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Abstract: Binary and ternary Mg-1%Er/Mg-1%Er-1%Zn alloys were rolled and subsequently sub-
jected to various heat treatments to study texture selection during recrystallization and following
grain growth. The results revealed favorable texture alterations in both alloys and the formation of a
unique +40° transvers direction (TD) recrystallization texture in the ternary alloy. While the binary
alloy underwent a continuous alteration of its texture and grain size throughout recrystallization
and grain growth, the ternary alloy showed a rapid rolling (RD) to transvers direction (TD) texture
transition occurring during early stages of recrystallization. Targeted electron back scatter diffraction
(EBSD) analysis of the recrystallized fraction unraveled a selective growth behavior of recrystalliza-
tion nuclei with TD tilted orientations that is likely attributed to solute drag effect on the mobility of
specific grain boundaries. Mg-1%Er-1%Zn additionally exhibited a stunning microstructural stability
during grain growth annealing. This was attributed to a fine dispersion of dense nanosized particles
in the matrix that impeded grain growth by Zener drag. The mechanical properties of both alloys
were determined by uniaxial tensile tests combined with EBSD assisted slip trace analysis at 5% ten-
sile strain to investigate non-basal slip behavior. Owing to synergic alloying effects on solid solution
strengthening and slip activation, as well as precipitation hardening, the ternary Mg-1%Er-1%Zn
alloy demonstrated a remarkable enhancement in the yield strength, strain hardening capability,
and failure ductility, compared with the Mg-1%Er alloy.

Keywords: magnesium-rare earth alloy; recrystallization; selective grain growth; texture

1. Introduction

As of late, there is an increasing trend for using magnesium alloys in the automotive
and aerospace industries owing to their excellent specific strength properties and light-
weighting potential. However, a broad technical application of wrought magnesium alloy
products still struggles with the difficulty to form at temperatures below 150 °C caused
by the formation of a sharp basal texture and limited activation of deformation modes
outside of the basal plane [1,2]. Great research efforts have been explored to not only alter
the sharp sheet texture but also to control its strength and evolution [2—4]. Magnesium rare
earth (RE) alloys have proven very useful in enhancing the cold formability and the work
hardening capability of conventional magnesium alloys. This has been attributed to the
development of a unique sheet annealing texture characterized by an off-basal pole spread
away from the normal direction of the sheet plane [4-7]. Numerous recrystallization and
growth mechanisms were explored in an attempt to unravel the underlying mechanisms
for the favorable texture development in magnesium rare earth alloys. These included
particle stimulated nucleation, deformation twin nucleation, and shear band nucleation
mechanisms, which are known to promote random orientations or off-basal orientations of
recrystallization nuclei [8]. However, since these mechanisms can also occur in magnesium
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alloys containing no RE elements [9-11], the research on the origin of the specific texture
selection in Mg-RE alloys is still ongoing.

Recent studies in that context looked into a connection between RE solutes and
oriented nucleation/growth during recrystallization, given that specific RE-textures have
been observed in dilute alloys in which the RE elements were mostly in solid solution.
It was also shown that the addition of zinc to Mg-RE alloys has proven to further weaken the
texture and augment its off-basal nature [12]. Hence, more studies are needed to investigate
the interaction of multiple solute species, particularly ones with largely different atomic
radii [12,13]. Additionally, it is essential to examine how different RE and non-RE solute-
boundary interactions impact the growth selection during texture evolution in Mg-RE and
Mg-RE-Zn alloys.

This study aims at understanding the formation of unique sheet textures and the
ensuing selection mechanisms in Er-containing magnesium alloys with and without the
presence of Zn. Reports on this alloy system with respect to deformation and recrystal-
lization textures are scarce in the literature. It is therefore important to illustrate the great
texture modification potential the present alloys have to offer. In particular, the formation
of a double-peak split texture in the transverse direction, similar to what is common for
hexagonal metals with c/a < 1.633, is a unique feature that is hardly seen in Mg alloys
subjected to rolling and annealing treatments. The discussion addresses the texture devel-
opment in both binary and ternary versions of the alloy during recrystallization and grain
growth under the influence of solutes and second phase precipitates.

2. Materials and Methods

Binary and ternary Mg-1%Er-(1%Zn) (wt %) alloys were melted in an induction
furnace under an Ar/CO, gas atmosphere and subsequently casted and homogenized at
420 °C for 960 min. The resulting microstructure is shown in Figure 1. Table 1 shows the
chemical composition measured by ICP/OES (IME RWTH University, Aachen, Germany).
Sheets of the dimension 60 x 40 x 4 mm? were hot rolled at 400 °C with multiple rolling
passes (eleven) and a final thickness reduction of 80%.

(b)

Figure 1. Micrographs of Mg-1%Er (a) and Mg-1%Er-1%Zn (b) after casting.

Table 1. Chemical composition in atomic and weight percentage of Mg-1%Er and Mg-1%Er-1%Zn.

Alloys Mg (wt %/at %) Er (wt %/at %) Zn (wt %/at %)
Mg-Er 99.04 99.86 0.96 0.14 /
Mg-Er-Zn 98.01 99.46 0.93 0.14 1.06 0.40

Annealing treatments at 350 °C and 400 °C were conducted in a Heraeus RL200E air
furnace (Heraeus Group, Hanau, Germany) for annealing times ranging from 5 to 1440 min
and in a sand bath furnace for annealing times smaller than 5 min.
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All samples were mechanically ground to the specimen mid-plane and polished with
a diamond suspension up to 0.25 um. For optical light microscopy (Leica microsystems,
Wetzlar, Germany), the samples were electro-polished for 40 min in a 5:3 ethanol H3PO3
solution at 2 V and etched in an acetic picral solution. Grain size measurements from
light microscopy images were performed by means of the linear intercept method. Tex-
ture measurements were conducted using a Bruker D8 advance diffractometer (Bruker,
Billerica, MA, USA) operating at 30 V and 25 mA. Six incomplete pole figures [{1010},
{0002}, {1011}, {1012}, {1110}, {1013 }] were measured, from which full pole figures
and orientation distribution functions (ODFs) were calculated with the texture analysis
toolbox MTEX (MTEX 5.3, Chemnitz, Germany) [14]. For selected samples intended for
electron backscatter diffraction (EBSD) analysis under the electron beam an alternative
electro-polishing procedure was employed using Lectro-Pol 5 in a Struers AC-2 solution at
a voltage of 25 V and —20 °C for 120 s. Microstructure analysis via EBSD was performed
using a LEO-1530 scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) operating at 20 kV, equipped with a HKL-Nordlys II EBSD detector. The detection
step size varied according to the grain size in a range from 0.5 to 1.5 um. EBSD and X-Ray
diffraction (XRD) raw data were analyzed using the MTEX toolbox [14].

For the characterization of precipitates panorama back scatter electron (BSE)imaging
(50 images per specimen) was conducted under a magnification of 10,000 x with a focused
ion beam Helios 600i (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a field
emission electron gun operating at 5 kV.

Recrystallization (RX) kinetics for both alloys were obtained by Vickers micro-hardness
measurements (HMV, Shimadzu, Nakagyo-ku, Kyoto, Japan) (load of 1 N) of specimens
subjected to interrupted annealing at 350 °C for durations up to 1000 s. For each annealing
condition, 15 indentations were used to determine the average hardness HV; at time step .
The recrystallized fraction was calculated by the common Equation (1), where HV;,;;;;; and
HVfina denote the initial and final hardness values, respectively [15].

HViyitian — HV}

X =
HViitial — HVfinal

)

The mechanical properties were determined by uniaxial tensile tests at room tempera-
ture conducted along the rolling direction on fully recrystallized samples of both alloys.
The tensile samples were carefully chosen to have a similar grain size in order to exclude
grain size effects on the yield strength response of the material. Dog-bone-shaped samples
with gauge dimensions of 5 x 1.5 x 0.8 mm? were cut out of the rolling sheets and subse-
quently annealed at 400 °C for 15 and 60 min for the binary and ternary alloys, respectively.
Tensile tests were conducted using a ZWICK tension-compression testing machine. Speci-
mens were strained under a constant strain rate of 2 x 10~ to failure. Each tensile test was
performed three times to ensure reproducibility and the average flow curve was considered
for the analysis. In order to determine the operating slip systems during uniaxial tension,
interrupted tensile tests were performed up to 5% strain on samples annealed at 400 °C for
60 min of both alloys. Subsequently, the slip systems were determined by comparison of
slip lines from secondary electron (SE) images obtained at 20 kV and the grain orientations
determined by EBSD of at least 120 grains each.

3. Results
3.1. Microstructure Evolution

Figure 2 shows the optical microstructures of rolled and annealed samples of the
binary and ternary Mg-1%Er-(1%Zn) alloys. The annealing temperature was 400 °C and
the annealing times were 15 and 360 min, respectively. The corresponding XRD textures,
presented in terms of (0002) pole figures, as well as the evolution of the average grain size
as a function of the annealing time are given in Figure 3. As it can be seen, both alloys
exhibited a common deformation microstructure characterized by deformed grains and
numerous deformation twins. The rolling texture of the binary alloy showed a typical basal
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component with a pole spread towards the rolling direction (RD) and moderate intensity.
On the other hand, the ternary alloy exhibited a weaker and much softer rolling texture
characterized by two off-basal components at 20° RD that bare a significant pole spread
in the transverse direction TD.

Rolled 360 min

10x at 400 °C
1x at 200 °C
Total red. 80%

Mg-1w%Er-1w%Zn
Figure 2. Micrographs of Mg-1%Er and Mg-1%Er-1%Zn in the as-rolled state and upon annealing at
400 °C for 15 and 360 min. The images are taken from the rolling plane (mid-thickness).
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Figure 3. Texture evolution of binary and ternary (a,b) Mg-1%Er-(1%Zn) in the as rolled state and after annealing at 400 °C
for 15 and 360 min, as well as the corresponding evolution of the mean grain diameter over time (c).

During a subsequent heat treatment at 400 °C, the ternary alloy seemed to develop a
fine-grained annealing microstructure with a stable grain size (14 um) that was not liable
to additional grain growth at increased annealing durations (Figure 2). The corresponding
annealing texture witnessed a unique transition demonstrated by new off-basal components
appearing at £40° TD. This type of annealing texture after rolling is only common for
hcp metals like titanium [16], that have a lower c/a ratio than the ideal ratio of 1.633 for
close-packed structures, and can thus easily activate prismatic and pyramidal slip. As to
the binary alloy, it exhibited an initially stable grain size (16 um) up to an annealing time
of 60 min but underwent significant grain growth (60 um) after 360 min of annealing
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(Figure 3c). The texture of the binary Mg-1%Er alloy during early annealing conserved
the dominant pole split in RD seen in the deformation texture but was also significantly
weakened as a result of recrystallization (5.6 MRD — 2.3 MRD). With prolonged annealing
up to 360 min, the texture spread around the normal direction ND seemed to increase
during grain growth and the basal component in the center of the pole figure has vanished.
Given the interesting nature of the texture transition seen upon annealing of the Mg-
1%Zn-1%Er alloy, additional annealing experiments were carried out at a lower temperature
of 350 °C. The annealing durations were kept short—i.e., up to 15 min—in order to capture
the effect of early recrystallization stages on the texture transition. The results are shown
in Figure 4, which demonstrates how the £20° RD deformation texture transforms into a
£40° TD annealing texture accompanied by full recrystallization of the specimen. Figure 5
shows the distribution of the basal poles (or c-axes) with respect to the rolling and transvers
directions for the ternary (bottom) and binary alloy (top) along with their inverse pole
figure (IPF) maps at 400 °C/360 min. Based on the annealing durations, the data clearly
reveals that the texture established during recrystallization in the ternary alloy is preserved
during subsequent grain growth, as the orientation distribution relative to the TD and RD
remains virtually unchanged (Figure 5c). In case of the binary alloy, the total area fraction
of grains with a large TD pole spread increases significantly with the annealing duration,
whereas the area distribution of the RD spread remains almost constant (Figure 5b).

Figure 4. Texture evolution during recrystallization of Mg-1%Er-1%Zn annealed at 350 °C for 0, 5, 7,
and 15 min.

With respect to second phase precipitates in the microstructure, the ternary alloy was
found to exhibit a fine distribution of nano-scale precipitates and also larger ones that were
sometimes clustered together, as shown in Figure 6. Energy dispersive X-ray spectroscopy
(EDS) point analysis and elemental mapping were employed to investigate the chemical
composition of these large precipitates. The results revealed a particle composition with
a magnesium to zinc to erbium ratio of approximately 5:5:1. A similar zinc to erbium
ratio was previously reported for several hexagonal and icosahedral quasi-crystalline
(Mg, Zn), Er compounds [17,18].
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Figure 5. (a) EBSD ND-IPF maps of binary (top) and ternary Mg-1%Er-(1%Zn) (bottom) alloys annealed at 400 °C for 360 min;
(b,c) angle distribution profiles between the c-axis and the transverse and rolling directions for different annealing durations.
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Figure 6. EDS analysis of the Er-containing precipitates observed in the Mg-1%Er-1%Zn alloy.
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3.2. Mechanical Properties

Figure 7a shows the true stress-strain curves of the uniaxial tensile tests in RD, 45° and
TD for the investigated alloys annealed at 400 °C for 15 and 60 min, respectively. The sam-
ples of both alloys exhibited a similar annealing grain size (hence the different times) but
a drastically different texture (Figure 7b). As evident from the flow curves, the addition
of zinc leads to higher ductility, as well as an increase of the ultimate tensile strength,
which are indicative of an enhanced work hardening capability.

300 ‘
gzoo- TN T ’
2 400°C /15 min _ 400°C / 60 min
2100+ 1 Gk A KRRt
1 = Mg-1% E1-1% Zn
— Mg-1% Er
0 1 ,
0 20 40
Strain (%)

(@) (b)

Figure 7. Uniaxial stress—strain response (a), optical micrographs and (0002) pole figures of Mg-1%Er annealed for 15 min

and Mg-1%Er-1%Zn annealed for 60 min at 400 °C (b). The grain size prior to the tensile test was in the range of 14 to 16 pm

for both samples.

4. Discussion

The present study revealed distinct differences in the microstructure evolution and
mechanical properties between a dilute Mg-1%Er alloy with and without the addition of
Zn. During annealing, both alloys developed a significant basal pole spread away from
the ND. For the ternary alloy, a titanium rolling texture with off-basal components at +-40°
TD developed during recrystallization, and was retained during subsequent grain growth.
By contrast, the recrystallization texture of the binary alloy with off-basal peaks at +20°
RD was further modified with longer annealing resulting in a much larger grain size and
increased texture scatter. The stable grain size in the Mg-1%Er-1%Zn alloy in contrary to the
excessive growth in Mg-1%Er can be explained by the presence of a fine particle dispersion
and the resulting drag force (Zener drag). This is known to have a significant impeding
effect on the grain boundary motion and can therefore lead to a stable grain size [19,20].
Figure 8 shows a BSE image of the observed precipitates in Mg-1%Er-1%Zn after 60 min
of annealing at 400 °C and the corresponding particle size distribution. The precipitate
characteristics including particle size, volume fraction, and number density are listed
in Table 1.
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Figure 8. Particle size distribution after 60 min of annealing at 400°C visualized using a histogram with linear x-axis (a) and

the corresponding grain size distribution obtained by optical microscopy (b).

The critical grain size according to classical Zener theory is given by Equation (2),
assuming that the radius of curvature equals the critical grain diameter [20].

D.=— (2)

The calculated critical grain size of 12 um, obtained by using the values in Table 2,
is similar to the measured grain size (13.28 um) under the same annealing conditions
(cf. Figure 8b). This supports the assumption made earlier that the fine precipitates stabilize
the recrystallization microstructure during annealing. Similarly, the absence of precipitates
in the binary alloy (Mg-1%Er) could explain the excessive growth rate observed after an
initial slow growth stage during the first 15 min of annealing (cf. Figure 3). The drag
force during this short stage is believed to be caused by solutes inhibiting the motion of
grain boundaries [21-23], which were obviously able to break free after 15 min annealing
time. Theoretical studies revealed that accelerated grain growth in a system under the
influence of solute pinning will occur when the average grain size becomes close to the
critical grain size for which the solute drag force and the capillary driving force are equal.
Such state allows the pinned boundaries with a slightly higher curvature than the average
to break free from their solute atmosphere, while the other boundaries remain pinned [24].
This seems to be in accordance with the observed growth behavior of the Mg-1%Er alloy
and the resulting growth of non-basal texture components (cf. Figure 5b) after a critical
grain size has been reached.

Table 2. Characteristics of the Er and Zn-containing precipitates in Mg-1%Er-1%Zn obtained by
means of statistical analysis of BSE images

Volume Fraction f: 0.0131
Average Particle Size r: 0.122 um (from dist. 0.1178)
Number density: 0.2246 1/pum?

In the ternary alloy, the process of recrystallization was responsible for the RD — TD
transition of the basal pole spread seen in Figure 4, which can be contributed to either
oriented nucleation or selective nucleus growth. Selective growth of texture components
can be caused by anisotropic segregation behavior and/or an equalization of different grain
boundary mobilities annihilating a prior growth advantage of certain orientations, e.g.,
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of basal oriented grains as suggested by Barrett et al. [25]. Figure 9 presents EBSD maps
(ND-IPF) of the microstructure of the ternary alloy at 5 and 10 min annealing at 350 °C.
The orientation of recrystallized grains was evaluated separately from the orientation of the
overall microstructure in order to discern the effect of recrystallization on the development
of the +40° TD texture. For this, the common criterion of grain orientation spread (GOS)
was used, where recrystallized grains typically depicted GOS < 1°. The overall texture
revealed that the RD-tilted components were a feature of the deformation microstructure.
They did not exist in the recrystallization texture that was solely composed of the TD-tilted
components, readily after 5 min of annealing (Figure 9a). After completion of recrystal-
lization at 10 min of annealing, the RD-tilted components were no longer a feature of the
overall texture that was only dictated by the TD- recrystallization texture (cf. Figure 9b).

Overall Recrystallized fraction

—-0.00063

Max:
4.6

Figure 9. EBSD IPF maps (with respect to ND) and their (0002) pole figures of Mg-1%Er-1%Zn annealed at 350 °C for 5 min
(a) and 10 min (b). The left column features the overall map data, and the right column only the recrystallized fraction with

GOS < 1°.

Additional grain size vs. texture analysis of the recrystallized structure in Figure 9b
(400 °C/10 min) revealed that the £40° TD texture in the ternary alloy intensifies during
recrystallization growth of the nuclei. A similar effect was not observed in the binary
system (Figure 10b), as no significant size dependence of texture during recrystallization
was found. While there was a progressive texture change in the binary alloy during
annealing, which involved both recrystallization and grain growth, the texture change
in the counterpart ternary alloy was much more rapid, and in that regard, limited to
recrystallization. As the drag force exerted by particles of a given size and volume fraction
is too small to match the capillary driving force of grains significantly smaller than the
critical grain size D, particle pinning should only play a minor role during recrystallization
and early grain growth. Accordingly, selective growth at the recrystallization stage is likely
to be governed by solutes. In comparison to the binary alloy, specific boundaries in the
ternary alloy seem to break free from their solute atmosphere much sooner enabling texture
selection readily during recrystallization. This may be a result of a lower solute content
due to the large amount of fine Er/Zn-rich precipitates, whereas in the binary alloy the Er
content is fully dissolved in the matrix.
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Figure 10. Grain size distributions from EBSD measurements of Mg-1%Er annealed at 400 °C for 4 min (a) and Mg-1%Er-
1%Zn annealed at 350 °C for 10 min (b) along with the orientation distribution of the c-axis with respect to TD for small and
large recrystallized grains. The threshold used in each case was the average grain size obtained from EBSD.

The observed recrystallization kinetics of the two alloys further indicates a difference
in the drag force during recrystallization. Figure 11 shows the recrystallized volume
fraction as a function of annealing time and the corresponding JMAK (Johnson-Mehl-
Avrami-Kolmogorow) fit for both Mg-1%Er and Mg-1%Er-1%Zn alloys. A Comparison of
the recrystallization curves reveals a quicker recrystallization in the ternary alloy (~210 s)
compared to the counterpart binary alloy (~500 s). Additionally, the initial stage (linear
portion of the curve) until the onset of stable nuclei growth is extended in Mg-1%Er
compared to the other alloy, indicating a longer incubation time in the first. As the
incubation time is related to reduced boundary mobility, a stronger solute drag effect in
Mg-1%Er may cause a longer incubation period.

Mg-1%Er-1%Zn exhibited an elevated yield strength, strain hardening capability, and
failure ductility. The elevated yield stress is partially caused by precipitation harden-
ing, which contributed by approximately 5 MPa to the 20 MPa offset (approximation by
Orowan). Furthermore, the addition of zinc might have magnified the impact of solid solu-
tion strengthening by means of synergetic solute effects. To investigate the role of texture
and microstructure in the activation of deformation modes during tension, EBSD-assisted
slip trace analysis of at least 120 grains per strained sample was employed in the current
study. A slip trace appears as a straight line as a result of the intersection of an active slip
plane with the free surface. Figure 12 shows the frequency of slip traces corresponding
to the active slip systems during 5% tension in RD, for the binary and ternary alloys.
Additionally, the frequency of twinning was evaluated by a visual investigation of each
grain. Basal, pyramidal I and <c + a> pyramidal II, as well as {1012} tensile twining were
detected with almost equal shares of approximately 22% in the ternary system. In the
binary alloy, basal slip prevailed with about 64%, while all other slip systems accounted
for less than 20% of the overall observed slip traces. A large contribution of basal slip to
deformation could justify the lower yield point in the flow curve of the Mg-1%kEr alloy.



Metals 2021, 11,171

11 0f 14

This is because basal slip, even in rare-earth containing Mg alloys, requires a much lower
critical resolved shear stress (CRSS) than non-basal slip [26]. The observed enhanced slip
activity on non-basal slip planes in the strained Mg-1%Er-1%Zn sample can be attributed
to both a favorable texture and a change of the CRSS ratio between basal and non-basal slip,
evoked by the present Zn and Er solutes. The relatively low contribution of prismatic slip
to deformation might be attributed to the investigated low strain of 5% being insufficient
to activate cross-slip of basal screw dislocations onto the prismatic plane [27,28].
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Figure 11. (a) Recrystallization kinetics of binary and ternary Mg-1%Er-(1%Zn) annealed at 350 °C and the corresponding
Avrami exponents (b).
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Figure 12. (a) Distribution of slip traces corresponding to the active slip systems in Mg-1%Er and Mg-1%Er-1%Zn during

tension to 5% strain. The initial condition of the sample corresponded to annealing at 400 °C for 60 min. (b) Exemplary SE
images of one grain exhibiting the morphology of slip traces with overlaid possible slip systems obtained from EBSD for
the determination of the active slip system. (c¢) Schmid factor distribution calculated from the initial texture of the grains,
in which the slip traces were detected in both alloys.
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Figure 12 also shows the distribution of Schmid factors (SF) of both alloys with respect
to the applied external stress corresponding to different slip traces detected. Generally,
non-basal slip (particularly pyramidal) seems to be the main plasticity carrier in both alloys.
It also seems to comply principally well with the Schmid law, i.e., corresponding slip
traces are preferentially detected in grains with the highest SF, and their frequency drops
consecutively with decreasing SE. In the binary alloy, it is evident that the activation of basal
slip in grains with a very low SF deviates from the Schmid behavior. This is likely due to the
naturally low CRSS of basal slip but also to local stress concentrations at grain boundaries
that could cause non-Schmid activation of different slip modes. Another important finding
from the SF distribution in Figure 12 is the large difference in the contribution of basal vs.
non-basal slip to deformation between the two alloys. In the Mg-Er sample at SF = 0.5, non-
basal slip (including prismatic and both <a> and <c + a> pyramidal slip) was ~2-3 times
more active than basal slip. In contrast, the level of contribution of these slip modes to
deformation at SF = 0.5 in the Mg-1%Er-1%Zn sample was more comparable. Both types
of pyramidal slip were still preferential with a frequency ratio of ~1.2-1.5 to basal slip.
Prismatic slip was no longer favorable compared to basal slip (frequency ratio of ~0.7).

The present findings certainly highlight the effect of solutes on the deformation behav-
ior, particularly the non-basal slip behavior. There are also indications of solute-induced
basal slip strengthening in the current alloys in accordance with previous experimental and
computational reports [29-31]. The addition of Zn that alters the substitutional solute chem-
istry of the Mg-1%Er alloy would obviously lead to complex interaction of solute species
within the matrix. From energetic perspectives, Zn and Er can cluster in the lattice to relieve
the misfit strains arising from the solute size mismatch. They would also cosegregate to
defects in the microstructure, and can be hence expected to have a stronger interaction
with grain boundaries and dislocations leading to strikingly different slip system activation
during deformation and boundary migration characteristics during annealing. This is
indeed demonstrated in the current work by the unique texture development upon rolling
and upon annealing of the Mg-1%Er-1%Zn alloy.

5. Conclusions

1. The combination of Zn and Er in a dilute substitutional Mg-1%Er-1%Zn alloy (wt %)
led to unique sheet texture development upon rolling and subsequent annealing
characterized by pronounced basal pole peaks at +40° TD. This type of sheet texture
is only common for hcp metals with ¢/a < 1.633, such as titanium but was nevertheless
observed in the current study.

2. The same texture was not observed in a binary version of the alloy, i.e., Mg-1%Er
subjected to similar processing, which suggests that synergetic effects of multiple
solute species, in this case Zn/Er, are crucial in terms of providing the £40°TD
orientations for recrystallization nuclei during deformation and their selective growth
during subsequent annealing.

3. Mg-1%Er-1%Zn alloy obtained a stable final texture (=40° TD) and grain size (<20 um)
upon completion of static recrystallization. By contrast, the binary Mg-1%Er alloy
revealed a continuous modification of its microstructure throughout the annealing
process suggesting an important role of grain growth following recrystallization.

4. The microstructural stability of the ternary alloy during longer annealing durations
originates from a fine dispersion of dense nanosized particles in the matrix that were
found to impede grain growth by Zener drag.

5. Recrystallization nuclei demonstrated selective growth behavior favoring TD-tilted
texture components, which was the main mechanism for the £20° RD — +40° TD
texture transition taking place during recrystallization of the deformed Mg-1%Er-
1%Zn alloy. This was likely influenced by solute drag on specific boundaries during
early recrystallization.
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6.  With respect to the mechanical properties in tension, the addition of zinc, the present
precipitates, solute strengthening effects and a favorable soft texture led to a re-
markable enhancement in the yield strength, strain hardening capability, and failure
ductility as compared with the binary Mg-1%Er alloy.

7. EBSD-assisted slip trace analysis at 5% strain unraveled promoted non-basal slip
behavior and obvious basal slip strengthening owing to solute/dislocation interaction
that requires extended advanced experimental and computational efforts to better
understand the interaction of multiple solute species and solute strengthening.
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