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Abstract: The deformation behavior of the extruded magnesium alloys Mg2Nd and Mg2Yb was
investigated at room temperature. By using in situ energy-dispersive synchrotron X-ray diffraction
compression and tensile tests, accompanied by Elasto-Plastic Self-Consistent (EPSC) modeling, the
differences in the active deformation systems were analyzed. Both alloying elements change and
weaken the extrusion texture and form precipitates during extrusion and subsequent heat treat-
ments relative to common Mg alloys. By varying the extrusion parameters and subsequent heat
treatment, the strengths and ductility can be adjusted over a wide range while still maintaining a
strength differential effect (SDE) of close to zero. Remarkably, the compressive and tensile yield
strengths are similar and there is no mechanical anisotropy when comparing tensile and compres-
sive deformation, which is desirable for industrial applications. Uncommon for Mg alloys, Mg2Nd
shows a low tensile twinning activity during compression tests. We show that heat treatments pro-
mote the nucleation and growth of precipitates and increase the yield strengths isotopically up to
200 MPa. The anisotropy of the yield strength is reduced to a minimum and elongations to failure
of about 0.2 are still achieved. At lower strengths, elongations to failure of up to 0.41 are reached. In
the Mg2YDb alloy, adjusting the extrusion parameters enhances the rare-earth texture and reduces
the grain size. Excessive deformation twinning is, however, observed, but despite this the SDE is
still minimized.

Keywords: Mg-RE alloys; extrusion; mechanical properties; microstructure; in situ diffraction; crys-
tal plasticity; deformation twinning; texture

1. Introduction

Magnesium is one of the lowest density (o= 1.7 g/cm?®) metallic structural materials.
Due to its high specific strengths, it is suitable for lightweight construction applications
in the electronic industry, the biomedical industry, and the sports equipment sector [1-4].
However, the poor formability at room temperature limits the processing possibilities of
magnesium alloys [5,6].

The low ductility and formability is caused by the hexagonal crystal system of mag-
nesium, which only offers primary deformation systems in the basal plane. The <a> basal
slip contributes to plastic deformation at low applied stresses due to its small critical re-
solved shear stresses (CRSS). Together with the <a> prismatic slip system, which requires
higher activation energies, deformation can only can be realized in the <a> direction. De-
formation in the <c> direction is only possible with <c + a> pyramidal slip systems, which
are hard to activate [7-10]. Recently published studies show that <c + a> pyramidal slip is
important for high elongations of magnesium alloys [11].
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Plastic deformation can also be realized by twinning. In twinning, the crystal struc-
ture is reoriented by a defined angle along a plane of symmetry [12,13]. This induces a
microscopic change in length and contributes to macroscopic deformation [14,15]. The
twin systems are divided into {10.1} tension twinning (TTW-ing) and {10.2} compression
twinning (CTW-ing), depending on the stress applied along the c-axis of the unit cell.
TTWs are formed when applying either tension along the c-axis or compression perpen-
dicular to it and feature an 86° rotation about a <11.0> axis [12,13,16]. TTWs usually have
a low CRSS and are, therefore, more easily activated. In contrast, CTWs with a higher
CRSS feature a 56° rotation about a <11.0> axis when compression stress is applied parallel
to the c-axis.

Twin formation is a unidirectional deformation mechanism that depends on the ori-
entation of the crystals and the applied stress. In both monocrystalline and polycrystalline
magnesium products, the properties depend on the orientation of the crystals and are af-
fected by the production parameters. Typically extruded AZ31-alloys show fiber textures
after extrusion [17] in which the basal planes are oriented parallel to the direction of ex-
trusion. When compressive stress is applied along the extrusion direction, the perpendic-
ular aligned c-axes of the grains are subjected to tensile stress, preferably forming tensile
twins [18]. Due to the low CRSS of tensile twins, the compressive yield strength (CYS) is
much lower than the tensile yield strength (TYS) in the extrusion direction. This asym-
metric mechanical behavior is described by the Strength Differential Effect (SDE) [19,20].
For practical applications of structural materials, it is desirable to have a symmetrical ma-
terial behavior, equivalent to an SDE close to 0.

The texture can be modified by changing the production/extrusion parameters and
alloying elements. Studies have shown that rare earth [RE] elements can have a strong
influence on the recrystallization texture [17,21,22]. They alter the grain orientations and
weaken the texture during hot deformation/extrusion. Depending on the resulting orien-
tations, various deformation mechanisms are active during subsequent cold deformation.
The CRSS and the contribution to the total deformation of the individual systems have an
influence on the resulting macroscopic mechanical properties.

RE solutes are used in the Mg alloys of the WE-series, containing 7 to 9% RE, mainly
yttrium (Y) and neodymium (Nd) [23,24]. Although the alloys are characterized by high
strength, high costs make it desirable to reduce the RE content while maintaining the ad-
vantageous properties. Neodymium in particular is suitable, as it achieves good proper-
ties and strongly influences the texture [25]. Seitz et al. [26] extruded an Mg2wt.%Nd alloy
and found a small asymmetry in the tension and compression.

For this study, two magnesium alloys with 2 wt.% rare earth content, Mg2Nd and
Mg2Yb, were investigated with regard to their microstructure, deformation behavior, and
mechanical properties. By varying the process parameters, the microstructure can be
changed so that the strength and ductility can be adjusted over a wide range. In particular,
a significant reduction in the SDE can be achieved.

In a first step, two casted billets of each alloy were extruded, varying the cooling
conditions. The extruded bars were investigated by electron microscopy (SEM, TEM), la-
boratory X-ray texture measurements, and mechanical testing (compression, tension) to
determine the mechanical properties, the microstructure, and their changes during defor-
mation. To gain further insight into the different deformation behavior, a combination of
in situ energy-dispersive X-ray synchrotron diffraction and simulations with the elasto-
plastic self-consistent (EPSC) model was used [27]. The particular version of the model
used in the present work is from [28]. These methods allow an analysis of the active de-
formation mechanisms as a function of load. Furthermore, the parameters of a dislocation
density-based strain hardening model of the different deformation mechanisms are ob-
tained. By adding Nd, an advantageous texture can be achieved. The texture activates
similar deformation systems at the beginning of plastic preforming and, in particular, ef-
fectively suppresses the formation of tensile twins under compressive stress. The addition



Metals 2021, 11, 377

30f20

of Yb has a lower impact on the texture and a more pronounced dynamic recrystallization
can be observed. This results in low strengths and high SDEs.

In the next step, heat treatments and variations in extrusion parameters were used to
modify the microstructure and thus the mechanical properties. The grain size was reduced
while maintaining or even improving the advantageous texture. Due to the low solubility
of Nd and ytterbium (Yb) in Mg, subsequent heat treatments were used to further increase
the strength. In the Mg2Nd alloy, subsequent heat treatments lead to the formation of fine
precipitates, generating a significant hardening effect. In the case of the Mg2Yb alloy, heat
treatments for precipitation hardening are less effective. However, by adjusting the pro-
cess parameters the grain size can be reduced and the texture improved as well, so that,
despite differences in plastic deformation, the yield strengths in compression are almost
equal to the yield strengths in tension. This resulted in high strengths and low SDEs.

2. Materials and Methods
2.1. Material, Microstructure

The extrusion billets had a nominal composition of Mg2wt.%Nd (Mg2Nd) and
Mg2wt.%Yb (Mg2Yb) with a diameter of 123 mm and a length of 115 mm. They were
casted at the Helmholtz-Zentrum Geesthacht (HZG). The billets were homogenized and
solution annealed in the single-phase region of the phase diagram [29]. Depending on the
composition and phase diagram, the temperature was 500 °C (6 h) for the Mg2Nd alloy
and 450 °C (10 h) for Mg2Yb with an 8 h heating period. After the heat treatment, the
billets were quenched in water. Prior to extrusion, the billets were inductively heated rap-
idly to extrusion temperature and then immediately extruded. The indirect extrusion pro-
cess was carried out at the Technische Universitat Berlin, Extrusion Research and Devel-
opment Center, varying some of the extrusion parameters including billet temperature
(Ts), cooling method, extrusion ratio (R), and product speed (vr), as shown in Table 1.

To improve the mechanical properties with regard to technological application, the
extruded bars were subsequently heat-treated at different temperatures (150, 204, and 300
°C). To determine the heat treatment duration, hardness tests were performed on samples
of different ageing times. Samples with the highest hardness were further selected for me-
chanical testing with tensile and compression tests.

Table 1. Extrusion parameters.

Alloys Series Ts (°C) Cooling R ve (m/min)

A 400 Air 61:1 0.5
Mg2Nd B 400 Water 61:1 0.5

C 400 Water 61:1 0.25

A 400 Air 61:1 1.3
Mg2Yb B 400 Water 61:1 1.6

C 300 Water 61:1 1.8

For optical microscopy and grain size analyses, the as-extruded specimens were pre-
pared by grinding and polishing and subsequent chemical polishing with a solution of 12
mL hydrochloric acid (37%), 8 mL nitric acid (65%), and 100 mL ethanol. Etching with a
picric etching solution (4.2 g picric acid, 10 mL acetic acid, 10 mL H>O, and 70 mL ethanol)
revealed the grain structure. To examine precipitates in the SEM, polished samples in the
as-extruded and heat-treated states were used.

Thin TEM foils were cut, mechanically polished, and electrolytically thinned by a
twin-jet TenuPol 3 with a solution of 5.3 g lithiumchloride, 11.16 g magnesiumperchlorate,
500 mL methanol, and 100 mL 2-butoxy-ethanol.

HR-TEM images were recorded on a FEI Tecnai G2 20 S-TWIN TEM and a FEI Titan
80-300 Berlin Holography Special TEM (Technische Universitit Berlin,
Zentraleinrichtung Elektronenmikroskopie).
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For energy-dispersive synchrotron in situ tests, compression specimens with a diam-
eter of 7 mm and a length of 15 mm and tensile specimens with a diameter of 6 mm and a
length of 36 mm were used.

The texture of the polished specimens in the as-extruded conditions and deformed
state were measured with the laboratory X-ray diffraction method using CoKa radiation
and a 3 mm collimator. The experimental pole figures for the (10.0), (0002), (10.1), (10.2)
and (11.0)-reflections were measured and the inverse pole figures were calculated from
the experimental data using the MTEX software package [30].

Compression samples (D =10 mm, lo =20 mm) and tensile samples (D =6 mm, lo=36
mm) were machined from the extruded bar. Compression samples were compressed up
to engineering strains of -0.01, -0.04, —0.08, —0.15, and to fracture, while tensile samples
were deformed to fracture. The quasi-static tension and compression tests were carried
out with a universal testing machine (MTS810) with strain rates of 2.5 x 10 5.

For extruded magnesium alloys, the yield strength in tension (TYS) has been reported
to be higher than the yield strength in compression (CYS). This difference in strength is
called the strength differential effect (SDE) and can be expressed as:
|CYS|-|TYS|

SDE = |CYS|+ITYS|' 1)

2.2. In Situ Energy Dispersive Synchrotron X-Ray Diffraction

In situ energy-dispersive synchrotron X-ray diffraction experiments were carried out
at the 7T-MPW-EDDI-beamline at the BESSY-II synchrotron [31]. The beamline is
equipped with a superconducting 7T multipole wiggler, which provides a white beam
with a usable range of about 8 to 150 keV. For the experiments, an energy range of 20 to
60 keV and the Bragg angle 20 of 10.34° were used. The beam was limited by slit systems
to 1 x2 mm? on the incoming and 0.1 x 7 mm? on the detector side. The in situ compression
and tensile tests were carried out with a tensile-compressive loading device designed by
Fa. Walter+Bai AG, which is mounted on a 4-axes positioner to allow x-y-z translation and
W rotation around the axis of the beam.

In the unloaded sample state, the lattice spacings do"s! were measured in 11 ¥ angles
between 0 and 89.9° with an exposure time of 60 s. These data were used for the determina-
tion of dot*!. During mechanical testing, the d" ! were measured at several uniaxial tensile
and compression steps at 0° and 89.9° to determine the elastic lattice strains e in the
axial and transversal direction by Equation (2) [32]:

& —W-1=W—l. (2)

Here, dikil, dohkil, and Ehkil, Eohkil are the lattice spacings and their corresponding dif-
fraction lines at a load step and prior loading. The in situ measurements were stress con-
trolled in the linear elastic region. After reaching the yield strength, displacement control
was used.

2.3. EPSC Modeling

The elasto-plastic self-consistent (EPSC) model [27] is a polycrystal plasticity model
which simulates the constitutive response of a material based on single crystal data, a
hardening model, given texture, and initial grain shape and size. A recent description of
the formulation used here can be found in [28,33,34].

To describe hardening, separate models are employed for slip and twinning. For slip,
a dislocation density-based hardening model for the CRSS values in different crystallo-
graphic slip systems is employed [35,36]. For twinning, a model for the domain reorien-
tation and twin expansion as well as the twin boundary effect on slip is used, as described
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by the composite grain model [37]. To activate twinning, we employ the finite initial frac-
tion (FIF) assumption [7], which states that twin nucleation is accompanied by twin
growth to a finite initial fraction. For the simulations here, an FIF of 0.01 is used.

The material parameters used in the model pertain to elasticity, the initial stress to
activate slip, the rates of dislocation storage, and the critical stress for twin growth. These
are listed in Table 3. For the first of these, we used single-crystal elastic constants for Mg,
which are Ci11 =59.5 GPa, Ci2=26.1 GPa, Ci13=21.8 GPa, C33 = 65.6 GPa, and Cu=16.3 GPa
for both alloys. The remaining parameters were identified iteratively and specifically for
each alloy until the simulation results matched all the experimental results. The simula-
tion results enable da direct comparison with the synchrotron X-ray diffraction measure-
ments from the compression and tensile tests. The average stress—strain response, the tex-
ture evolution, and the elastic lattice strains allow to check the EPSC predictions by the
experimental diffraction data. The EPSC simulation further gives information on the ac-
tive deformation modes and their CRSS as a function of the strain. For the final simulation,
a grain set of 10,000 grains, which represent the as-extruded texture, was used.

3. Results
3.1. Microstructure

The microstructure of the as-extruded material is presented in Figure 1 via optical
micrographs to show the grain structure and inverse pole figures to show the texture. The
microstructures of all three series are dominated by globular recrystallized grains. The
average grain size of the Mg2Nd alloy decreases from 13 + 1 um for the air-cooled A-series
to 7 + 1 um for the water-quenched B-series. This is due to hindered grain growth after
the dynamic recrystallization caused by the rapid drop in temperature. An additional de-
crease to an average grain size of 3 + 1 um for the C-series was achieved by reducing the
extrusion speed. The Mg2Yb alloy shows an average grain size of 49 + 4 um for the air-
cooled A-series and 26 + 2 um for the water-quenched B-series. Extrusion at a reduced
temperature decreases the grain size of the C-series to 8 + 2 um. In the slower extruded C-
series of the Mg2Nd alloy and both water-quenched series of the Mg2Yb alloy, elongated
grains that are not fully recrystallized are occasionally found in the longitudinal sections
(Figure 1h,n,q).

The X-ray diffraction texture measurements reveal pronounced RE-fiber-textures
with overall low maximum intensities (Figure 1). The texture of the A-series of the Mg2Nd
alloys has a maximum at the <11.2>pole and the B-series shows additional intensity be-
tween the <10.2> and <10.1>pole. The C-series has its maximum at the <10.0> pole with
additional intensities at the <10.1> and<11.2> pole. The A- and C-series of the Mg2Yb al-
loys show a very weak extrusion texture with of maximum of just 1.3 multiples of random
distribution (mrd) and 1.5 mrd, respectively, and intensities at the <10.2> and <11.2> pole.
The B-series, in contrast, shows the highest observed intensity of 2.3 mrd at the <10.0>
pole. The texture of the C-series is similar to the A-series, with an additional intensity at
the <10.0> pole.
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Figure 1. Cross section, longitudinal section, and inverse polfigures in the extrusion direction (ED) of the Mg2Nd alloy (a—
¢) A-series, (d-f) B-series, (g—i) C-series, and of the Mg2Yb alloy (j—-1) A-series, (m-o0) B-series, (p-r) C-series.

3.1.1. Mg2Nd

All series of the Mg2Nd alloy show coarse precipitates in different shapes and diam-
eters up to 4 um. These precipitates are randomly distributed in the grains. In the slower-
cooled A-series, additional precipitates can be seen on the grain boundaries (Figure 2a).
The area fraction of the precipitates was determined to approx. 3.2% for the A- and B-se-
ries and 3.5% for the C-series. Due to the high number of precipitates, analyses of the
solution content of Nd in the Mg-matrix were carried out using a high-resolution electron
probe micro-analyzer (EPMA). These showed that a Nd concentration of 1.6 wt.% was
present in the matrix. Further measurements show that these are stable Nd-rich S
(Mg41Nd5) precipitates [38]. Heat treatments at 150 °C and 204 °C promote the formation
of coherent Guinier—Preston zones and " precipitates with diameters of 10 to 20 nm (Fig-
ure 2b) [29,38,39]. Heat treatments at higher temperatures produce stable Se-precipitates
that either do not lead to precipitation hardening or, even worse, reduce the strength.
These samples were, therefore, not investigated further.
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Mag: 500x

HV: 15KV WD: 25.mm

Figure 2. (a) SEM Mg2Nd A-series, (b) TEM images of precipitates in the heat-treated (150 °C, 7 h) Mg2Nd B-series, <0002>
zone axis, (c) SEM Mg2Yb A-series.

3.1.2. Mg2Yb

In the water-quenched B and C series, only the larger precipitates with diameters of
1 to 2 um are found in the as-extruded state. They are located within the grains and are
homogeneously distributed. In samples of the A series, the same precipitates are found
within the grains. In addition, predominantly smaller precipitates (&~0.5 to 1 um) are ob-
served at the grain boundaries (Figure 2c). These precipitates are the f'-phase (Mg2Yb)
precipitates [40], and formed after extrusion during slow cooling. Heat treatments at 150
°C have little effect on the microstructure and mechanical properties of the Mg2Yb alloy.
In contrast, an increase in the phase fraction of the ' precipitates can be observed after a
heat treatment for 15 min at 300 °C. No changes in grain size and texture were observed
during all heat treatments of the Mg2Nd and Mg2Yb alloys.

3.2. Mechanical Properties

The yield strengths (CYS, TYS) and elongations to failure (ex, ex), as determined from
the stress—strain curves, are summarized in Table 2. For the Mg2Nd alloy, the flow curves
of the A-series look similar in compression (Figure 3a) and tension (Figure 3b), and
achieve elongations to failure above 0.32. We find that the B-series shows similar behavior
(Supplementary Materials Figure S3). In contrast, the shape of the flow curves of the C-
series differ between the compression and tensile tests (Figure S3). The air-cooled A-series
yields at -105 and 107 MPa in the uniaxial compression and tensile tests, respectively,
resulting in nearly zero SDE (Table 2). Reducing the grain size to 7 um by adjusting the
cooling method (B-series) after extrusion increased the CYS and TYS to —125 and 122 MPa,
respectively. In the case of the C-series alloy, the associated additional grain size reduction
to 3 um, by the slower extrusion rate, increased the CYS and TYS further to 176 and 175
MPa, resulting in an SDE of 0. However, in this case the flow curve of the compression
test exhibits a sigmoidal shape (Figure S3), which is a well-known signature of tension
twinning [18]. Still, the increased activity of TTW-ing significantly reduces the elongation
to failure (ductility) in the compression test. The tensile test had similarly good values,
just as with the A- and B-series.

The Mg2Yb alloy is significantly more anisotropic in its plastic deformation and me-
chanical properties than the Mg2Nd alloy, especially in the B-series. The flow curves of
the compression tests (Figures 3c and S3) show a strong sigmoidal shape and the CYS are
significantly lower than the TYS. This leads to SDEs of high magnitude (Table 2). Never-
theless, a strong influence of the grain size can be observed in both the CYS and TYS. As
grain size decreases, the yield strengths increase and this effect is more pronounced in
compression than in tension. Therefore, the C-series ultimately achieves a low SDE of
-0.04.
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Figure 3. Comparison of the flow curves from the in situ experiment, ex situ experiment and the simulation of the Mg2Nd
A-series (a) compression and (b) tensile tests and the Mg2Yb B-series (¢) compression and (d) tensile tests.

Table 2. Mechanical properties of the investigated alloys (the error of compressive yield strength (CYS) and tensile yield
strength (TYS) is below 5 MPa, the error of ei and &x is below 0.02).

Alloy Series Heat Treatment CYS (MPa) e (-) TYS (MPa) et () SDE
A - -105 -0.32 107 0.36 -0.02

A+HT 150°C, 6 h -123 -0.24 129 0.20 -0.05

B - -125 -0.29 122 0.41 0.02

Mg2Nd  B+HT 150°C,7h -160 -0.24 133 0.17 0.18
C - -176 -0.22 175 0.34 0.01

C+HT 150°C,7h -197 -0.18 203 0.34 -0.03
C+HT 204 °C,3h -191 -0.2 197 0.33 -0.03
A - -58 -0.3 89 0.3 -0.42
A+HT 300 °C, 15 min —65 -0.29 104 0.21 -0.47
Mg2Yb B - =77 -0.22 100 0.32 -0.26
B+HT 300 °C, 15 min -83 -0.23 110 0.25 -0.28
C - -111 -0.22 115 0.32 —0.04

Next, we heat-treated the series of the Mg2Nd alloys at 150 °C. We find that heat
treating increases the TYS of the A-series slightly more than the CYS, leading to a larger
SDE than without heat treatment. The yield strengths become similar to those of the B-se-
ries in the as-extruded state. In the case of the B-series, heat treating causes the CYS and
TYS to increase asymmetrically, resulting in a strongly increased SDE. The strength of the
C-series can be increased in a similar way as that seen in the A-series. A 3 h heat treatment
at 204 °C leads to a CYS and a TYS of -191 and 195 MPa (SDE = -0.03) and a 7 h heat
treatment at 150 °C to =197 and 203 MPa (SDE =-0.03), respectively. While the ductility of
the A series decreases significantly, the ductility of the heat-treated C-samples remains
unchanged in the tensile tests. However, it decreases slightly in the compression tests.
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Asymmetric precipitation hardening is even more pronounced in the Mg2Yb alloy.
For both the A- and B-series, the TYS increases more than the CYS. Therefore, an increase
in the SDE can be observed in both cases. While the ductility during compression defor-
mation remains nearly the same after heat treatment, it decreases significantly during ten-
sile deformation.

3.3. Deformed Microstructure

In order to investigate the development of the microstructure during deformation,
compression tests were stopped at certain deformation steps. Figure 4 shows the grain
structure and texture for the Mg2Nd A-series and Mg2Yb B-series for some of these inter-
mediate strain levels (the microstructure and textures for the other series and at other
strain levels can be found in Figures S4 and S5).

-0.01

-0.04

1210]

0.15 & i By e o o el 5 (oo f12i0

fracture &7
comp. &

fracture
tens.

Figure 4. Cross sections and comparison of the measured and simulated texture at (a,b)-0.01, (c,d)-0.04, (e,f)-0.15 strain
and elongation to failure in (gh) compression and (i,j) tension for the Mg2Nd A-series and the Mg2Yb B-series, respec-
tively.
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3.3.1. Mg2Nd

No twins are observed in the optical micrographs of the A- and B-series of the Mg2Nd
alloy. While the flow curves of the Mg2Nd alloy show a similar shape, there is a clear
difference in the texture evolution between the compression and tensile tests (Figure 4g,1).
The inverse pole figures show a continuous shift in texture during deformation. During
compression, the maximum intensity is close to the <11.2>-pole in as-extruded state, grad-
ually shifting towards the <0002>-basal pole with increasing deformation (Figure 4a,c,e,g).
During tensile testing, however, the initial <11.2>-texture with low maximum intensities
changes to a sharp <10.0>-texture (Figure 4i) with increased maxima of 3.9 and 4.4 mrd for
the A- and B-series, respectively (B-series shown in Figure 54).

3.3.2. Mg2Yb

On the contrary, the excessive twinning of the Mg2Yb alloy is observed in the com-
pressive deformation of the A- and B-series. For as little as —0.01 strain, thin twin lamellae
can be observed in the optical micrographs (Figure 4b). However, these fine twins have
no effect on the texture. With increasing the strain to —0.04, the area fraction of the twinned
grains increases and the existing twin lamellae widen. Together the resulting rise in twin
activity leads to a noticeable change in texture towards a <0002>-basal texture (Figure 4d).
Specifically, due the formation and growth of twins, the maximum intensity at the <0002>-
pole increases, while the initial texture slowly depletes. The intensity at the <10.0>-pole
decreases both in the A- and B-series and disappears at -0.04 strain. While the <10.1> and
<11.2>-texture components from the A-series can still be recognized, they too disappear at
-0.08 and a strong <0002>-basal texture remains (Figures S5 and 4f). With increasing de-
formation, the maximum intensity at the <0002>-pole further increases, an increase that is
more pronounced in the B-series than in the A-series.

3.4. EPSC Simulation

To understand the deformation behavior of the investigated alloy, in situ experi-
ments were performed. Table 3 shows the parameters used for the hardening models in
the EPSC simulation. With these parameters, a good agreement was obtained between the
simulated and the experimental data in terms of flow curves (Figures 3 and S3) and texture
evolution (Figures 4 and 52). As validation, we find that the model is capable of calculat-
ing the elastic lattice strains of different crystallographic planes. The calculated elastic lat-
tice strains are compared with those determined experimentally in the in situ tests in Fig-
ures 5, 54, and S5 and also show good agreement. As a result of the simulation, further
insights into the deformation behavior and the activities of the deformation systems (Fig-
ures 6, S6, and S8), as well as their CRSS (Figures 7, S7, and S9), during the deformation
process are gained.

Table 3. Hardening parameters for slip and twin systems.

Parameter

T(s),f/ 75 (Mpa)
ki (m™)
D® (MPa)

gS
HS, H'
Cst

Mg2Nd (c/a = 1.623) Mg2Yb (c/a=1.626)
Prismatic Basal Pyramidal TTW  Prismatic = Basal Pyramidal TTW
11 60 18 21 1 67 2
2.2 x108 6.0 x 107 4.5 x10° - 40x10%8 3.0x107 5.5x10° -
4.5 x10° 3.0 x 10° 3.5 x10° - 40x10° 4.0x10° 4.0x10° -
72 %10 4.3 x 103 7.3 %1073 - 6.5x10° 48x10° 72x103 -
90 30 110 190 150 40 110
50 400 - 50 50 400 -
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Figure 5. Comparison of the experimentally measured and simulated axial elastic lattice strains of the Mg2Nd A-series
during (a) compression and (b) tensile tests and the Mg2Yb B-series during (c) compression and (d) tensile tests.
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Figure 6. Deformation mode activity as a function of strain of the Mg2Nd A-series during (a) compression and (b) tensile
tests and the Mg2Yb B-series during (c) compression and (d) tensile tests.
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Figure 7. Critical resolved shear stresses (CRSS) of the different deformation systems as a function of strain of the Mg2Nd
A-series during (a) compression and (b) tensile tests and the Mg2Yb B-series during (c) compression and (d) tensile tests.

3.4.1. Flow Curves
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In the mechanical testing, the strains were applied step by step, and at each step EDS-
XRD measurements were carried out. During the data acquisition steps, the material rap-
idly relaxed, leading to a reduced stress. The stress measurement is recorded in the re-
laxed state for most of the time. The simulated flow curves were matched to the experi-
mental flow curves from the in situ tests at these reduced stresses. It should be noted that
an elongated yield point (Liiders strain) was observed in the in situ tensile tests of the
Mg2Nd alloy (Figure 3). However, this region was not used in the simulation model, since
it does not take into account localized plastic deformation.

3.4.2. Elastic Lattice Strains

The elastic strains were calculated from the data of the in situ compression and tensile
tests. These provide further information on the deformation behavior. Figure 6; Figure
7 show the evolution of the elastic lattice strains for the A- and B-series of the Mg2Nd and
Mg2Yb alloys in axial direction of the (10.0), (0002), (10.1), (10.2), (11.0), (10.3), (11.2), and
(20.1) reflections during the compression and tensile tests.

During deformation, grains with (10.1), (10.2), (10.3), and (11.2) orientations possess
high Schmid Factors (SF) for <a> basal slip, making it the most likely active slip system in
these grains. Grains with (10.0), (11.0), and (20.1) orientations have a high SF for <a> pris-
matic slip. Grains oriented in (0002) require <c> axis deformation to accommodate the ap-
plied load. They cannot deform by either <a> basal or <a> prismatic slip since the slip
direction is perpendicular to the loading direction, and this results in an SF of zero for
these <a> slip modes. Consequently, <c + a> pyramidal slip is the only possible slip system.
Another mechanism accommodating <c>-axis deformation is mechanical TTW-ing. Since
TTW-ing is a unidirectional deformation system accommodating only <c>-axis extension
and not compression, the behavior of the alloy in tension and compression tests differs.
During compression (10.0) and (11.0) -oriented grains possess a high SF for TTW-ing,
whereas in tensile tests (0002) grains have a high SF for TTW-ing.

Mg2Nd

For both compression and tensile tests, the grains associated with <a> basal slip
((10.1), (10.2), (10.3), and (11.2)) show the lowest initial elastic lattice strains in the axial
direction. With increasing deformation, only a small increase in elastic lattice strains can
be observed. Grains associated with <a> prismatic slip ((10.0), (11.0), and (20.1)) exhibit
higher initial elastic lattice strains, which increase with further deformation. During com-
pression, the intensity of these reflections decreases and gradually disappears, leading to
greater inaccuracies of the calculated elastic lattice strains. Eventually the (10.0), (11.0),
and (20.1) reflections disappear, so the elastic lattice strains can no longer be determined.
Equivalent observations were made for the (0002) grains during tensile deformation. Dur-
ing compression, the grains oriented in (0002) initially show the highest elastic lattice
strains, which increase the most during plastic deformation. They reach their maximum
at a strain of —0.15 and remain almost constant thereafter.

Mg2Yb

For the A- and B-series of the Mg2Yb alloy, a similar evolution of the elastic lattice
strains is observed. However, during compression grains associated with <a> prismatic
slip ((10.0), (11.0), and (20.1)) can be analyzed at all times. Yet, similar to the Mg2Nd alloy,
increasing inaccuracies can be observed with increasing deformation. Small initial elastic
lattice strains in these orientations associated with <a> basal slip ((10.1), (10.2), (10.3), and
(11.2)) indicate a low CRSS to activate plastic deformation, or, vice versa, higher elastic
lattice strains indicate a higher CRSS. In addition, the increase in the elastic lattice strains
can be associated with the work hardening of the active slip system. The EPSC model can
quantify these qualitative predictions and calculate the evolution of the CRSS of the dif-
ferent deformation systems and their contribution to the total deformation.
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3.4.3. Activities and CRSS of Deformation Systems
Mg2Nd

Compression

The deformation during uniaxial compression is mainly carried by <a>basal slip with
a constant contribution of approximately 0.6 (Figure 6a) and little work hardening. This
can be seen in the low increase in the CRSS (Figure 7a). The maximum SF of <a> basal slip
is not affected by the continuous texture change and remains at a high value of 0.49. Ini-
tially, the <a> prismatic slip system is the second most active, but its activity decreases
continuously. It shows more hardening (increase in the CRSS) than the <a> basal slip sys-
tem. TTW-ing only has a minor role at the beginning. As previously seen in Figure 4, there
are only few twinned grains at a strain of —0.08. After a total strain of —0.1 to —0.15, the
activity of TTW-ing is negligible. As the activity of <a> prismatic slip and TTW-ing de-
creases, the <c + a> pyramidal slip system becomes more important at higher strains. The
elastic lattice strain of the (0002) plane increases continuously up to a deformation of ap-
proximately —0.15 true strain. Afterwards, they remain at a constant level. This means that
up to this strain, the deformation of the grains in (0002) or c-direction is mainly carried
out elastically. Subsequently, an increase in the deformation activity of the <c+a> pyrami-
dal slip can be observed, accompanied by a significant increase in the CRSS.

Tension

As with compression deformation, the <a> basal slip system is the most important
deformation system in the early stages of straining. However, the contribution decreases
continuously from 0.55 to 0.4, while the share of the <a> prismatic slip system increases
and exceeds the share of the <a> basal slip system at a total strain of about 0.15 (Figure
6b). The CRSS of the <a> prismatic slip system behaves in the same way as the <c + a>
pyramidal slip system under compressive stress. The increased activity of the <a> pris-
matic slip system is accompanied by a much stronger increase in CRSS (Figure 7b). Com-
pared to the compression test too, an increased activity of TTW-ing is observed in the
tensile test, thus leading to a higher final total volume of twinned grains.
Mg2Yb

Compression

As suggested in the texture evolution, TTW-ing contributes to deformation at small
strains. The B-series alloys achieve a higher volume fraction of TTW than the A-series
alloys. The B-series also has a higher proportion of TTW volume fraction than the A-series.
This can be attributed to the more pronounced <10.0> texture component. For the slip sys-
tems, the <a> basal slip is the most active. Its volume fraction increases up to 0.6 with
decreasing TTW-ing (Figure 6c). The portion of <a> prismatic slip decreases slightly with
increasing deformation. In the range of x0.1 to -0.15 deformation an increase in <c + a>
pyramidal slip can be observed. The twinned grains, which are oriented in (0002), can
now only deform further by <c + a> pyramidal slip. The CRSS of the <c + a> pyramidal slip
increases highly for the twinned grains (Figure 7c). In contrast, the CRSS of the <a> basal
and <a> prismatic slip shows a weaker increase. The CRSS of the TTW-ing increases more
than the CRSS of the slip systems.

Tension

In the tensile tests, <a> prismatic slip is the dominant deformation system (Figure 6d).
The share of the total deformation increases with increasing strain, whereas the contribu-
tion of the <a>basal slip continuously decreases. Since there are only a few grains oriented
in (0002) in the original texture, a low activity of TTW-ing can only be observed at the
beginning. After completion, there are no more grains with this orientation. Therefore, the
proportion of <c + a> pyramidal slip is also low. Just as in compression tests, the CRSS of
TTW-ing increases strongly as soon as all favorably oriented grains are twinned (Figure
7d).

4. Discussion
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4.1. Strength

Plastic deformation can be carried out by different deformation systems such as crys-
tallographic slip and mechanical twinning. A deformation system is activated if the shear
stress T exceeds the CRSS of the respective deformation system. The magnitude of the
shear stress depends on the orientation of the planes with respect to the direction of load-
ing. Thus, the texture has a significant influence on which deformation systems can be
activated to which extent. The activity of the respective deformation systems and their
CRSS, in turn, have a significant influence on the mechanical properties. Additionally, the
CRSS of polycrystalline materials depends on the grain size.

From the yield strengths displayed in Table 2, the following dependencies (Table 4),
regarding grain size can be calculated using the Hall-Petch relationship:

YS =0y 3)

Table 4. Calculated Hall-Petch parameters.

Alloy Mg2Nd Mg2Yb
HP Parameter CYS TYS CYS TYS
K (MPa pm??) 239+ 14 232 +29 243 + 28 116 + 22
oo (MPa) -37+6 39+12 25+7 74+ 6

As seen in Table 4, the Hall-Petch parameters for the Mg2Nd alloy show similar val-
ues for compression and tension, with both having large values for the K-factor. This in-
dicates the direct dependence on the grain size. The initial texture of the A- and B-series
activates similar slip systems at the beginning of the compression and tensile deformation.
As a result, the CYS and TYS are also similar, resulting in a low SDE. In contrast, the tex-
ture of the C-series is altered and grains elongated in ED are observed (Figure 1h). This
favors TTW-ing, as seen in the flow curves (Figure S3) [16,41]. However, this does not lead
to a reduced CYS (=176 MPa) compared to the TYS (175 MPa). This is due to the strong
dependence of the CRSSew on grain size (Table 5), maintaining an SDE of 0.

Table 5. Initial critical resolved shear stresses (CRSS) for the different slip and twinning modes.

Alloy Series  GS (um) CRSSka  CRSSp:  CRSSpy  CRSSew CRSS Ratio ba:pr:py:ttw
A 13 20.7 49.2 73.4 49.4 1:2.4:3.6:2.4
Mg2Nd 7 23.2 51.1 74.7 61.6 1:2.2:3.2:2.7
A 49 12.7 344 79.5 19.7 1:2.7:6.3:1.6
Mg2Yb B 26 15.0 37.3 80.4 25.6 1:25:54:1.7

On the other hand, the Hall-Petch parameters of the Mg2Yb alloy for CYS and TYS
are different. For the CYS, a stronger dependence on grain size can be observed than for
the TYS. This can be explained by the fact that during compression tests of the Mg2Yb
alloy, a high activity of TTW-ing and <a> basal slip carry the plastic deformation initially
(Figure 7b). The CRSS values for TTW-ing and <a> basal slip have a strong dependence
on grain size (Table 5). In contrast, the <a> prismatic slip system is more active during
tensile deformation. With a decreasing grain size from 49 um to 26 pm for the A- and B-
series, the CRSS of TTW-ing and <a> basal slip increases by 30% and 18%, respectively.
On the other hand, the CRSS of <a> prismatic and <c + a> pyramidal slip only increases by
8% and 1%, respectively. The sigmoidal shape of the flow curve in the compression test
(Figure S3) indicates that TTW-ing is still an important deformation system in the C-series.
Due to further reductions in grain size, however, the CRSSuw has most likely continued to
increase. As a result, the CYS increases relatively more than the TYS, which was also ob-
served in the mechanical data (Table 2). According to this, the SDE was reduced from
—0.42 for the A-series to —0.04 for the C-series. Subsequent heat treatments at 300 °C further
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increased the yield strengths of the A- and B-series. Since the CYS increases less than the
TYS, it can be assumed that the precipitates have a stronger hardening effect on the ini-
tially dominant <a> basal and <a> prismatic slip systems in tensile deformation than on
the TTW-ing, which occurs during compression.

4.2. Plastic Deformation

Under compressive load, the slip plane normal of an active slip system rotates in the
direction of the load. During tensile deformation, the crystal also rotates continuously in
such a way that the slip direction approaches the loading direction.

42.1. Mg2Nd

Since the texture shifts continuously toward the <0002> basal pole, it can be associ-
ated with <a>basal slip. Figure 8 shows that the initial texture (Figure 1) also exhibits high
Schmid Factors for the <a>basal slip system, making it even more favorable for activation.
The slow rotation of the grains toward the <0002> orientation results in a smaller SF for
<a> prismatic slip and a larger SF for <c + a> pyramidal slip. In simulation, a continuous
decrease in the activity of the <a> prismatic slip is observed with increasing deformation
and texture shift, while the activity of the <c + a> pyramidal slip increases (Figure 6a).
During tensile deformation, the texture shifts toward the <10.0> pole; therefore, <a> slip
systems must be responsible for this as well (Figure 4i). Initially, the <a>basal slip system
has a higher SF than the <a> prismatic slip system. Yet, at higher strains, this changes and
<a> prismatic slip becomes the favored deformation system, resulting in an increase in the
deformation mode activity. The increased activity of <c+ a> pyramidal slip in compression
tests and <a> prismatic slip in tensile test leads to higher dislocation densities and work
hardening. This can be observed in the different increases in their CRSS (Figure 7b). The
CRSS of the <c + a> pyramidal slip system shows the highest increase during compression,
while <a> prismatic slip hardens the most under tension.

Pyramidal Slip .~ Tensile Twinning

ro10)°

Figure 8. Theoretical calculated Schmid Factors as a function of grain orientation for uniaxial tension, displayed as inverse

polfigures.

4.2.2. Mg2Yb

Compared to the continuous texture shift in the compression and tensile tests of the
Mg2Nd series, the compression tests of the Mg2Yb series show an abrupt texture change
(Figure 4d). This is related to the formation of TTWs. After approx. —0.1 deformation, the
TTW-ing is mostly completed. The twinned grains initially also deform with <a> slip sys-
tems, but as the deformation increases <c + a> pyramidal slip becomes the dominant de-
formation system. This leads to grain rotation in the direction of the <11.3> slip direction,
so that the <0002> texture becomes less pronounced and the intensity is spread further
around the basal pole. In tensile tests, a similar behavior to the series of the Mg2Nd alloy
is observed. Yet, since the initial texture is different and <a> prismatic slip is favored, a
higher activity can be observed at the beginning of the deformation. As a result, it becomes
the dominant deformation system even at lower strains compared to the Mg2Nd alloy
series.

4.3. Ductility

Mg and most Mg alloys have a low ductility at room temperature. This is mainly due
to the hexagonal crystal structure, which bears only a small number of easily activated
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slip systems. At room temperature, the <a> basal slip system usually has significantly
lower CRSS values than the non-basal slip systems, which is why deformation at low tem-
peratures is mainly realized by <a>basal slip. The <a>basal slip system, however, has only
two independent slip systems and thus does not meet the von Mises criterion of defor-
mation compatibility, which states that at least five independent slip systems are required
for uniform plastic deformation.

By modifying the texture, the deformation behavior and thus the mechanical prop-
erties can be improved. Additions of rare earth elements showed texture changes that may
have had a positive effect on the deformation behavior and especially on the ductility at
low temperatures. Investigations by Stanford et al. [21] showed that the extrusion product
of a binary Mg-Gd alloy (1.5wt.%Gd) with modified Mg extrusion texture achieves twice
the elongation to failure of an extrusion product of pure magnesium with a comparable
grain size and typical Mg extrusion texture (<10.0>/<11.0> double fiber texture). Due to
the comparable grain size, the increase in ductility could be directly attributed to the tex-
ture modification.

These findings and the presented microstructure and texture suggest good ductility
and good mechanical properties of the extruded products. In these modified textures, a
significantly higher number of grains shows a favorable orientation for the activation of
the <a> basal slip system. At the same time, fewer grains are favorably oriented for the
activation of the TTW system, which further can reduce the asymmetry of the tensile and
compressive yield strength (SDE). The higher activity of the basal slip system results in a
higher ductility at room temperature.

The A- and B-series of the Mg2Nd alloy show <11.2> textures (Figure 1). This means
that the c-axis of the majority of grains is tilted by 45-50° to the extrusion direction. The
grains are in a favorable orientation for the activation of the <a> basal slip system. The
higher activity of the <a> basal slip system results in a higher ductility at room tempera-
ture. Meanwhile the C-series has an additional <10.0> texture component and therefore
increased TTW activity in compression tests, as seen in the flow curves (Figure S3). This
leads to reduced elongation to failure in compression tests, compared to the A- and B-
series, while the elongation to failure in tensile tests reaches similar values (Table 2). In all
cases, heat treatments for precipitation hardening result in reduced elongation at failure
for the Mg2Nd alloy. Considering this, the grain size reduction by adapting the cooling
conditions, as seen in the B-series, is preferable to a subsequent heat treatment of the A-
series. Similar yield strengths can be achieved by both methods. However, the ductility of
the B-series is better than that of the A-series, suggesting that the additional process step
of heat treatment is not necessary.

In contrast, the A- and B-series of Mg2YDb alloy have different textures. The A-series
has an extraordinarily weak texture with a maximum intensity of just 1.3 mrd, nearly
completely random, with intensities at <11.2> and <10.1> poles, while the B-series has a
distinct <10.0> texture. This results in a difference in the ductility. Despite the unfavorable
texture, the A-series deformed at lot due to TTW-ing in the compression test due to the
large grain size (as explained in 4.1). The TTW are reoriented by 89°, so that they are not
exactly oriented in <0002> but slightly tilted, depending on the initial orientation. This
results in a wider spread compared to the B-series, which has a strong <0002> texture with
a higher intensity (Figure S5). The TTW in the A-series can deform by <a> basal and <a>
prismatic slip due to the tilt. While the majority of the twinned grains in the B-series are
unfavorably oriented for the <a>basal slip system, the activity of the <a>basal slip system
is, therefore, correspondingly low. As a result, the twinned grains deform primarily due
to <ct+a> pyramidal slip (Figure 6c). This leads to limited ductility and crack initiation due
to stress concentrations.

5. Conclusions

Three approaches were used to modify the microstructure to adjust the mechanical
properties and reduce the asymmetric yield behavior and anisotropy of the investigated
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magnesium alloys: texture weakening, grain size reduction, and precipitation strengthen-
ing.

As a result, the Mg2Nd series, which had high yield strengths and was symmetrical
in compression and tension, resulting in an SDE close to 0, could be extruded. Thus, prod-
ucts with a wide variety of yield strengths (CYS -105 to —197 MPa, TYS 107 to 203 MPa)
and good ductility, with elongation to failures of —0.18 to —0.32 in compression and 0.17 to
0.41 in tension tests, were obtained. The YSs of the Mg2Yb alloy are below those of the
Mg2Nd alloy and range from -58 to 111 MPa for the CYS and 89 to 115 MPa for the TYS,
with similarly high elongations to failure between —0.22 and -0.3 in compression and 0.21
and 0.32 in tensile tests.

By adjusting the extrusion parameters, the grain size of the Mg2Nd alloy can be grad-
ually reduced, thereby significantly increasing the strength. The texture of the A- and
B-series effectively suppresses TTW-ing. At the beginning of compressive and tensile de-
formation, similar deformation mechanisms are active. This leads to a symmetrical yield-
ing behavior and SDEs close to zero. A slower extrusion speed decreases the grain size
and weakens the texture. The appearance of a <10.0> texture component in the C-series
promotes TTW-ing during compression. However, because of the small grain size, CYS
and TYS are similar and the SDE remains at 0. The precipitation state can be changed by
subsequent heat treatment, which, in turn, further increases the yield strengths while
maintaining good ductility.

Depending on the extrusion parameters, the Mg2Yb series tend to have larger grain
sizes and less pronounced rare earth textures. This leads to intensive TTW-ing under com-
pressive stress, resulting in high SDEs. Subsequent heat treatments can increase the YS.
Since the effect on the slip systems is stronger than on the formation of TTWs, this leads
to further increased SDEs. However, by reducing the extrusion temperature the grain size
of the Mg2Yb alloy is also reduced and an advantageous texture can be achieved. This is
accompanied by a significant increase in YS. Since CRSSuw in particular is very sensitive
to grain size, the CYS increases more than the TYS. Therefore, it is also possible to obtain
an SDE close to 0 for the Mg2YDb alloy.

Supplementary Materials: The following are available online at www.mdpi.com/2075-
4701/11/3/377/s1:

Figure S1: Cross sections of the A- and B-series of the Mg2Nd and Mg2Yb alloy at different strains
and elongation to failure. Figure S2: Comparison of the measured and simulated texture develop-
ment during deformation of the A- and B-series of the Mg2Nd and Mg2Yb alloy at different strains.
Figure S3: Comparison of the flow curves from compression and tensile tests of the A-, B- and C-
series of the Mg2Nd and Mg2YDb alloy. Figure S4: Comparison of the experimentally measured and
simulated axial elastic lattice strains during (a, b) compression and (c, d) tensile tests of the A- and
B-series of the Mg2Nd alloy. Figure S5: Comparison of the experimentally measured and simulated
axial elastic lattice strains during (a, b) compression and (c, d) tensile tests of the A- and B-series of
the Mg2Yb alloy. Figure S6: Deformation mode activity as a function of strain of the A- and B-series
of the Mg2Nd alloy. Figure S7: CRSS of the different deformation systems as a function of strain of
the A- and B-series of the Mg2Nd alloy. Figure S8: Deformation mode activity as a function of strain
of the A- and B-series of the Mg2Yb alloy. Figure S9: CRSS of the different deformation systems as
a function of strain of the A- and B-series of the Mg2YDb alloy.
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