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Abstract

The evolution of microstructure, texture, and mechanical properties of AZ31 (Mg-3Al-1Zn,
wt.%) and Mg-0.6Gd (wt.%) alloys were investigated and compared after high-pressure torsion
at room temperature through the equivalent strain range of geq = 0.6-287.5. The results
demonstrated that the grain refinement behavior is different for these two alloys. For the AZ31
alloy, dynamic recrystallization (DRX) was restricted leading to a gradual and continuous
formation of ultrafine grains with a mean grain size of ~0.3 um through the entire strain range
and the development of deviated B, C1, and C; texture fibers. For the Mg-0.6Gd alloy, the DRX
was very fast and a rapid ultrafine grain microstructure with a mean grain size of ~0.7 um was
developed at a strain range of €eq = 0.6-5.7 and this remained stable with a relatively stable B-
fiber over the strain range eeq = 5.7-287.5. The evolution of microhardness in the AZ31 alloy
indicated a strain hardening without recovery while that of the Mg-0.6Gd alloy showed a strain
hardening with recovery. The differences between the AZ31 and Mg-0.6Gd alloys are discussed
based on a comprehensive characterization of twinning, dislocation density, the initial

microstructure and the presence of second phases.
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1. Introduction

Magnesium (Mg) and its alloys have great potential to be used in diverse industries
including transportation, electronic and biomedical owing to their attractive physical and
chemical properties such as low density, high strength, recyclability, and biocompatibility [1-
4]. However, the formability of Mg-based alloys is very limited at room temperature (RT)
because of the lack of sufficient active slip systems and the development of sharp basal texture
which is due to the hexagonal close-packed structure of Mg [5]. The deformation at low
temperatures is accommodated by the basal <a> slip system and the mechanical twinning
generally known as {10-11}<10-12> contraction and {10-12}<10-11> extension twins owing
to their low critical resolved shear stress (CRSS) values [6, 7]. The activation of non-basal slip
systems like <c+a> pyramidal slip which can accommodate strain along the c-axis is hard due
to its high CRSS value which is ~80 times larger than that of <a> basal slip in pure Mg [8].
The promotion of <c+a> pyramidal slip system by decreasing the CRSS value may be achieved
by changing the alloying elements [9] or increasing the deformation temperature [10].

It follows therefore that the mechanical properties of Mg-based alloys can be tailored
by chemical composition and by processing technologies [11]. The improvement of mechanical
properties of Mg alloyed with rare-earth (RE) elements is usually related to solute
strengthening, fine-grain strengthening and precipitation strengthening [12]. In addition, one of
the benefic effects of adding RE elements is the modification of texture which leads to a
weakening of the basal texture by comparison to the traditional AZ-based alloys which has a
direct effect on improving the ductility and decreasing the anisotropy of the Mg-RE alloys [13-
17].

Conventional thermomechanical processing, which is a combination of deformation and
heat treatment, is an excellent tool for controlling the microstructures and mechanical properties
of Mg-based alloys. In such conditions, the mechanical improvement is related to grain
refinement owing to the activation of non-basal slip systems and the occurrence of dynamic
recrystallization (DRX) [18-25]. According to the nature of the recrystallization process,
Discontinuous DRX (DDRX) and Continuous DRX (CDRX) are the main mechanisms
responsible for DRX in Mg-based alloys [26]. DDRX mechanism is characterized by nucleation
and a growth process and usually the formation of recrystallized grains occurrences along the
grain boundaries [26]. In the CDRX mechanism, the formation of recrystallized new grains is
due to the continuous absorption of dislocations in sub-grain boundaries which progressively

transform into low-angle grain boundaries (LAGBSs) and then into high-angle grain boundaries



(HAGBS) [26]. The CDRX mechanism dominates when the initial material exhibits coarse
grains while DDRX dominates in deformed material with initial fine grains [27, 28]. It is
reported that the CDRX mechanism is characterized by slow kinetics and requires larger strains
than the DDRX mechanism [29].

Among the new severe plastic deformation (SPD) techniques, high-pressure torsion
(HPT) has become an established processing procedure that is used extensively for achieving
remarkable grain refinement and superior properties in a range of different metals [30, 31].
Furthermore, the HPT process is at present the only SPD technique that allows Mg-based metals
to be deformed conveniently at room temperature (RT) [32-36]. Indeed, HPT processing was
successfully applied at RT to fabricate a novel hybrid material from separate discs of the AZ31
(Mg-3Al-1Zn, wt.%) and Mg-0.6Gd (wt.%) alloys [37]. It is recognized that grain refinement
is governed by the CDRX mechanism in SPD-processed materials at RT or warm temperatures
[29, 38].

Several reports show that the DRX in Mg-RE alloys is retarded or restricted due to the
easy activation of non-basal slip systems so that DRX is not required to accommodate the
deformation [24, 25, 39]. By contrast, it was reported that the improvement in formability of
Mg-Gd alloys is related to a change in the recrystallization behaviour and the resulting texture
rather than the activation of supplementary slip systems [40]. There has been significant
research focusing on highlighting the differences in deformation behaviour, microstructure, and
texture evolution under conventional thermomechanical processing between pure Mg or the
traditional AZ31 alloy and Mg-RE alloys [40-45]. For example, the stored energy was lower for
AZ31 than the Mg-1.5Gd (wt.%) alloy under hot plane strain compression for a true strain of
0.7 [41]. Consequently, the static recrystallization kinetics of the Mg-1.5Gd alloy was notably
faster than the AZ31 alloy [42].

It is important to note that similar comparison studies are not yet available for HPT-
processed Mg-based alloys. Therefore, the present work was designed specifically to compare
the evolution of the microstructure, texture and microhardness of AZ31 and Mg-0.6Gd (wt. %)

alloys separately processed by HPT at RT for an equivalent strain range of geq = 0.6-287.5.

2. Experimental materials and procedures
Sheets of a hot-rolled AZ31 alloy and an as-cast Mg-0.6Gd alloy were provided by the
Magnesium Innovations Center (MaglC, Germany) and the Institute of Physical Metallurgy and

Materials Physics (RWTH-Aachen University, Germany), respectively. Accordingly, the Mg-



0.6Gd alloy was fabricated by induction melting and casting under a protective gas of Ar/CO:
using preheated copper mold. Then, the as-cast alloy was subjected to heat treatment for 20 h
at 420 °C.

The HPT processing was performed on discs with diameters of 10 mm and thicknesses
of 0.85 mm at room temperature for N = 1/2, 5, 10 and 20 turns under quasi-constrained
conditions [46]. The disc samples were processed under a pressure of 6.0 GPa with a rotational
speed of 1 rpm. In quasi-constrained HPT processing, the two anvils are separated so that there
is always a minor outflow of material around the periphery of the disc during processing and
this causes a decrease in the thickness of the disc which was from 0.85 to 0.63 mm in the present
experiments.

The microstructure and texture analyses were taken on the cross-sectional (CD-RD)
planes of the HPT discs where the shear reference frame is defined as the radial direction (RD),
compression direction (CD) and shear direction (SD) [47].

The EBSD measurements were performed near the centre (r ~ 0.2 mm) and at the mid-
radius position (r ~ 2.5 mm) of the mid-thickness plane of the HPT-processed discs using a
TSL-EDAX-Hikari system mounted on a scanning electron microscope (FEG-SEM Zeiss
Supra 55 VP) operating at 20 kV.

The equivalent strain, €eq, imposed during HPT can be calculated from the following
equation [48]:

__ 2mNr

boq = 2 @

where r is the radial distance from the centre of the disc and h is the thickness of the disc after
HPT. Accordingly, Table 1 summarizes the values of eeq in each HPT-processed disc.

Table 1. Values of the imposed equivalent strain eeq in different positions (near centre and mid-

radius) of HPT-processed discs.

N r (mm) €eq

1/2 0.2 0.6
2.5 7.2

5 0.2 5.7
2.5 71.9

10 0.2 115
2.5 143.7

20 0.2 23.0
2.5 287.5




The scanned areas for the AZ31 discs were 40 x 40 um? with a step size of 0.1 pum for
N =0, 1/2, 5 and 10 turns and for the AZ31 disc processed for N = 20 turns the scanned area
was 5 x 5 um? with a step size of 20 nm. The scanned area for the initial state (N = 0) of the
Mg-0.6Gd alloy was 700 x 2500 um? with a step size of 1 um, whereas the scanned areas for
the HPT-processed Mg-0.6Gd discs (N = 1/2, 5, 10 and 20 turns) were 40 x 40 um? with a step
size of 50 nm. The EBSD data were analysed by the Orientation Imaging Microscopy OIM™
software.

The dynamically recrystallized grains were identified using the grain orientation spread
(GOS) approach implemented in the OIM™ software, where grains with GOS < 2° are
considered fully recrystallized [49].

The texture was analysed using toolbox MTEX 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 [50].

Detailed microstructural observations at the mid-radius positions of discs processed for
N =5 turns were performed using a CS-corrected dedicated Thermo Fisher Scientific Spectra
scanning transmission electron microscope (STEM) 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.

The microhardness of the samples was measured using a Vickers microhardness tester
(SHIMADZU type HMV-2 tester) with a load of 100 g (Hvo.1) and a dwell time of 10 s. At least
5 Hv measurements were recorded to obtain the average value for each sample.

3. Results

Figures 1 and 2 present the evolution of the microstructure of AZ31 and Mg-0.6Gd
alloys in terms of an inverse pole figure (SD-IPF) map as a function of equivalent strain: (a) eeq
=0, (b) geq = 0.6, (C) €eq = 7.2, (d) €eq = 71.9, (€) €eq = 143.7 and (f) eeq = 287.5, respectively.
The grain boundaries with high misorientations (6 > 15°) are highlighted by a black line. It
should be noted that the SD-IPF map of the HPT-processed AZ31 sample at eeq = 287.5 (Figure
1f) is presented with a different scale bar. The initial microstructures of the AZ31 and Mg-
0.6Gd alloys are different and related directly to the processing history. The microstructure of
the as-received AZ31 alloy is characterized by deformed grains with a mean grain size of ~12.5
pm and the presence of twins identified as {10-11} contraction twins.
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Figure 1: SD-IPF maps of AZ31 alloy HPT processed for (a) geq = 0 (initial state), (b) geq = 0.6
(centre of N = 1/2 turn), (¢) geq = 7.2 (middle of N = 1/2 turn), (d) geq = 71.9 (middle of N =5
turns), (e) €eq = 143.7 (middle of N = 10 turns) and (f) €eq = 287.5 (middle of N = 20 turns).

Note that Figure 1f is presented with different scale bar.



The rectangular box indicates the occurrence of the twin-induced dynamic recrystallization
(TDRX) mechanism which is characterized by the formation of recrystallized grains inside the
twins [51]. By contrast, the microstructure of the as-received Mg-0.6Gd alloy contains coarse

grains with a mean grain size of about ~670 pum which is typical of an as-cast condition.

Figure 2: SD-IPF maps of Mg-0.6Gd alloy HPT processed for (a) geq = 0 (initial state), (b) €eq
= 0.6 (centre of N = 1/2 turn), (c) geq = 7.2 (middle of N = 1/2 turn), (d) €eq = 71.9 (middle of N
=5 turns), (e) geq = 143.7 (middle of N = 10 turns) and (f) geq = 287.5 (middle of N = 20 turns).



The microstructure of the as-cast Mg-0.6Gd alloy contains also massive twins identified as {10-

12} extension twins in the form of steps and it is reasonable to assume that their presence is due

to the mechanical preparation of the sample. The SD-IPF maps indicate that the twins remain

present during HPT processing and they are more visible in the AZ31 alloy through strains from

0.6 to 7.2 as shown by the black arrows. However, the fraction of twins decreases with

increasing equivalent strain due to the grain refinement. Indeed, the deformation microstructure

of both alloys transformed gradually to equiaxed fine grains with increasing equivalent strain.

It is interesting to note that the deformation microstructure of the Mg-0.6Gd alloy became more

homogeneously distributed (at geq = 7.2) than for the AZ31 alloy (at geq = 143.7). The evolutions

of mean grain size, DRX fraction and HAGBs fraction as a function of equivalent strain in the
AZ31 and Mg-0.6Gd alloys are shown in Figure 3.
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Figure 3: Evolution of (a) mean grain size, (b) DRX fraction, and (¢) HAGBs fraction in AZ31

and Mg-0.6Gd alloy as a function of equivalent strain.

The HPT processing at a strain of 0.6 causes a decrease in grain size to 3.6 um for the

AZ31 alloy. Thereafter, the mean grain size of the HPT-processed AZ31 alloy decreases
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gradually with increasing equivalent strain to 0.55 pm at geq = 23 and then decreases slowly to
0.3 um at geq = 287.5. The mean grain size of the Mg-0.6Gd alloy rapidly deceases from 670 to
2.6 um after a strain of geq = 0.6, then to 0.71 pum at eeq = 5.7 where it appears to reach a
saturation value.

It is apparent from Figure 3b that the fraction of DRX in the Mg-0.6Gd alloy is higher
than in the AZ31 alloy. The fraction of DRX was relatively similar in both alloys during low
straining (eeq = 0.6-5.7) but DRX occurred rapidly in the Mg-0.6Gd alloy and reached a high
value of 85 % at a strain of €eq = 7.2 which was a saturated condition. For the AZ31 alloy, the
DRX fraction increased slowly but continuously with increasing strain and the microstructure
became essentially fully recrystallized (about 80 %) at a strain geq = 287.5. Consequently, the
fraction of HAGBSs increases with increasing equivalent strain for both alloys, as demonstrated
in Figure 3c. However, it is obvious that the fraction of HAGBs is higher in the Mg-0.6Gd alloy
than in the AZ31 alloy, especially during an equivalent strain range of €eq = 5.4-143.7.

Point 1 at.% wt.%
Al 62.2 447
Mn 37.8 553

Figure 4. STEM images in (a) BF and (b) HAADF at low magnification near the mid-radius
of the AZ31 disc processed for N = 5 turns (eeq = 71.9), and (c) high magnification of yellow
box showing the EDS mapping for Mg, Al and Mn elements and EDS analysis of particles

present at point 1.



Figures 4 and 5 show STEM images in (a) BF and (b) HAADF at low magnification
after processing for N = 5 turns (eeq = 71.9) near the mid-radius of the AZ31 and Mg-0.6Gd
disc, respectively. In addition, Figure 4c shows a high magnification of the yellow box of the
HPT-processed AZ31 alloy showing the EDS mapping for the Mg, Al, and Mn elements and

the EDS analysis of particles present at point 1.

Figure 5: STEM images in (a) BF and (b) HAADF at low magnification near the mid-radius
of the Mg-0.6Gd disc processed for N = 5 turns (geq = 71.9).

Observations by STEM confirmed extensive grain refinement in both alloys although,
the images (BF mode) indicate that the AZ31 alloy exhibits a more homogeneous
microstructure in terms of grain refinement when compared with the Mg-0.6Gd alloy (Figures
4a and 5a). The grain size calculated for the AZ31 and Mg-0.6Gd alloys was 260 + 30 nm and
650 + 68 nm, respectively. The HAADF images (Figures 4b and 5b) demonstrate a net
difference in the presence of second phase particles. No particles are visible in the HAADF
images of the Mg-0.6Gd sample indicating the fragmentation and dissolution of the metastable
MgsGd particles which were present in the as-cast state, where this is consistent with an earlier
report [37]. High magnification observations of the AZ31 sample showed a high concentration
of small spherical nanoparticles having sizes from 10-45 nm. The EDS analysis (Fig. 4c)
indicates that these particles consist mainly of Al and Mn and the atomic and weight
percentages shown in Figure 4d demonstrate that these Mn-containing particles are stable
AlgMns [52]. It must be noted that the fraction of the Mg element (present only in the matrix)

was excluded in order to show Al/Mn proportions.
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Figures 6 and 7 show the recalculated {0002} pole figures and ODF sections at ¢p2 = 0
and 30° of the HPT processed AZ31 and Mg-0.6Gd alloys for (a) € =0, (b) e=0.6, (¢c) e =7.2,
(d) e =71.9, (e) € = 143.7, and (f) € = 287.5, respectively. The ideal shear texture component
positions on the RD-CD plane for materials with HCP structure [47] are also present in both
figures (Figures 6g and 7g) and their description in the form of the Euler angles (p1, ®, ¢2) is
given in Table 2. The initial texture of the AZ31 alloy shows the presence of a basal texture (B-

fiber) which is a typical texture formed during the rolling of Mg-based alloys [53, 54].
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Figure 6: Recalculated {0002} pole figures and ODF sections at ¢2 = 0 and 30° of AZ31 alloy
HPT processed for (a) geq = 0 (initial state), (b) €eq = 0.6 (centre of N = 1/2 turn), (¢) geq = 7.2
(middle of N = 1/2 turn), (d) geq = 71.9 (middle of N = 5 turns), (e) geq = 143.7 (middle of N =
10 turns), (f) geq = 287.5 (middle of N = 20 turns) and (g) the ideal shear texture components
positions on CD-RD plane for materials with HCP structure [47].
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Table 2. Position of ideal shear texture components for HCP materials and alloys projected in
the CD-RD plane [47].

Notation  B-fiber P-fiber Y-fiber C-fiber Co-fiber

(¢1, @, ¢2) (360, 90, 0-60) (90-180, 90, 0) (300, 90, 0-60) (0, 30, 0-60) (180, 30, 0-60)
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Figure 7: Recalculated {0002} pole figures and ODF sections at ¢2 = 0 and 30° of Mg-0.6Gd
alloy HPT processed for (a) geq = 0 (initial state), (b) €eq = 0.6 (centre of N = 1/2 turn), (c) €eq =
7.2 (middle of N = 1/2 turn), (d) €eq = 71.9 (middle of N = 5 turns), (e) €eq = 143.7 (middle of
N =10 turns), (f) geq = 287.5 (middle of N = 20 turns) and (g) the ideal shear texture components
positions on CD-RD plane for materials with HCP structure [47].

The HPT processing at a strain of 0.6 (Figure 6b) led to the development of the C-fiber.
As can be seen from Figure 6c¢, the Ci-fiber is developed with a weak B-fiber at a strain of 7.2.
Again, the C, and basal fibers appeared at a strain of 71.9 with significant deviation from their

ideal positions as can be observed with further increasing strain at geq =143.7 (about 20° towards

12



RD) and 287.5 (about 30° towards RD). It is evident from the {0002} pole figure (Figure 6f)
that there is the presence of a deviated C:-fiber at a strain of 287.5.

The identification of texture type (see Figure 7a) of the as-cast Mg-0.6Gd sample was
not possible since the sample exhibits limited grain numbers as revealed in Figure 2a. However,
the B-fiber and C,-fiber formed rapidly after HPT processing at geq = 0.6. The Co-fiber
disappears with increasing strain at € = 71.9 leading to a dominant basal texture through the
entire strain. It can be noticed that there is a small deviation of basal fiber from its ideal position
with increasing strain from eeq = 143.7 (about 10° towards RD) to geq = 287.5 (about 15° towards
RD).
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Figure 8: Evolution of microhardness as a function of equivalent strain of: (a) AZ31, and (b)
Mg-0.6Gd alloys.

Figures 8a and b present the evolution of microhardness as a function of the equivalent
strain for the AZ31 and Mg-0.6Gd alloys, respectively. The microhardness of the initial states
of the AZ31 and Mg-0.6Gd alloys were 72 and 24 Hv, respectively. The microhardness of the
AZ31 alloy increased with increasing strain to reach a value of 108 Hv at a strain of geq = 7.2
and slightly decreased to reach a saturated value of 102.6 Hv. In the case of the Mg-0.6Gd alloy,
the microhardness goes through three stages. First, the microhardness increases with increasing
equivalent strain to a maximum value of 53.1Hv at €eq = 3.6. Second, it decreases with
increasing strain to 39.5 Hv at geq = 71.9, and then finally it statures at this value up to a strain
of geq = 287.5.
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4. Discussion

The evolution of the microstructural parameters, such as mean grain size, DRX and
HAGBsS fractions in the AZ31 and Mg-0.6Gd alloys through HPT processing shown in Figures
1-3 demonstrate that the grain refinement of both alloys is obtained by the CDRX process.
Nevertheless, the DRX kinetics and consequently the grain refinement behavior were different
between the two alloys. In general, the grain refinement of both alloys can be separated into
two stages. For the AZ31 alloy, stage | occurred during geq = 0.6-11.5 where the DRX and
HAGBs fractions increase and the mean grain size decreases gradually from 25 to 1.1 um and
in stage Il (eeq = 11.5-287.5) the DRX and HAGBs fractions continue to increase and the grain
size decreases slowly by comparison with stage I to reach a value of 0.3 um at a strain of 287.5.
For the Mg-0.6Gd alloy, the DRX and HAGBs fractions increase quickly during stage I (€eq =
0.6-5.7) leading to the formation of an equiaxed microstructure with a mean grain size of 0.7
pm and then stage II (eeq = 5.7-287.5) shows the saturations of the mean grain size and the
HAGBs and DRX fractions. Such behavior is consistent with the evolution of microhardness
shown in Figure 8. The evolution of microhardness of the AZ31 alloy indicated a strain
hardening without recovery [55, 56], while that of the Mg-0.6Gd alloy shows a strain hardening
with recovery and dynamic recrystallization [55, 56].

It must be noted that the present results show that the AZ31 and Mg-0.6Gd alloys exhibit
an inverse behavior compared with that reported for the AZ31 and Mg-1.5Gd alloys under
conventional processing [41]. The enhancement of DRX is mainly attributed to the stored
energy during deformation processing. At RT and low strains, the deformation of Mg-based
alloys is accommodated by twinning and dislocations generated mainly from the activation of
<a> basal slip. Hence, to further analyze the DRX behavior, the presence of twins and an
estimate of the dislocation densities at a low strain, geq = 0.6, are compared for both alloys as in
Figures 9 and 10.

Figures 9a and 9b present the Image Quality (1Q) maps highlighted by the common
twinning mode found in Mg-based alloy: {10-11}-contraction twinning (56°<11-20>) and {10-
12}-extension twinning (86°<11-20>). The {10-11}-contraction and {10-12}-extension twins
are identified with an error angle of 10° and labeled by blue and green colors, respectively. The
fractions of twins are shown in the upper 1Q maps (Figures 9a and 9b) and seem similar in both
samples except that there is a higher fraction of {10-12}-extension twin in the AZ31 alloy (11.8
% vs. 8.0%). The magnification of the yellow box shown in Figures 9¢c and g demonstrates that
the twins have different shapes depending on the alloy. Figure 9c¢ shows that the extension twins

in the AZ31 alloy have lenticular shape structures. It is interesting to note that the extension
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twins are responsible for the development of the C.-fiber as indicated by the SD-IPF map and

the corresponding {0002} pole figure (Figures 9d and 9f).
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Figure 9: (a, b) Image Quality (IQ) map highlighted by contraction twin (blue color) and
extension twin (green color) in HPT-processed AZ31 and Mg-0.6Gd alloys at geq = 0.6,
respectively. (c, d, e, f) and (g, h, i, j) 1Q, SD-IPF, GOS maps and {0002} corresponding pole
figure of yellow box of HPT-processed AZ31 and Mg-0.6Gd samples, respectively.
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By contrast, Figures 9g and 9i show that the extension and contraction twins present in
the Mg-0.6Gd alloy are mostly boundaries for the dynamically recrystallized grains. The SD-
IPF map and the corresponding {0002} pole figure shown in Figures 9h and 9j confirm that the
development of the C»-fiber comes from the activation of contraction and extension twins.

Despite the fact that the AZ31 and Mg-0.6Gd alloys exhibit different initial textures
(Figures 6a and 7a), similar textures composed of basal and C»-fiber formed in both alloys at a
low strain (eeq = 0.6). In fact, most hexagonal materials develop the B-fiber during HPT
processing and exactly during the compression stage [47, 57] due to the easy activation of the
<a>-basal slip system which orients the basal planes parallel to the shear plane producing a
typical basal texture [47, 58]. It is well known that twinning has more effect on texture
modification than grain refinement due to the creation of a high misorientation angle between
twins and their parent grains [24]. It is also worth noting that the development of the Ci-fiber
in the HPT-processed AZ31 sample at eeq = 7.2 (Figure 6¢) is due to the activation of twins as
can be seen from Figure 1c. The Cy and C: fibers are considered as pairs since they are defined
as c-fiber where the c-axis is first rotated 90° in the shear direction, then £30° in the shear plane
direction [58].

The evolutions of texture show that the C; and C: fibers remain present in the AZ31
alloy (Figure 6) but with a significant deviation from their ideal position with increasing strain.
First, the lenticular extension twins can propagate and grow rapidly with further strain due to
their high mobility [59] and eventually consume the parent grain which can explain the
persistence of the C;1 and C fibers. Second, the deviation of the texture at higher stains is
attributed to the torsional straining imposed by the rotation of the anvil during HPT processing
[47]. However, the Co-fiber completely disappeared in the Mg-0.6Gd alloy (Figure 7) with
increasing strain and this indicates that the effect of twins on the texture evolution of the Mg-
0.6Gd alloy is not permanent. In practice, the twin boundaries can strongly block the dislocation
motion which contributes to their accumulation and the formation of LAGBs [60]. As can be
seen in Figures 9e and 9i, the GOS maps indicate that within the contraction twins and near the
twin boundaries there are LAGBs which will transform into HAGBSs and eventually into newly
refined grains with further strain. These new grains may have similar orientations to the twin
[24, 61] or they may develop different orientations [62]. Unlike the extension twins, contraction
twins have a very low mobility [63] so that the recrystallized grains within them will not grow

and hence they will be devoured by the neighboring grains with further strain.
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To estimate the dislocation density, p, especially the geometrically necessary
dislocations, a Kernel Average Misorientation (KAM) method was applied following the
expression [64]:

0
p = Zeau @

where b is the Burgers vector, d is the scan step size and fkam is the average misorientation
angle.

It should be mentioned that the accurate dislocation density depends strongly on choice of
various EBSD parameters like the size of the kernel, the EBSD step size and the threshold angle.
Since the absolute dislocation density values were not pursued in this investigation, the fkam
was calculated from the mean misorientation angle between the point and its 3™ neighbors and
by excluding misorientations of 6 > 5°. These chosen parameters are compatible with the
average grain size even for the highest strains (about 0.3 um in the case of AZ31 alloy).

Figures 10a and b present the KAM maps at geq = 0.6 for the HPT-processed AZ31 and
Mg-0.6Gd alloys, respectively. The kam and p values are shown in the upper KAM maps. The
results indicate that the AZ31 alloy (p = 8.3 x 10%* m) stored more energy than the Mg-0.6Gd
alloy (p=7.1 x 10* m2). The evolution of dislocation density as a function of equivalent strain
for both alloys is presented in Figure 10c. As can be seen, the dislocation density of the AZ31
alloy increases with increasing strain at 11.5 and then starts to decrease indicating the
occurrence of DRX and the formation of new grains. By contrast, the dislocation density of the
Mg-0.6Gd alloy is stable around 7 x 10** m through the entire strain which demonstrates that
an equilibrium is reached between the generation of dislocations and the formation of new
grains. This may explain the saturation of the grain refinement at 0.7 um with increasing strain
(geq = 5.7-287.5). In this case, the new dislocations prevent the HAGBs of the dynamically
recrystallized grains from migration and thereby they limit the grain growth. It is known that a
high stored energy will increase the rate of recrystallization [26]. Figure 10 shows that the stored
energy is higher in the AZ31 alloy but the DRX was restricted by comparison with the Mg-
0.6Gd alloy which shows a lower stored energy and a fast DRX.

The presence of nano-size particles of AlsMns (shown in Figure 4) may be one of the
reasons for the retardation of DRX in the AZ31 alloy. On the one hand, it is recognized that the
pinning effect of large second particles (> 1um) on the dislocation motion will increase the
stored energy around them and promote DRX via the particle-stimulated nucleation mechanism
[26, 65]. The morphology, size, quantity and distribution of second particles are important
parameters affecting the DRX process [26, 60, 66, 67]. On the other hand, it was found that

17



DRX is restricted when the small second phase particles pinned the dislocations and sub-grain
boundaries resulting from the DRX process and inhibited their transformation to HAGBs [60,
67] which is mostly the case in the present AZ31 alloy. The second reason to consider for the
DRX kinetics is the nature and concentration of the alloying element. It is expected that the
effect of 3 % Al and 1 % Zn in the AZ31 alloy on segregation to grain boundaries and the
limitation of their mobility in solute drag will be greater than the low concentration of 0.6 %
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Figure 10: KAM map of (a) AZ31, (b) Mg-0.6Gd alloys HPT processed at geq = 0.6 and c)
evolution of dislocation density as a function of equivalent strain for both alloys.

The difference in the initial microstructure is also another reason for the difference in
the DRX kinetics. As shown in Figures la and 2a, the AZ31 alloy contains more grain
boundaries than the Mg-0.6Gd alloy and these eventually act as pinning points delaying further
dislocation propagation [68] and causing grain boundary strengthening for the AZ31 alloy. The
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latter proposal is supported by the high dislocation density shown in Figure 10c and the
evolution of the microhardness presented in Figure 8.

The present results demonstrate that HPT processing has the ability to change the
deformation behavior and the DRX Kkinetics of Mg-based alloys by comparison with
conventional thermomechanical processing. This suggests that in future it will be interesting to

compare the static recrystallization of HPT-processed AZ31 and Mg-0.6Gd alloys.

5. Summary and conclusions

Alloys of AZ31 and Mg-0.6Gd were processed by HPT at RT through geq = 0.6-287.5 and
their microstructure, texture and microhardness evolutions were reported and compared. The
main findings can be summarized as follows:

e The EBSD, STEM and microhardness results show that the grain refinement of each
alloy was different and it was the opposite of that generally reported under conventional
deformation.

e The AZ31 alloy exhibits a gradual and continuous formation of ultrafine grains with a
mean grain size of ~0.3 um through the entire strain due to the retardation of DRX. By
contrast, DRX was fast in the Mg-0.6Gd alloy leading to a rapid ultrafine grain
microstructure over a strain range of geq = 0.6-5.7 with a mean grain size of ~0.7 um
and remaining stable at a strain range of geq = 5.7-287.5.

e The restriction of DRX in the AZ31 alloy was explained by the presence of stable
AlgMns particles, solute drag and grain boundary strengthening.

e The evolution of microhardness in the AZ31 alloy showed a strain hardening without
recovery whereas the Mg-0.6Gd alloy displayed a strain hardening with recovery.

e The AZ31 alloy was characterized by the development of deviated B, C1, and C; fibers.
By contrast, the Mg-0.6Gd alloy exhibited a relatively stable B-fiber. The formation and
disappearance of C1 and C fibers was due to the activation and evolution of mechanical

twinning.
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