

component after hot rolling, which does not exist in the Z1 alloy. The volume fraction of this
component remains stable in Nd-containing alloys, but it gradually increases with the increasing
strain for Nd-free alloys.

(b) Basal slip in Nd-containing alloys are easier to active during the tensile loading compared to
Nd-free alloys, it is in good agreement with the lower yield point of Nd-containing alloy.

(c) The addition of Nd increases the CRSS value of prismatic slip and decreases the CRSS value of
pyramidal slip compared to Nd-free alloy.
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