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Abstract

The static recrystallization and grain growth of a hybrid AZ31/Mg-0.6Gd (wt.%) material
fabricated by high-pressure torsion (HPT) through 20 turns were explored after isochronal
annealing at 150, 250, 350 and 450 °C for 1 h using electron backscatter diffraction,
transmission electron microscopy and Vickers microhardness measurements. The results reveal
heterogeneity in the grain size distributions of the AZ31 and Mg-0.6Gd regions after annealing
at the lower temperatures of 150 and 250 °C leading to a clear AZ31/Mg-0.6Gd interfacial
border. At the higher temperatures of 350 and 450 °C the AZ31/Mg-0.6Gd interfaces were not
well-defined owing to the occurrence of grain growth. It is shown that grain growth is restricted
in the AZ31 and Mg-0.6Gd regions due to the presence of stable nano-size AlsMns particles
and the precipitation of Mgi7Al12 and Mgi2Zn at 250 °C and of MgsGd and Mg1.Gd phases at
350 and 450 °C. The distribution of the basal texture in both regions was strongly controlled by
dynamic recrystallization, precipitation and grain growth. The values of the microhardness over
the radial cross-sections of the hybrid discs decrease and become more uniform, in the range of

~35-66 Hv, with increasing annealing temperature.
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1. Introduction

The fabrication of hybrid metals by solid-state bonding is an effective concept for creating
a new generation of functional materials with exceptional mechanical and structural properties
which meet industrial requirements [1]. These hybrid metals can be fabricated using different
techniques such as mechanical alloying [2], friction stir processing [3] and severe plastic
deformation (SPD) [4].

During the last decade, the use of the high-pressure torsion (HPT) technique became not
only well established for achieving significant grain refinement but also became a powerful
methods for synthesizing new hybrid metals [5, 6]. Moreover, HPT processing has the ability
to change the deformation behaviour and the dynamic recrystallization kinetics of Mg-based
alloys by comparison with conventional thermomechanical processing [7, 8].

Recently, a novel hybrid material was successfully fabricated from separate discs of
dissimilar Mg-based alloys (AZ31 and Mg-Gd) using HPT processing at room temperature [9].
It was found that the grain refinement in the hybrid material occurs through two stages due to
the strain induced by HPT processing and an additional strain from the formation of interface
bonding [9]. Furthermore, the hybrid AZ31/Mg-0.6Gd material exhibited a different texture
than the undesirable strong basal texture that is usually formed in conventionally deformed Mg-
based alloys and causes subsequent poor formability. The hybrid AZ31/Mg-0.6Gd material has
a strong chance of replacing the conventional AZ31 alloy often used as lightweight structural
material in the transportation industries, as well as a possible biodegradable implant material in
biomedical applications [10, 11].

Numerous investigations are now available exploring the properties of hybrid materials
related to the bonding and grain refinement and the formation of intermetallic phases during
post deformation [5, 6, 9, 12, 13]. However, less attention has been given to the effect of heating
on the evolution of properties and the thermal stability of hybrid metals [14] and in practice
post-deformation annealing treatments are necessary to release the stored energy into a
recrystallized microstructure with optimized grain size and modified texture. Accordingly, the
purpose of the present study was to fully characterize the microstructure and mechanical
properties of an AZ31/Mg-0.6Gd (wt.%) hybrid material fabricated by HPT processing after an

isochronal annealing treatment.



2. Experimental material and procedures

The details of the AZ31 and Mg-0.6Gd alloys and the HPT processing conditions were
given earlier [9]. In brief, AZ31 and Mg-0.6Gd discs with diameters of 10 mm and thicknesses
of 0.85 mm were placed on the lower and the top anvil of the HPT facility, respectively. Then
these two discs were processed by HPT at room temperature for 20 HPT turns under a pressure
of 6.0 GPa with a rotational speed of 1 rpm and using quasi-constrained conditions [9]. The
HPT-processed discs were subjected to isochronal annealing in a radiation furnace at 150, 250,
350 and 450 °C for 1 h.

The microstructure, texture and Vickers microhardness (Hv) measurements were
undertaken on the cross-sectional (CD-SD) planes of the annealed discs as illustrated in Figure
1 where the shear reference frame is defined as the shear direction (SD), rotational direction

(RD) and compression direction (CD), respectively.
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Figure 1: Schematic illustration showing the positions for the microstructure and
microhardness measurements on the vertical cross-section of the HPT disc: SD, CD, and RD

are the coordinate system.

Structural observations of the fabricated materials were collected using a scanning electron
microscope (SEM) Hitachi Su8000 operating in back-scattered electron (BSE) mode.
Observations were carried out on cross-sectional planes approximately 1 mm from the edges of
the discs. Samples for the SEM investigations were prepared using a Hitachi 1M4000 ion
milling system. This procedure gives high-quality surfaces for observation due to ion beam
polishing which eliminates any deformation, stresses and/or the formation of oxide layers. The
surface quality after the ion milling permitted the structure to be observed in so-called channel

contrast showing the grain boundaries in the material. These SEM observations were



complemented by electron back-scattered diffraction (EBSD) measurements performed near
the mid-radius positions of the mid-thickness planes of the annealed discs (see Figure 1) using
a TSL-EDAX-Hikari system mounted on a scanning electron microscope (FEG-SEM ZEISS
Supra 55 VP) operating at 20 kV. The scanned areas for the discs annealed at 150 and 250 °C
were 40 x 40 um? with a 50 nm step size. The scanned area for the disc annealed at 350 °C was
100 x 100 pm? with a step size of 0.1 um and the scanned area for the disc annealed at 450 °C
was 200 x 200 um? with a step size of 0.1 um. The EBSD data were analysed by the Orientation
Imaging Microscopy OIM™ software by considering a grain tolerance angle of 5° and a
minimum grain size of 5 pixels.

The texture was analysed using MTEX software by calculating the orientation distribution
function (ODF) using the harmonic method (L = 22) and a Gaussian function with a half-width
of 5° to model each orientation [15].

Detailed microstructural observations of selected areas were performed using a CS-
corrected dedicated scanning transmission electron (STEM) Thermo Fisher Scientific Spectra
microscope operating at an accelerating voltage of 200 kV. The STEM observations were
carried out in the bright-field (BF) and high-angle annular dark field (HAADF) modes.
Structural investigations were combined with advanced energy dispersive X-Ray (EDX) point
and mapping analyses. Thin foils for observations were prepared using a Focused lon Beam
(FIB) Hitachi NB-5000 microscope.

Color-coded contour Vickers microhardness maps were constructed over the cross-sections
of the annealed discs (see Figure 1) by using a Mitutoyo HM-200 facility with a load of 50 gf

and a dwell time of 10 s.

3. Experimental results

Figure 2 shows the inverse pole figure (RD-IPF) maps near the AZ31/Mg-0.6Gd interface
of the discs annealed at (a) 150, (b) 250, (c) 350 and (d) 450 °C, respectively. The grain
boundaries with high misorientations (HAGBs, 6 > 15°) are highlighted by a black line. In
addition, the AZ31 and Mg-0.6Gd regions are indicated in each map. It should be noted that the
RD-IPF map of the disc annealed at 450 °C (Figure 2d) is shown with a different scale bar.
Figure 3 displays the evolution of the mean grain size of the AZ31 and Mg-0.6Gd regions as a
function of annealing temperature.

The microstructures are heterogeneous in the discs annealed at 150 and 250 °C where the
AZ31 and Mg-0.6Gd regions are easily identified. The AZ31 region of the annealed disc at 150
°C, as shown in Figure 2a, is characterized by a black zone referring to the non-index area
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which is a consequence of the large amounts of deformation. This may suggest that annealing
at 150 °C for 1 h is not sufficient for the occurrence of static recrystallization of the AZ31
region. A net difference in the grain size distribution is apparent between the AZ31 and Mg-
0.6Gd regions in the disc annealed at 250 °C, as shown in Figure 2b. Thus, the microstructure
becomes more homogeneous in discs annealed at 350 and 450 °C in which the AZ31/Mg-0.6Gd
interfaces are hardly recognized. Some coarse grains are visible in the Mg-0.6Gd region after
annealing at 350 °C (Fig. 2(c)) and these grains are further coarsened at 450 °C. In addition, the
white arrows in Figure 2d indicate the presence of annealing twins in the AZ31 and Mg-0.6Gd
regions of the disc annealed at 450 °C. The formation of annealing twins is often observed in
various annealed Mg-based alloys [16-19]. The mean grain size evolution shown in Figure 3
demonstrates that the mean grain size of the Mg-0.6Gd region continuously increases from
0.8+0.2 um at 150 °C to a value of 6.5 +0.8 um at 450 °C.

Figure 2: RD-IPF maps near the AZ31/Mg-0.6Gd interfaces of the hybrid material after
isochronal annealing for 1 h at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.



For the record, it should be noted that the grain sizes of the AZ31 and Mg-06Gd regions
after HPT processing for 20 turns was reported earlier as 0.1 and 0.4 pm, respectively [9]. The
mean grain size of the AZ31 region also increases with increasing annealing temperature except
that the mean grain size is lower at 250 °C (0.6 £0.3 um) than at 150 °C (1.7 £0.5 pum). The
AZ31 region exhibits a smaller grain size than the Mg-0.6Gd region through the annealing
temperature range of 250-450 °C.
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Figure 3: Evolution of the mean grain size of the AZ31 and Mg-0.6Gd regions as a function of

annealing temperature.

Figure 4 displays histograms of the grain boundary misorientation distributions for the
AZ31 and Mg-0.6Gd regions as a function of annealing temperature. The grain boundary
misorientation distribution for randomly oriented material with an hexagonal structure is added
for comparison [20]. In addition, the fraction of HAGBs in each region is also shown in the
plots. It is apparent that the AZ31 and Mg-0.6Gd regions do not show any random distribution
under the isochronal annealing. Indeed, the grain boundary distribution shows a peak around
30° indicating a 30° <0001> grain boundary resulting from the formation of a basal texture [21].
This peak tends to disappear in the AZ31 and Mg-0.6Gd regions annealed at 350 and 450 °C,
respectively. Figure 3d shows a peak around 86° for both regions indicating the presence of an
extension twin (86°<11-20>). The fraction of HAGBs increases with increasing annealing
temperature in both AZ31 and Mg-0.6Gd regions due to the formation of recrystallized grains.
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Figure 4: Histograms of the grain boundary misorientation distributions in the AZ31 and Mg-
0.6Gd regions as a function of annealing temperature: (a) 150, (b) 250, (c) 350 and (d) 450 °C.

The SEM micrographs with different magnifications near the AZ31/Mg-0.6Gd
interfaces of the isochronal annealed discs are presented in Figure 5. It was found that the AZ31
region under the HPT processing condition contained nano-sized AlsMns (~10-45 nm) and
nano-sized Mgi7Al12 (~10-24 nm) particles [8, 9]. Moreover, the HPT processing caused the
fragmentation of the MgsGd phase initially present in the as-cast condition of the Mg-0.6Gd
region [8, 9]. The SEM micrograph of the disc annealed at 150 °C (Figure 5a) shows an
equiaxed microstructure of the hybrid material except that the mean grain size of the Mg-0.6Gd
region is obviously smaller than for the AZ31 region which is in accordance with the EBSD
measurements (Figures 2a and 3). Figure 5b indicates that there is a large number of precipitates
in the AZ31 region at an annealing temperature of 250 °C whereas these precipitations are
absent in the AZ31 regions in the discs annealed at 350 and 450 °C as shown in Figures 5¢ and
5d. The precipitation occurs also in the Mg-0.6Gd region during annealing at 350 and 450 °C

as observed in Figures 5¢ and 5d. However, the precipitation in the Mg-0.6Gd region at a



temperature of 450 °C tends to be less pronounced than in the Mg-0.6Gd region at a temperature

of 350 °C thereby indicating the dissolution of precipitates.
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Figure 5: SEM micrographs with different magnifications near the AZ31/Mg-0.6Gd interfaces
after annealing for 1 h at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.

HAADF-STEM and EDS mapping for the Mg, Al, Zn, Mn and Gd elements shown in
Figure 6 was used to identify the precipitates observed in the annealed AZ31 region at 250 °C
and the annealed Mg-0.6Gd region at 350 °C, respectively. The EDS analysis of different
particles (points 1-5) is summarized in the Table shown also in Figure 6. The annealed AZ31
region at 250 °C contains three types of second phases with different chemical compositions.
First, nano-sized particles of AlgMns (point 1) with a size of 10 nm are distributed
homogeneously in the entire AZ31 region. Second, large Mgi7Al1. precipitates (point 2) with
lengths of 50-90 nm are localized preferably along grain boundaries in the region and, in
addition, spherical Mgi7Ali2 particles with diameters of ~10-40 nm are homogeneously
distributed in the AZ31 region which are similar to those reported under the deformation
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condition [9]. Third, particles with a diameter of 40 nm are present within the grains containing
only Mg and Zn elements as indicated by point 3 which was identified as the Mgi2Zn phase. A
close examination of Zn element mapping of the AZ31 region annealed at 250 °C indicates the
segregation of Zn elements at the grain boundaries. By contrast, the Mg-0.6Gd region annealed
at 350 °C shows the presence of two types of second-phase particles, corresponding to
precipitation of an MgsGd phase (point 4) at the grain boundaries and nano-sized particles of

Mg12Gd (point 5) with a diameter of 17 nm distributed reasonably homogenously within the
microstructure.

AZ31 region annealed at 250 °C

BF

wt.% Mg Al Zn Mn Gd possible phase

1 72821221 — 1498 -  A,Mn,
2 670222361062 - -  MgAl,
3 7771 - 2229 - - Mg,Zn
4 4562 - - - 5438 MgGd
5 6766 - - - 3238 Mg,Gd

[ 2000m |
Figure 6: STEM images in BF and HAADF modes and EDS mapping for Mg, Al, Zn, Mn and

Gd elements and EDS analysis of particles present at points 1-5 of the AZ31 region annealed
at 250 °C and the Mg-0.6Gd region annealed at 350 °C.



Figure 7 presents the recalculated {0002} pole figures, from left, near the AZ31/Mg-
0.6Gd interface of the hybrid material, AZ31, and Mg-0.6Gd regions after annealing at (a) 150,
(b) 250, (c) 350 and (d) 450 °C, respectively. It is noted that the texture near the mid-radius of
the hybrid disc processed for 20 turns was characterized by a deviated basal texture [9]. As is
apparent from Figure 7, a typical basal texture developed in the hybrid material during
annealing at 150 through 350 °C and a net scattering of the basal pole from CD towards SD is
visible for the hybrid disc annealed at 450 °C. It was reported earlier that the AZ31 region of
the hybrid material fabricated by HPT at 20 turns developed a C»-fiber with a weak Ci-fiber
texture, while a deviated basal texture was formed in the Mg-0.6Gd region [9]. The texture
evolutions of the AZ31 and Mg-0.6Gd regions are quite similar as a function of annealing
temperature. In practice, both regions exhibit a basal texture where the basal {0002} planes of
the grains are preferentially oriented parallel to the shear (SD-RD) plane but their distribution
around CD changed during annealing at different temperatures. The scattering of the basal pole
at an annealing temperature of 450 °C is more pronounced in the AZ31 region. By contrast, the
texture of the Mg-0.6Gd region exhibits a spread of the basal texture from CD towards SD with

a high intensity around the orientation of (180°, 35°, 0°) as indicated by arrows in Figure 7d.
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Figure 7: Recalculated {0002} pole figures of the hybrid AZ31/Mg-0.6Gd material, the AZ31
and the Mg-0.6Gd regions after annealing at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.

Figure 8 presents microhardness maps taken over the cross-sections of the hybrid
AZ31/Mg-0.6Gd material after isochronal annealing. Usually, the Vickers microhardness
values of the deformed and recrystallized AZ31 alloy are in the range of 60-120 Hv [8, 9, 22,
23]. In the case of Mg-0.6Gd alloy, the Vickers microhardness value was found in the range of
24-53 Hv [8, 9]. Consequently, it appears that the AZ31 and Mg-0.6Gd regions are in the upper

and lower parts of the discs, respectively. The highest microhardness values in the range of
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98- 130 Hv are located in the upper periphery of the disc annealed at 150 °C (Figure 8a). Then
the microhardness values decrease with increasing annealing temperature due to
recrystallization and grain growth. In addition, the microhardness variations became less across
the AZ31 and Mg-0.6Gd regions when annealing at higher temperatures. For example,
microhardness values were recorded in the range of 35-66 Hv after annealing at 450 °C (see
Figure 8d).
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Figure 8: Color-coded microhardness maps of the hybrid AZ31/Mg-0.6Gd material after
annealing for 1 h at: (a) 150, (b) 250, (c) 350, and (d) 450 °C.

The inhomogeneity factor (IF) [24] was used to evaluate the microstructural
inhomogeneity of the hybrid discs as a function of annealing temperature and the estimated IF

values are presented in Table 1. The equation for computing IF is given by:

\/Z?=1(Hvi_Hvave)2/Tl—1
IF =

X 100 1)

Hvgype

where Hvave and Hv; are the average microhardness value and the microhardness value of the it"

measurement, respectively, and n is the number of microhardness measurements on each disc.

Table 1. IF values as a function of annealing temperature.

Temperature (°C) 150 250 350 450
IF (%) 36.3 13.8 174 16.9

Thus, a microstructure with less variation in the microhardness values exhibits a low IF value
[24] and hence the discs annealed at 150 and 250 °C exhibit the highest (36.3%) and the lowest
IF (13.8%) values, respectively. The IF value increases slightly to 17% during annealing at 350

and 450 °C indicating a minor increase in hardness variations across the regions.
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4. Discussion

The present results demonstrate that the microstructure near the interfaces and the
microhardness distributions through the disc surfaces become homogeneous over the vertical
cross-sections of the hybrid AZ31/Mg-0.6Gd material after HPT followed by annealing with
increasing annealing temperature. Nevertheless, the evolution of grain size and texture as a
function of annealing temperature is slightly different between the AZ31 and Mg-0.6Gd regions
and these separate regions, which form the hybrid alloy, undergo different static

recrystallization and grain growth behaviors.

4.1.Microstructure evolution in the annealed AZ31 and Mg-0.6Gd regions

The distinctive outcome from the present investigation is the observation and identification
of a large number of precipitates of Mgi7Al12 and Mgi2Zn in the AZ31 region at an annealing
temperature of 250 °C and MgsGd and Mg1.Gd in the Mg-0.6Gd region at annealing
temperatures of 350 and 450 °C. It is well known that the Mgi7Al12 compound is the only
precipitate phase that can develop in Mg-Al alloy even with low Al content such as the AZ31
alloy [25, 26]. However, precipitation of the Mgi2Zn phase was not reported earlier in the AZ31
alloys under other thermomechanical processing. For the Mg-0.6Gd region, the precipitate
phases were not expected after annealing since the alloy contained a very low Gd content
(0.6%). According to the Mg-Gd binary phase diagram [27], the precipitation of the MgsGd
phase dissolves in the temperature range of 200-500 °C when the Gd content is <0.6 wt.%.
Thus, the precipitation sequence in Mg-Gd alloy is usually investigated with Gd concentrations
in the range of 10-15 Gd wt.% [28-31] and Mg alloys containing Gd concentrations around 1%
are investigated in order to avoid the effect of second particles [32, 33].

It is known that HPT processing enhances precipitation due to the introduction of a large
number of defects, such as dislocations and vacancies, that are preferential sites for precipitate
nucleation [34]. However, it is noted that no precipitation was reported in the same Mg-0.6Gd
alloy processed by HPT through 5 turns and annealed at 450 °C for 1h [35]. This led to the
conclusion that the strain induced by HPT processing was not sufficient to produce non-
equilibrium phases such as MgsGd, Mg12Gd and Mgi2Zn. In addition to the high strain induced
by HPT processing, it was demonstrated that the formation of interface bonding in the HPT-
hybrid material by solid diffusion also induced strain that caused a second grain refinement
regime [9]. Based on these earlier results, it may be anticipated that not only the accumulation
of the high strain for grain refinement during HPT processing but also the formation of bonding

of different phases produces a high number of defects, such as vacancies, and this produces an
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unbalanced segregation of solute atoms and dislocations which act as preferential sites for
precipitation nucleation during the annealing treatment. Usually, the precipitation causes an age
hardening which could be detected by an increase in the microhardness values. However, it is
considered that the Mgi7Al12 compound plays only a minor role in the strengthening of the
AZ31 alloy during conventional deformation due to its low volume fraction [25]. Unfortunately,
it was not possible to confirm whether the precipitation of non-equilibrium MgsGd, Mg1.Gd
and Mg12Zn phases caused an age hardening using the Hv map shown in Figure 8 since the
AZ31 and Mg-0.6Gd regions were not easily identified and their Hv values could not be
separated. Nevertheless, Table 1 shows that the IF of the microhardness distribution increases
after annealing at 350 and 450 °C which may be explained by the strengthening of the Mg-
0.6Gd region due to precipitation of the MgsGd and Mgi12Gd phases.

Precipitation in the AZ31 and Mg-0.6Gd regions plays the main role in controlling the
evolution of grain size in both regions and throughout the hybrid material as well. The restricted
grain growth noticed at the annealing temperature of 250 °C for the AZ31 region by comparison
with the AZ31 region annealed at 150 °C (see Figure 3) which is mainly attributed to the
precipitation of Mgi17Al12 and Mgi12Zn phases. Also, the segregation of Zn element to the grain
boundaries as shown in Figure 6 produces a strong drag effect on grain boundary migration. It
is believed that the presence of stable Mgi7Al12 and AlsMns phases are responsible for the small
grain size during annealing temperatures superior to 250 °C. As shown in Figure 6, the majority
of the precipitates and the stable phases are nano-sized which prevents the migration of
recrystallized grain boundaries and thereby slows the grain growth rate of the recrystallized
grains.

A further factor which produces a slow grain growth in the AZ31 region compared with
the Mg-0.6Gd region (Figure 3) is the high content of solute elements in the AZ31 alloy (3%
of Al and 1% of Zn). This leads to a significant reduction in the stacking fault energy through
the solute—dislocation interaction and produces smaller grain sizes under HPT processing and
annealing treatments. Indeed, it was demonstrated that the mean grain size decreases with
decreasing stacking fault energy in the deformed material [36].

The presence of MgsGd and Mg1.Gd precipitates along the grain boundaries and within
the recrystallized grains (Figure 6) suggests that the precipitation takes place after the static
recrystallization. Hence, it is anticipated that the driving force of recrystallization is the stored
energy during HPT which plays a major role in the Mg-0.6Gd region where the grain boundaries
are only partially pinned by the precipitates. The mean grain size of the Mg-0.6Gd region

increases with increasing annealing temperature even with the precipitation of MgsGd and
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Mg12Gd phases at annealing temperatures of 350 and 450 °C but the mean grain size values
remain much smaller (6.5 pum) than those reported for the same alloy under similar HPT
processing and annealing conditions without precipitation (~20.1 pm) [35]. It is interesting to
note that the AZ31 and Mg-0.6Gd regions have mean gain sizes smaller than 10 pm which

suggests the hybrid material is a good candidate for achieving superplasticity [23].

4.2. Texture evolution in the annealed AZ31 and Mg-0.6Gd regions

The AZ31 and Mg-Gd alloys exhibit a retained deformation texture during
recrystallization and grain growth phenomena [22, 35, 37, 38]. The present results show that the
recrystallization textures of the AZ31 and Mg-0.6Gd regions are different from the deformation
texture [9] and also they can be modified with appropriate annealing treatments.

The development of texture in the AZ31 and Mg-0.6Gd regions during isochronal
annealing is a consequence of the contributions of dynamic recrystallization (DRX) [19, 38-40],
precipitation [19, 35] and grain growth [41-43]. It was found earlier that the DRX fractions of
the AZ31 and Mg-0.6Gd regions near the mid-radii of the hybrid discs processed for 20 HPT
turns were 55 and 80 %, respectively [9]. This explained the change of the deformation texture
from Cy and C: fibres to a deviated basal texture at 150 °C in the case of the AZ31 region while
the Mg-0.6Gd region annealed at 150 °C displays a retained deformation texture or deviated
basal texture.

In the present study, the precipitation and grain growth in the AZ31 and Mg-0.6Gd
regions occurred simultaneously and this made it difficult to separately evaluate their
contributions to the texture evolution. Nevertheless, it is believed that the precipitated phases
(Mg17Al12, Mg12Zn, MgsGd and Mg12Gd) are the main reasons for the formation of a typical
basal texture in the AZ31 region at 250 °C and in the Mg-0.6Gd region at 350 °C (Figures 7b
and 7c), respectively. The precipitates drag the mobility of different grain boundaries except
those of grains with a basal orientation that can preferentially grow during the annealing
treatment and this leads to the domination of a basal texture. Indeed, the domination of the basal
texture during an annealing treatment was attributed earlier to the high mobility of the grain
boundaries of grains with a basal orientation [44]. Thus, the basal texture became more spread
along SD with increasing annealing temperature for the AZ31 region, especially at 450 °C, due
to the absence of second phase particles and the occurrence of grain growth that allowed the
formation of recrystallized grains with different orientations. Annealing at high temperatures
such as 450 °C provides the necessary energy for migration of the random high-angle grain
boundaries, leading to uniform growth of recrystallized grains with different orientations rather
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than the basal orientation. In addition, the fraction of sub-grain boundaries decreases
significantly during high annealing temperatures, as shown in Figure 4(d). The sub-grain
boundaries have low mobility energy and hence high temperature such as 450 °C gives these
boundaries the opportunity to gradually transform into high-angle grain boundaries and form
new grains. This process is known as continuous static recrystallization with the formed grains
usually exhibiting different orientations [45]. The spread of basal texture for the Mg-0.6Gd
region at 450 °C is less intense than in the AZ31 region due to the concurrent effects of
precipitation and grain growth.

The present findings provide a clear demonstration that the application of various
annealing temperatures produces unique microstructural pathways for these hybrid Mg alloys
from well-defined phase boundaries to homogeneous microstructures with texture
modifications. Thus, this study provides a critical initiative for using thermal treatments in the

design and manufacture of Mg alloys and hybrids for different applications and opportunities.

5. Summary and conclusions

The evolution of microstructure, texture and Vickers microhardness in a hybrid AZ31/Mg-
0.6Gd material fabricated by HPT through 20 turns was successfully characterized after
isochronal annealing at 150, 250, 350 and 450 °C for 1 h. The main finding are as follows:

e The AZ31/Mg-0.6Gd interface disappeared during annealing temperatures higher than
350 °C where significant grain growth took place. In addition, the distributions of
microhardness through the cross-sections of the discs became more homogeneous.

e The strain induced by HPT processing and interface bonding enhanced solute diffusion
and caused the development of precipitation in the AZ31 and Mg-0.6Gd regions.

e Nano-sized stable particles of AlsMns and precipitation of Mgi17Al12 and Mgi2Zn in the
AZ31 region and precipitations of MgsGd and Mg1.Gd phases in the Mg-0.6Gd region
contribute to a slowing in grain growth in the hybrid material.

e The distributions of basal texture in the AZ31 and Mg-0.6Gd regions throughout the
annealing treatment of both regions was controlled by DRX, precipitation and grain
growth.
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