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Abstract

The evolutions of microstructure and texture and the corrosion behaviour of low light rare-earth
containing Mg-1.4Nd, and low heavy rare-earth containing Mg-0.6Gd and Mg-0.4Dy (wt.%)
were evaluated and compared after processing by high-pressure torsion (HPT) and isochronal
annealing at 250 and 450 °C for 1 h using electron backscatter diffraction (EBSD) and
electrochemical tests in a 3.5% (wt.%) NaCl solution. The EBSD results show that dynamic
recrystallization (DRX) was restricted in the Mg-1.4Nd alloy which led to a heterogenous
deformation microstructure whereas the Mg-0.6Gd and Mg-0.4Dy alloys exhibited a
homogenous deformation microstructure formed mostly of equiaxed dynamically recrystallized
DRX grains. The HPT processing caused the development of a deviated basal texture in the
three alloys. A good thermal stability of the three alloys was noticed after annealing at 250 °C.
By contrast, annealing at 450 °C led to a homogenous equiaxed microstructure and weakening
of texture for the Mg-1.4Nd alloy and a heterogenous bimodal microstructure with a stable
basal texture for the Mg-0.6Gd and Mg-0.4Dy alloys. The HPT-processed Mg-RE alloys
exhibited an improved corrosion resistance due to grain refinement. Thereafter, the corrosion
resistance of the Mg-0.6Gd and Mg-0.4Dy alloys decreased with increasing annealing
temperature due to an increase in grain size while the corrosion resistance of the Mg-1.4Nd

alloy was improved after annealing at 450 °C due to precipitation and texture weakening.
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1. Introduction

Adding alloying elements for microstructural modifications and employing deformation
processing to achieve crystallographic texture weakening are the best procedures for designing
new magnesium (Mg) alloys having excellent mechanical and corrosion properties [1,2].
Adding rare-earth (RE) alloying elements significantly increases the formability and decreases
the anisotropy of pure Mg by changing the deformation mode and acting as an obstacle for
dislocation and grain boundary motion [3-5]. It is believed that the occurrence of RE solute drag
and the presence of second phases hinder the motion of dislocations and reduce the grain
boundary mobility which cause an overall reduction in dynamic recrystallization (DRX) and
consequently changes the microstructure and texture through annealing treatments [6-10].
Furthermore, adding RE elements can improve the corrosion performance of Mg-based alloys
by decreasing the corrosion rate and promoting the formation of passive corrosion product films
[11-15]. Consequently, Mg-RE alloys are now widely used in automotive and aerospace
industries [16]. For example, WE43 and E21 alloys are used to fabricate cross-car beams and
seat frames [17]. Moreover, Mg-RE based alloys are promising candidates for biomaterial
applications as temporary implant [18,19].

Based on their electron configuration, the RE elements are divided into two categories. Light
RE elements (LREE) category comprising Lanthanum (La), Cerium (Ce), Praseodymium (Pr),
Neodymium (Nd), Samarium (Sm), and Europiumand (Eu) and heavy RE elements (HREE)
category containing Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho),
Erbium (Er), Thulium (Tm), Ytterbium (Yb), Lutetium (Lu), Scandium (Sc) and Yttrium ()
[15]. However, the role of each RE elements and each category in controlling the inherent
properties of Mg-based alloys is not yet illustrated. The major disadvantage of RE elements is
their high cost, especially for HREE which restricted their engineering applications and limit
their use only in the scientific research and academic areas. Today, several investigations can
be found focusing on developing new Mg-RE alloys with low RE content having
simultaneously excellent mechanical properties [6,20-25].

Among the existing severe plastic deformation (SPD) techniques, processing by high-pressure
torsion (HPT) [26] is capable of deforming Mg-based alloys at room temperature (RT) without
any cracking or segmentation due to the application of a high hydrostatic pressure [27]. This
HPT processing produces bulk ultrafine-grained materials with a high fraction of high-angle
boundaries leading to excellent mechanical and superplastic properties [28-35]. The grain

refinement in Mg-based alloys usually occurs by DRX and the resultant grain size can reach a



nano-size or micro-size scale depending on many parameters such as the alloy composition, the
presence and distribution of second phases and the processing conditions [36-45]. There are
several reviews and overviews focused on the impact of deformation processing and
deformation features on the corrosion behaviour of Mg-based alloys [34,46-50]. In general, the
grain refinement produced by SPD processing leads to a uniform corrosion due to the increase
in grain boundary numbers which improves the corrosion properties of Mg-based alloys. In
practice, in many cases it is found that improving the strength and formability of the Mg-RE
alloys have a negative effect on the corrosion performance [15,51-53]. The increase in
dislocation density and the presence of twins appear to decrease the corrosion resistance of
deformed Mg-based alloys [49]. However, different investigations have shown contradictory
results because the deformation features may be beneficial for decreasing the corrosion rate of
Mg-based alloys [48,49,54,55].

Nevertheless, it is concluded that HPT processing generates a non-equilibrium ultrafine
microstructure due to the introduction of high densities of dislocations and vacancies and this
causes a loss of the excellent mechanical properties during the recovery and grain growth
processes [56,57]. Furthermore, although HPT processing has been widely reported in Mg-based
alloys, research dealing with the thermal stability and the overall impact on the corrosion
behaviour remain extremely limited [58-63].

The present research was initiated to compare the evolution of deformation and recrystallization
microstructure and texture of three low RE containing Mg-RE alloys with LREE represented
by Mg-1.4Nd (wt.%) alloy and HREE represented by Mg-0.6Gd and Mg-0.4Dy (wt.%) alloys.
Furthermore, the corrosion performance of these Mg-RE alloys in a 3.5 % NaCl (wt.%) solution
was correlated with the effect of the RE solute elements and the changes in the deformation and
recrystallization microstructures.

Principally, the choice of 1.4% Nd, 0.6%Gd, and 0.4%Dy was based on the phase diagram to
obtain single-phase Mg-RE alloys (only Mg matrix) [64]. In addition to the single-phase
purpose, the low content of (0.6% for Gd element) and (0.4% for Dy element) was chosen due
to the high cost of HREE.

The present study is part of a series of investigations that have focussed on the evolution of
microstructure and corrosion performance in various binary Mg-RE alloys with low RE
containing. First, the evolution of microstructure and texture were evaluated during deformation
processing and subsequent annealing of Mg-1.4Nd (wt.%) [59] and Mg-0.4Dy (wt.%) [8,9,43,58]
alloys. Thereafter, the effect of RE (RE = Ce, Nd, La, Gd, and Dy) elements on the corrosion



behaviours was investigated for the as-cast state of Mg-RE alloys [13] and the effect of a
homogenous treatment on the corrosion behaviour was investigated using Mg-1.4Ce and Mg-
1.4Nd (wt.%) alloys [65]. The present research was undertaken to extend the understanding of
the effect of each RE elements on the Mg-based alloys and especially to contribute towards

controlling the design of these alloys.

2. Materials and experimental procedures

2.1.Materials
The as-cast Mg-RE alloys used in this study were Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy (%
wt.), generously provided by the Institute fir Metallkunde und Metallphysik, Aachen,
Germany. The alloys were fabricated by induction melting and casting using a preheated copper
mould under a protective gas atmosphere of Ar/CO». Then the as-cast alloys were heat treated
at 420 °C for 20 h.
As noted earlier, the initial microstructures of these three Mg-RE alloys were characterised by
typical as-cast microstructures mostly in the form of coarse grains with the presence of second
phases Mgi2Nd, Mg2sNd and Mga1Nds in Mg-1.4Nd alloy, Mg1.Gd in Mg-0.6Gd alloy and
Mg24Dys in Mg-0.4Dy alloy [13,58]. The Mg-RE discs with 10 mm diameters and 0.85 mm
thicknesses were processed by HPT at RT through 5 turns as illustrated in Figure 1 with a 1
rpm rotational speed using an imposed applied pressure of 6.0 GPa under quasi-constrained
conditions [66]. Thereafter, the HPT-processed samples were annealed in a radiation furnace
for 1 h at 250 or 450 °C.
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Figure 1: Schematic illustration showing the HPT processing.



2.2.Microstructure and texture characterization

The microstructures and textures of the HPT-processed and annealed samples were investigated
near the centers of the rotation direction-shear direction (RD-SD) plane (designated the shear
plane (SP)) of the discs using EBSD after surface preparation consisting of grinding with
progressively finer SiC papers followed by mechanical polishing using a diamond solution with
particle sizes down to 0.25 pum, and finished by ionic polishing using a Gatan PECS 11 system
at a high voltage of 5 kV for 15 min.

The observations were carried out using a scanning electron microscope (FEG-SEM SUPRA
55 VP) operating at 20 kV. The scanned areas were 100 x 100 um? with a 0.1 pm step size for
samples HPT-processed and annealed at 250 °C and 800 x 800 pm? with a 1 um step size for
HPT samples annealed at 450 °C. The TSL Orientation Imaging Microscopy (OIM) software
was used for the acquisition and analysis of the EBSD data. Spurious boundaries with
misorientation angles lower than 2° were omitted to avoid any orientation noise. The grain
boundary types are separated into very low-angle grain boundaries (VLAGBSs) with
misorientations 2°< 0 < 5°, low-angle grain boundaries (LAGBs) with 5°< 6 < 15° and high-
angle grain boundaries (HAGBs) with 6 > 15°, respectively. The fraction of recrystallization
was calculated using the grain orientation spread (GOS) approach where grains with GOS
values lower than 1° were considered fully recrystallized [67]. The deformation and
recrystallization textures were evaluated by MATLAB toolbox MTEX [68].

2.3.Electrochemical tests
Electrochemical tests were conducted in a 3.5% NaCl solution at room temperature using an
AUTOLAB PGSTAT302N potentiostat. A standard three-electrode cell was used, where Mg-
RE samples of 0.385 cm? were the working electrode, a platinum plate was the counter electrode
and a saturated calomel electrode (SCE) was the reference electrode. Before the electrochemical
test, the surfaces of the samples were ground with progressively finer SiC papers followed by
a cleaning with Acetone. The open-circuit potential was measured for at least 90 minutes for
all samples. Then electrochemical impedance spectroscopy tests were performed with an
amplitude of 10 mV in the frequency range from 10° Hz to 10 Hz. Finally, the polarization
curves were recorded with a scan rate of 2 mV.s™. At least three replicated tests were achieved

for each sample to ensure reproducibility.



3. Results

3.1.Microstructure and texture evolution
Figure 2 shows the orientation imaging microscopy (OIM) images in the inverse pole figure
(SPN-IPF) maps and grain size distributions of the HPT-processed and annealed Mg-1.4Nd,
Mg-0.6Gd and Mg-0.4Dy alloys at 250 and 450 °C for 1 h, respectively, where SPN denotes
the shear plan normal direction. Figure 3 shows the average grain size and the recrystallization
fraction of the HPT-processed and annealed Mg-RE samples.
It is readily apparent that the deformation microstructure of the Mg-1.4Nd alloy is heterogonous
with large deformed grains surrounded by small dynamically recrystallized grains leading to a
mean grain size of ~2.0 um (Figure 2a). By contrast, the HPT-processed Mg-0.6Gd and Mg-
0.4Dy alloys exhibit a similar homogenous microstructure formed principally of fine
dynamically recrystallized grains (Figures 2b and c). The mean grain size for the HPT-
processed Mg-0.6Gd and Mg-0.4Dy samples were ~1.0 and ~1.2 um, respectively. Figure 3
indicates that the DRX fraction in the HPT-processed Mg-1.4Nd alloy (20.2 %) is remarkably
low by comparison with the HPT-processed Mg-0.6Gd (55.8 %) and Mg-0.4Dy (51.9 %) alloys.
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Figure 2: SPN-IPF maps and grain size distributions of HPT-processed :(a) Mg-1.4Nd, (b) Mg-
0.6Gd, (c) Mg-0.4Dy, annealed at 250 °C for 1 h: (d) Mg-1.4Nd, (e) Mg-0.6Gd, (f) Mg-0.4Dy
and annealed at 450 °C for 1 h: (g) Mg-1.4Nd, (h) Mg-0.6Gd, and (i) Mg-0.4Dy alloys. The
HAGBsS are indicated by a black line. SPN denotes the shear plane normal direction.

Figure 2d shows that the microstructure of the Mg-1.4Nd alloy remains heterogenous after
annealing at 250 °C for 1 h with a mean grain size of ~1.5 um and a slight increase in the
recrystallization fraction (35.9 %). Annealing at 250 °C led to an increase in grain size for the

Mg-0.6Gd and Mg-0.4Dy samples to ~1.2 and ~3.3 um and an increase in the recrystallization



fraction to 70 and 90 %, respectively. The microstructure of the Mg-1.4Nd sample became
homogenous and fully recrystallized with a mean grain size of ~37.8 um after annealing at 450
°C for 1h as shown in Figure 2g. By contrast, the microstructures of the annealed Mg-0.6Gd
(Figure 2h) and Mg-0.4Dy (Figure 2i) alloys at 450 °C for 1 h showed the presence of small
and large recrystallized grains where this bimodal grain distribution is more obvious in the Mg-
0.4Dy sample. The resulting mean grain size of the Mg-0.4Dy alloy (~15.5 pm) was lower than
for the Mg-0.6Gd alloy (~20.1 pum).
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Figure 3: Evolution of: (a) mean grain size and (b) recrystallization fraction of HPT-processed
and annealed Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy alloys at 250 and 450 °C for 1 h,

respectively.

The histograms of the grain boundary misorientations are shown in Figure 4 for the HPT-
processed and annealed Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy alloys at 250 and 450 °C for 1 h.
respectively. These grain boundary misorientation angle distributions are far from the random
distribution for all Mg-RE samples. A distinct change in the grain boundary distribution is
noticeable in the Mg-1.4Nd alloy after annealing at 450 °C whereas the grain boundary
distributions were similar for the Mg-0.6Gd and Mg-Mg-0.4Dy alloy throughout the HPT
processing and annealing treatments. Both the deformed and annealed alloys exhibited a peak
maximum of around 30°, indicating the development of a 30° <0001> misorientation

relationship which is commonly observed during growth of recrystallized grains in hexagonal
alloys [69-71].
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Figure 4: Grain boundary misorientation angle distributions and fractions of VLAGBES,
LAGBs, and HAGBs of samples HPT-processed and annealed at 250 and 450 °C for 1 h: (a)
Mg-1.4Nd, (b) Mg-0.6Gd and (c) Mg-0.4Dy alloys.

The evolutions of the VLAGBs, LAGBs and HAGBs fractions of the HPT-processed and
annealed Mg-RE alloys are shown in Figure 4. The fractions of VLAGBs (39.3 %) and HAGBs
(38.8 %) are very similar in the HPT-processed Mg-1.4Nd sample. However, the fraction of
VLAGB:S drastically decreases and the fraction of HAGBSs increases with increasing annealing
temperature owing to static recrystallization and the formation of new grains to reach a value
of 6% and 87 % at 450 °C, respectively. By contrast, the HAGBs fraction dominates in the
HPT-processed Mg-0.6Gd (69.6 %) and Mg-0.4Dy (66.6 %) samples due to the occurrence of
DRX during the HPT processing. The fraction of HAGBs increases slightly with the annealing
treatments and reached a value of 85% for the Mg-0.6Gd alloy and 79% for Mg-0.4Dy alloy
after annealing at 450 °C. It is interesting to note that the fraction of LAGBs decreases with
increasing annealing temperature for the Mg-1.4Nd alloy while its fraction seems stable (around
11 %) through the HPT processing and annealing treatments in the Mg-0.6Gd and Mg-0.4Dy
alloys.

Figure 5 presents the SEM photos in the backscattering mode with analysed points (1-9) in
atomic percentage obtained by EDS for the HPT-processed and annealed Mg-1.4Nd, Mg-0.6Gd
and Mg-0.4Dy alloys at 250 and 450 °C for 1 h, respectively. The three alloys under



deformation and annealing conditions show the presence of small second phases as is evident
from the zoomed areas (yellow boxes) of the SEM photos. As can be observed from Figure 5a,
the HPT-processed Mg-1.4Nd alloy contains three kinds of particles given by Mgs1Nds (point
1), Mgi2Nd (point 2) and Mg24Nd (point 3).

at(%) Mg Nd at(%) Mg Gd Si at(%) Mg Dy Si
1 883 117 4 852 102 46 7 725 135 140
2 918 82 5 948 4 12 8 905 73 22
3 959 4.1 6 325 675 - 9 953 25 22

Figure 5: SEM photos of HPT-processed :(a) Mg-1.4Nd, (b) Mg-0.6Gd, (c) Mg-0.4Dy,
annealed at 250 °C for 1 h: (d) Mg-1.4Nd, (e) Mg-0.6Gd, (f) Mg-0.4Dy and annealed at 450 °C
for 1 h: (g) Mg-1.4Nd, (h) Mg-0.6Gd, and (i) Mg-0.4Dy alloys.

The EDS analysis of HPT-processed Mg-0.6Gd sample shows also the presence of three types
of particles: the atomic percentage of Mg and Gd of the point 4 allows the identification of the
particle as the MgsGd phase [72]. By contrast, points 5 and 6 indicate the presence of particles
with low (4.0 %) and high atomic fractions (67.5%) of Gd, respectively. The EDS analysis of
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the HPT-processed Mg-0.4Dy sample shows the presence of Mg24Dys second phase (point 7)
and particles with a low fraction of Dy (points 8 and 9). The development of particles without
knowing their stochiometry (points 5 and 6) in the Mg-0.6Gd alloy and points (8 and 9) in the
Mg-0.4Dy alloy are probably due to the fragmentation during HPT processing of the initial
MgsGd and Mg24Dys second phases [13], respectively. The presence of Si element in different
points in Mg-0.6Gd and Mg-0.4Dy alloys is due to grinding with SiC papers during the sample
preparation. It is apparent from Figure 5 that the amount of the second phases in Mg-1.4Nd
samples is much higher than in the Mg-0.6Gd and Mg-0.4Dy samples and their distributions
change after annealing treatments as is evident by the magnification of the yellow boxes of the
annealed Mg-1.4Nd samples (Figures 5d and g) because of the development of precipitation
phenomena [59,73]. It is well known that precipitation occurs in the supersaturated solid solution
(SSS) Mg—Nd alloy during the annealing temperature range of 150-450 °C and can follow the
sequence [73]:

SSS - GP zone — B" - B' - By = f (Mgy2Nd) = B(MgsNds) 1)
In contrast, Figures 5e-i demonstrated that the size, the nature (points 5 and 6 for Mg-0.6Gd
alloy and points 8 and 9 for Mg-0.6Dy alloy) and the distribution of the second phases in both
the Mg-0.6Gd and Mg-0.4Dy samples are stable through the annealing conditions.
The texture evolution of the HPT-processed and annealed Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy
alloys at 250 and 450 °C for 1 h are shown in Figure 6, respectively. The recalculated {0002}
pole figure of the HPT-processed Mg-1.4Nd sample shown in Figure 6a indicates the
development of a typical basal texture where the basal (0002) planes are parallel to the shear
plane but slightly shifted towards SD. This shift of the basal texture towards SD increases after
annealing at 250 °C for 1 h (Figure 6d). It is interesting to note that annealing at 450 °C for 1 h
causes a weakening of the texture (4.2 multiples random of distribution (mrd) versus 10 mrd in

the case of the HPT-processed sample) as shown in Figure 6g.
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Figure 6: Evolution of texture presented by the recalculated {0002} pole figures of the HPT-
processed :(a) Mg-1.4Nd, (b) Mg-0.6Gd, (c) Mg-0.4Dy, annealed at 250 °C for 1 h: (d) Mg-
1.4Nd, (e) Mg-0.6Gd, (f) Mg-0.4Dy and annealed at 450 °C for 1 h: (g) Mg-1.4Nd, (h) Mg-
0.6Gd, and (i) Mg-0.4Dy alloys.

Figure 6b, e and h show that the basal texture developed during HPT processing of the Mg-
0.6Gd alloy shifts towards RD during annealing at 250 °C for 1 h whereas annealing at 450 °C
for 1h keeps the basal texture already formed during the HPT processing. For the Mg-0.4Dy
alloy, the basal texture appears stable through the deformation and annealing conditions as can

be seeing from Figures 6¢, f and i.
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3.2.Electrochemical corrosion behaviour

Figure 7 illustrates the potentiodynamic polarization curves of the HPT-processed and annealed
Mg-1.4Nd, Mg-0.6Gd and Mg-0.6Dy samples in a 3.5 % NaCl solution are illustrated in Figure

7. It is obvious that the anodic and cathodic branches of all samples are unsymmetrical.
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Figure 7: Polarization curves and Nyquist plots in a 3.5 % NaCl solution of deformed and
recrystallized samples of: (a) Mg-1.4Nd, (b) Mg-0.6Gd and (c) Mg-0.4Dy alloys. The Nyquist
plots of the HPT-processed and annealed Mg-1.4Nd (250 and 450 °C), annealed Mg-0.6Gd at
450 °C and Mg-0.4Dy at 450 °C are placed at the upper right with a small scale for further

visibility.
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Generally, the anodic and the cathodic branches in the polarization curve represent the anodic
dissolution of the Mg metal and the cathodic hydrogen evolution reaction, respectively [74]:

Anodic reaction: Mg — Mg?* + 2¢” 2
Cathodic reaction: 2H20 + 2e” — 20H™ + Hz1 (3)

It is noted that the cathodic reaction kinetics are similar for the HPT-processed and annealed
Mg-1.4Nd at 450 °C and they increase for the annealed sample at 250 °C. For the Mg-0.6Gd
and Mg-0.4Dy alloys, the cathodic kinetics are similar for the HPT-processed and annealed at
250 °C samples and they increase when the samples are annealed at 450 °C for 1h. A film
breakdown potential, Ep, appears on the anodic branch of the HPT-processed Mg-1.4Nd (Ep =
-1.18 Vsce) and annealed Mg-1.4Nd at 250 °C (Ep = -1.17 Vsce), annealed Mg-0.6Gd at 450
°C (Ep = -1.28 Vsce) and annealed Mg-0.4Dy at 250 °C (Ep = -1.33 Vsce) demonstrating a
tendency for localized corrosion. The anodic branch of the majority of the Mg-RE samples does
not show a linear Tafel region probably due to the negative difference effect [75,76]. This feature
is usually observed in Mg-based alloys and it results from the strong hydrogen evolution during
the recording of the corrosion current density—potential curves [75,76]. In contrast, an extended
linear Tafel region occurred in each cathodic branch, suggesting a relatively uniform hydrogen
evolution and a constant corrosion rate. Hence, the corrosion potential, Ecorr, and the corrosion
current density, lcorr, are fitted from the cathodic polarization curves. The values of Ecorr, lcorr,
and the cathodic slope j. values of the Mg-RE samples are listed in Table 1.

Table 1. Ecorr, lcorr and S fitted from the polarization curves of Mg-RE samples.
Ecorr (VSCE) lcorr (A.cm‘z) Be (VSCE)

Mg-1.4Nd

HPT -1.35 1.07x10* -0.32
HPT + 250 °C -1.42 5.93x10™ -0.30
HPT + 450 °C -1.36 1.01x10* -0.20
Mg-0.6Gd

HPT -1.47 5.18x10® -0.19
HPT + 250 °C -1.48 9.45x10°® -0.21
HPT + 450 °C -1.51 1.55x10 -0.25
Mg-0.4Dy

HPT -1.47 6.39x10° -0.21
HPT + 250 °C -1.51 8.81x10® -0.22
HPT + 450 °C -1.52 3.29x10* -0.29
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Table 1 shows that the range of Ecorr is quite similar for the three Mg-RE alloys, especially for
the Mg-0.6Gd and Mg-0.4Dy alloys, and it does not vary much with the annealing conditions.
However, a net increase in the lcorr values can be visualized as a function of annealing
conditions, indicating a decline of the corrosion resistance of the three HPT-processed Mg-RE
alloys with the heat treatments mainly during annealing at 450 °C for 1h.

Figure 7 shows also the Nyquist plots in a 3.5 % NacCl solution of HPT-processed and annealed
Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy alloys. The Nyquist plots of the HPT-processed and
annealed Mg-1.4Nd (250 and 450 °C), annealed Mg-0.6Gd at 450 °C and Mg-0.4Dy at 450 °C
are placed at the upper right with a small scale for further visibility. As can be seen, the three
Mg-RE alloys under thermomechanical processing exhibit the same shape of the Nyquist curve
consisting of one visible capacitive loop at the high-frequency region and two inductive loops
in the low and medium frequency regions signifying a similar corrosion mechanism. However,
the upper right plot with a smaller scale demonstrates that the Mg-1.4Nd samples developed a
very small capacitive loop which was almost indistinguishable at the high-frequency region.
This observation is also evident for the Mg-0.6Gd and Mg-0.4Dy samples. The Nyquist plots
show that the diameter of the loops changes with the thermomechanical processing indicating
different corrosion rates.

It is well known that the formation of a capacitive loop in the high-frequency region is attributed
to the charge transfer resistance and formation of a double layer at the interface between the
metal and the solution [77]. The presence of a capacitive loop in the medium-frequency region
is due to the formation of the corrosion product layer and its resistance whereas the presence of
an inductance loop is characteristic of pitting corrosion and dissolution of the protective film
[78]. In addition, the inductive loop reflects the presence of metastable Mg* during the
dissolution of the Mg metal and/or the relaxation of surface-adsorbed species such as Mg (OH)*
and Mg(OH)2[13,78,79].

Usually, the Nyquist data are fitted by a simulated equivalent circuit to explain the general
corrosion process and the corresponding mechanism. Therefore, the equivalent electrical circuit
and the fitted data of the Nyquist curves of the HPT-processed and annealed Mg-RE samples
are presented in Figure 8 and Table 2, respectively.

In these equivalent circuits, Rs, Ret, Ry, and RL present the solution resistance, charge transfer
resistance, film resistance and inductance resistance, respectively, and CPEq and CPEr are
constant phase elements representing the capacitive loops in the high and medium frequencies

regions, respectively. The CPE is defined by two values, Y and n, and it is used instead of the
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capacitor in the case of a non-homogeneity of the sample surface [80]. When n = 1, CPE is

equal to a capacitor.

Figure 8: Equivalent electric circuit used to fit the Nyquist plots of HPT-processed and
annealed Mg-RE samples.

Table 2 shows that the three Mg-RE alloys under the deformation and annealing conditions
have almost the same Rs value indicating that the Nd, Gd, and Dy alloying elements have similar
behaviour in contact with the 3.5% NaCl solution.

The double-layer capacitance Yq of the Mg-RE alloys changes with the thermomechanical
conditions. Basically, the double-layer capacitance decreases with increasing the surface of the
protective film [81]. In general, Table 2 shows that the Yq values increase with the annealing
treatment of the three alloys indicating a decrease in the protective film surface except for the
Mg-0.6Gd alloy.

The Rct value is proportional to the dissolution rate of the Mg metal. Based on this, the corrosion
rate of the Mg-RE alloys increases with annealing treatments except for the Mg-1.4Nd alloy
where the R of the sample annealed at 450 °C (R« = 162.6 Q.cm?) is higher than for the sample
annealed at 250 °C (Rct = 61.2 Q.cm?). The HPT-processed Mg-0.6Gd sample exhibits a lower
corrosion rate (Ret = 3825 Q.cm?) and the annealed Mg-0.4Dy at 450 °C sample shows a higher
corrosion rate (Ret = 34.9 Q.cm?).

The film capacitance Y of the HPT- processed Mg-1.4Nd sample increases after annealing at
250 °C and then decreases during annealing at 450 °C, while the Y values of the HPT-processed
Mg-0.6Gd and Mg-0.4Dy samples increases gradually with annealing temperatures. The values
of ngi and nf are close to 1 demonstrating that the capacitive loops are well defined, except for
the annealed Mg-1.4Nd and Mg-0.4Dy samples at 250 °C where nf = 0.39 and 0.61,
respectively.

The values of the inductions (L1 and L) of the HPT-processed Mg-RE alloys decrease with the
annealing temperature indicating that the corrosion pits became more severe with the

occurrence of static recrystallization.
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The corrosion resistance, Rp, of the Mg-RE samples shown in Table 2 was estimated based on

the values of different resistances present in the equivalent circuit [82]:

_ RctRy,
Rp—Rs-I-Rf-i-m 4)

As is noted, the corrosion resistance of the HPT-processed Mg-0.6Gd and Mg-0.4Dy samples
significantly decreases with increasing annealing temperature whereas the corrosion resistance
of the HPT-processed Mg-1.4Nd sample decreases after annealing at 250 °C and becomes better
after annealing at 450 °C. These tendencies are in good agreement with the evolution of
potentio-dynamic polarization curves.

Table 2. Electrochemical parameters obtained from the fits of the experimental Nyquist plots
of Mg-RE samples.

Rs

CPE;¢

CPEq

Ret

Ly

Ru

L.

R

P
(Q.cm?) (F.cm?) (Q.cm?) (F.cm?) (Q.cm?) (H.cm?) (Q.cm?) (F.cm?) (Q.cm?)
Y N Ya Nai
Mg-1.4Nd
HPT 32.96 1.38x10° 0.97 4.95 6.14x10° 0.91 251.4 23.85 581.4 1198 2134
HPT + 250 °C 31.61 3.35x10°® 0.39 10.04 1.23x10* 0.97 61.2 9.32 183.2 263.2 87.5
HPT + 450 °C 33.33 1.74x10° 0.95 3.81 8.75x10° 0.92 162.6 19.06 368.1 770.2 149.9
Mg-0.6Gd
HPT 32.95 2.49x10° 0.98 504.2 4.55x10* 0.85 3825 79.34 2340 6270 1988
HPT + 250 °C 34.06 3.49x10°° 0.87 2444 2.29x10°® 0.89 1379 21.32 1205 3189 921.5
HPT + 450 °C 30.47 4.29x107° 0.37 11.31 7.98x10° 0.96 150.8 22.77 664.8 747 164.7
Mg-0.4Dy
HPT 33.04 1.19x10* 0.98 1.75 1.88x10° 0.91 1713 595.1 6017 9975 1368.1
HPT + 250 °C 32.65 4.34x10* 0.61 75.8 3.64x10° 0.97 527.5 103.6 3955 1653 573.9
HPT + 450 °C 32.76 3.89x10°° 0.90 8.51 3.78x10* 0.92 34.92 3.69 169.8 86.86 70.2

4. Discussion

4.1.Microstructure and texture evolution
As shown in Figures 2 and 3, HPT processing at the same equivalent stain (5 HPT turns) results
in different microstructures for the LREE Mg-1.4Nd alloy compared with the HREE Mg-0.6Gd
and Mg-0.4Dy alloys. The grain refinement and the homogenous microstructure observed in
the HPT-processed Mg-0.6Gd and Mg-0.4Dy samples are mainly attributed to the occurrence
of extensive DRX, while the DRX was extremely retarded in the HPT-processed Mg-1.4Nd
sample which resulted in a heterogeneous deformation microstructure. The heterogeneous

microstructure remained present in the Mg-1.4Nd alloy even after annealing at 250 °C for 1 h.
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Apparently, a good thermal stability is obtained for the three Mg-RE alloys during annealing at
250 °C for 1 h, except for an increase in the recrystallization fraction of the Mg-0.6Gd and Mg-
0.4Dy alloys (as shown in Figure 3).

The restriction of the DRX process in Mg-1.4Nd alloy shown in Figures 2a and d allows the
identification of interesting deformation features and some DRX mechanisms. As an example,
Figure 9 shows SPN-IPF and GOS maps highlighted with VLAGBs (marked in white lines),
LAGBs (blue lines), HAGBs (black lines) and extension twin 86° <11-20> (yellow lines) of
typical deformation zones taken from the HPT-processed and annealed Mg-1.4Nd at 250 °C

samples (Figure 2a and d).

(

e) Extension twin

¢ ¢ 002y —RR___
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i

extension twin VLAGBs
| AGBSs

Figure 9: IPF and GOS maps of selected regions from the microstructures of: (a, b) HPT-
processed (from Figure 2) and (c, d) annealed Mg-1.4Nd at 250 °C for 1 h (from Figure 2)
showing the presence of (e and f) an extension twin (black box) and corresponding {0002} pole

figure and (g, h) a sub-grain development mechanism (green box).

First, these microstructures show the presence of an extension twin 86° <11-20> and the
magnified IPF of the extension twins (black box) in both samples shows that they contain a
very small number of VLAGBSs. The restriction of sub-grain boundaries within the twins

indicates an absence of the twin-induced dynamic recrystallization (TDRX) mechanism [83].
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However, some twins became thicker during the annealing treatment at 250 °C as shown by
white arrows in the GOS map (Figure 9d). The presence of an extension twin creates new
orientations as demonstrated by the corresponding {0002} pole figure between the parent grain
(PG) and the extension twin (ET) shown in Figures 9e and f. This may be one of the reasons
for the weakening of texture as a function of the annealing conditions for the Mg-1.4Nd alloy
as shown in Figures 6d and g.

Second, Figure 9g and h depict the presence of the sub-grain development (SGD) mechanism
in both samples. The high magnifications of the green boxes in both IPF maps show the
formation of fine DRX grains within the deformed grains by the accumulation of dislocations
and their gradual transformation from VLAGBs to LAGBs and then to HAGBS to thereby form
new grain [84]. Again, the annealing treatment at 250 °C of the HPT-processed Mg-1.4Nd
sample is not sufficient to develop a complete recrystallization microstructure from this
mechanism. Concerning the texture evolution, it must be noted that the orientation of
recrystallized grains generated by the SGD mechanism shown in Figures 9g and h are very
different from each other (see grains Gi1, Gz, Gz and Gs) and from the deformed grains (see Ga1
and Gg2) as well. This is another reason for the texture weakening of the Mg-1.4Nd alloy as a
function of the annealing conditions.

It is advantageous that the light Nd element can strongly change the recovery process of the Mg
matrix rather than the heavy Gd and/or Dy elements. The incomplete TDRX and SGD
mechanisms are caused by the restriction on the advent of dynamic recovery. This leads to the
conclusion that the Nd element has more effect in reducing the stacking fault energy of the Mg
solid solution resulting in a stabilization of the dislocation configuration and an inhibition of
dislocation movement [10,85]. In addition, the pinning effect of the second phase prevents the
transformation of dislocations into HAGBs. As shown in Figure 5, the microstructure of the
Mg-1.4Nd alloy contains a higher fraction of second particles than the Mg-0.6Gd and Mg-
0.4Dy alloys. On the one hand, the solubility of the Nd element in the Mg matrix is very low
with a value of 3.6% at the eutectic temperature [64]. In the studied Mg-1.4Nd alloy with 1.4%
of Nd element, the presence of MgsiNds or Mgi12Nd phases were found in the as-cast and
deformation microstructures and their precipitation during the used annealing treatment is
expected [64]. On the other hand, the presence of second phases in the Mg-0.6Gd and Mg-0.4Dy
alloys in the deformation and annealing conditions resulted from the non-equilibrium
conditions during alloy casting and their fragmentation during HPT processing (see Figure 5)
since the solubility of Gd and Dy in the Mg matrix is relatively high with a value of 23.4, and
25.2 %, respectively [64]. Therefore, it is expected that the presence of metastable phases in
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solid solution alloys such as the Mg-0.6Gd and Mg-0.4Dy alloys will have less effect on the
evolution of microstructure during the deformation and annealing treatments.

The restricted DRX during HPT processing of the Mg-1.4Nd alloy led to a more homogenous
grain size distribution by comparison with the bimodal microstructure of the annealed Mg-
0.4Dy sample at 450 °C (Figures 2h and i). Indeed, the homogenous recrystallization
microstructure and texture weakening of the Mg-1.4Nd alloy indicated that the deformed grains
were statically recrystallized through the classical nucleation and growth mechanism [86]. The
bimodal grain distributions for the Mg-0.6Gd and Mg-0.4Dy samples can be explained because
the DRX grains will undergo grain growth during annealing and simultaneously the remaining
deformation zones will statically recrystallize through the classical nucleation and growth
mechanism. In addition, the absence of DRX is the mean reason for the weakening of the
recrystallization texture. A similar connection between texture weakening and limited DRX
was observed in deformed and annealed Mg-based alloys [10,87,88]. In practice, limited DRX
during deformation means a high stored energy and it is now well known that the possibility to
have recrystallization nuclei with a variety of orientations increases with increasing stored
energy [89,90].

It is worth noting that the mean grain size of the annealed Mg-1.4Nd sample at 450 °C (~ 38
pum) was relatively larger than for the annealed Mg-0.6Gd (~ 20 um) and Mg-0.4Dy (~ 15.5
pum) samples at 450 °C indicating that the static recrystallization Kinetics is faster in Mg-1.4Nd
alloy than in Mg-0.6Gd and Mg-0.4Dy alloys. Hence, it can be concluded from this observation
that depicts the fact that the Nd element has a strong impact on inhibiting DRX during HPT
processing but it seems to have less effect on static recrystallization and grain growth.
Moreover, such an observation demonstrates that the absence of DRX is more related to the
fraction of nucleation sites rather than to the grain growth rate. It is reasonable to expect that
the grain growth rate will depend on the nature of the grain boundaries. As is shown in Figure
4, the grain boundary misorientation angle distribution of Mg-1.4Nd changed significantly after
annealing at 450 °C for 1h. The role of RE elements on the grain boundary character will be
subject for a future work.

Apparently, the occurrence of precipitation during annealing at 450 °C of the Mg-1.4Nd alloy
failed to restrict the grain boundary migration in the alloy. A close inspection of Figure 5g
indicated that the precipitation and their coarsening occur inside the grains rather than at the
grain boundaries which explains the negative effect of precipitation on the grain size of the Mg-
1.4Nd alloy.
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4.2.Corrosion behavior
The electrochemical results shown in Figures 7 and 8 and Tables 1 and 2 demonstrate that the
Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy alloys under HPT processing and isochronal annealing
exhibit a similar corrosion mechanism consisting of the formation of a protective corrosion
product and localized corrosion (or pitting corrosion) but with different corrosion rates. It is
apparent that the Mg-0.6Gd alloy shows better corrosion resistance followed by Mg-0.4Dy and
then the Mg-1.4Nd alloy. It seems that the heavy RE (Gd and Dy) elements have the ability to
better protect the surface of the Mg matrix compared with the light RE elements (Nd). Similar
observation was noticed earlier in comparing the corrosion performance of Mg-0.4Dy and Mg-
1.43La (wt.%) alloys [13]. Nevertheless, Table 2 shows that the corrosion resistance of the
annealed Mg-1.4Nd at 450 °C (149.9 Q.cm?) is higher than for the Mg-0.4Dy alloy under the
same annealing condition (70.2 Q.cm?). This indicates that the evolution of microstructure
during thermomechanical processing affects more the corrosion performance of the alloy than
the RE alloying element.
The corrosion resistance decreases for the Mg-1.4Nd alloy in the following order: HPT-
processed, annealed at 450°C and then annealed at 250 °C. In contrast, the corrosion resistance
decreases for Mg-0.6Gd and Mg-0.4Dy alloys in the following order: HPT-processed, annealed
at 250°C and annealed at 450 °C.
The present results show that HPT processing of the three Mg-RE alloys has a better impact on
the corrosion resistance than under annealing conditions, where this is primarily due to the grain
refinement and the presence of deformation features such as twins and the high density of
dislocations. Indeed, it was found that the presence of twins in Mg-based alloys containing RE
elements can be beneficial for improving corrosion resistance due to the high chemical activity
of these RE elements [49]. In addition, the grain refinement leads to an increase in the number
of grain boundaries that act as barriers for preferential crystallographic pitting corrosion and
assist in the formation of a stable passivation layer on the surface of fine grains [34].
To analyze the effect of grain size on the corrosion resistance of these Mg-RE alloys, the Ecorr

was connected with the mean grain size, d, based on a Hall-Petch type relationship as follows
[91,92]:
B
Ecopr =A+ 72 (5)

where A and B are constant depending on the environment and the material.
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The evolution of potential corrosion as a function of the inverse of the square root of the mean
grain size for Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy alloys is displayed in Figure 10. Thus, there
is a linear relationship between Ecorr and d*2 for the Mg-0.6Gd and Mg-0.4Dy alloys. The
decrease of corrosion resistance for these two alloys with increasing annealing temperature is
due primarily to the increase in grain size due to the static recrystallization and grain growth
process. The elimination of dislocations through an annealing treatment may be another reason
for the decrease in the corrosion resistance. Nevertheless, the Hall-Petch type relationship is
not valid for the Mg-1.4Nd alloy indicating that the grain size is not the only microstructural
parameter affecting the corrosion behavior of this alloy. In fact, the present results show that
the heat treatment at 450 °C for 1h of the HPT-processed Mg-1.4Nd sample causes precipitation
and the coarsening of second phases (Figure 5) together with a weakening of texture (Figure 6)
which may be the reasons for the improved corrosion resistance compared with the sample heat
treated at 250 °C for 1h.
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Figure 10: Evolution of Ecorr as a function of d/2 for HPT-processed and annealed Mg-1.4Nd,
Mg-0.6Gd and Mg-0.4Dy samples.

It is expected that the presence of twins in the HPT-processed Mg-1.4Nd sample acts as
preferential sites for precipitation during annealing at 450 °C and this improves the corrosion
resistance. More importantly, the high chemical activity of RE elements can change the role of
second phases from micro-cathode as in traditional Mg-Al alloys [82,93] to micro-anodes

leading to a decrease in the corrosion rate of the Mg matrix [94,95].
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As noted in the introduction, the characteristics of the microstructures may or may not be

advantageous for the corrosion performance of Mg-based alloys [34,49]. Based on the present
results, it is concluded that the binary Mg-1.4Nd, Mg-0.6Gd and Mg-0.4Dy alloys belong to

the alloy category where grain refinement, deformation features and the presence of second

phases are helpful in improving the corrosion resistance of Mg.

5.

Summary and conclusions

The microstructure, texture and their impact on the corrosion behaviour of low LREE-

containing Mg-1.4Nd alloy and low HREE-containing Mg-0.6Gd and Mg-0.4Dy alloys were

comprehensively examined after HPT processing and isochronal annealing at 250 and 450 °C

for 1 h. The important conclusions are as follows:

DRX was restricted in the HPT-processed Mg-1.4Nd alloy by comparison with the
HPT-processed Mg-0.6Gd and Mg-0.4Dy alloys. Consequently, the deformation
microstructure of the Mg-1.4Nd alloy was heterogenous and characterized by the
presence of extension twins and the sub-grain development (SGD) mechanism. By
contrast, the deformation microstructures of the Mg-0.6Gd and Mg-0.4Dy alloys were
homogenous and formed of reasonably equiaxed grains.

Annealing at 450 °C for 1h led to a homogenous equiaxed microstructure and weak
basal texture for the Mg-1.4Nd alloy whereas for the Mg-0.6Gd and Mg-0.4Dy alloys
there was an heterogenous bimodal microstructure and stable basal texture. Precipitation
and their coarsening have no effect on grain boundary migration and the restriction of
grain size.

The microstructures of the three alloys were relatively thermally stable through
annealing at 250 °C for 1h.

HREE (Gd and Dy) elements tend to have better corrosion resistance than the LREE
(Nd) element. Nevertheless, precipitation coarsening in Mg-1.4Nd alloy can change this
tendency.

The corrosion improvement of the low LREE-containing Mg-RE alloy is controlled by
grain refinement, precipitation coarsening, and texture weakening. Only the grain
refinement mechanism was noticed in the low HREE-containing Mg-RE alloy.
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