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Abstract: The deformation behaviour of as-cast ZK40 alloys modified with individual additions of
Ca and Gd is investigated at 250 °C and 300 °C. Compression tests were carried out at 0.0001 s~
and 0.001 s~! using a modified Gleeble system during in-situ synchrotron radiation diffraction
experiments. The deformation mechanisms are corroborated by post-mortem investigations using
scanning electron microscopy combined with electron backscattered diffraction measurements.
The restoration mechanisms in x-Mg are listed as follows: the formation of misorientation spread
within x-Mg, the formation of low angle grain boundaries via dynamic recovery, twinning, as well as
dynamic recrystallisation. The Gd and Ca additions increase the flow stress of the ZK40, which is
more evident at 0.001 s™! and 300 °C. Dynamic recovery is the predominant restoration mechanism
in all alloys. Continuous dynamic recrystallisation only occurs in the ZK40 at 250 °C, competing
with discontinuous dynamic recrystallisation. Discontinuous dynamic recrystallisation occurs for
the ZK40 and ZK40-Gd. The Ca addition hinders discontinuous dynamic recrystallisation for the
investigated temperatures and up to the local achieved strain. Gd addition forms a semi-continuous
network of intermetallic compounds along the grain boundaries that withstand the load until their
fragmentation, retarding discontinuous dynamic recrystallisation.

Keywords: magnesium alloys; deformation behaviour; restoration mechanisms; electron microscopy;
characterisation; in-situ diffraction

1. Introduction

Mg is ideal for replacing heavier materials in lightweight constructions in the transport sector [1].
Conventional Mg alloys exhibit poor formability at ambient temperatures [2]. Thus, wrought processing
is usually carried out above 225 °C, where the activation of non-basal slip becomes possible [3].
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The hot deformation mechanisms of metallic alloys are intrinsically related to the stacking fault
energy of the material [4]. The distinct role of dynamic recovery (DRV) and dynamic recrystallisation
(DRX) [5] promotes a complex microstructure evolution. The reorganisation of dislocation and formation
of subgrains or cells occurs during DRV [6]. Furthermore, different types of DRX were proposed, such as
discontinuous dynamic recrystallisation (DDRX) [7,8], geometric dynamic recrystallisation (GDRX) [9]
and continuous dynamic recrystallisation (CDRX) [5]. They have in common the phenomenon of
movement of high angle grain boundaries and the formation of new grains. The nucleation and
growth of new grains consuming the deformed material occur during DDRX [10]. GDRX forms refined
grains by the impingement of high angle grain boundaries. CDRX develops new HAGBs due to the
continuous formation of subgrain boundaries, and their progressive increment in misorientation due
to lattice rotation [11].

Mg alloys are typically low stacking fault energy alloys. Thus, limited recovery can lead to
the onset of DDRX. The operating deformation mechanisms strongly influenced the role of DRX in
ZK60 [12]. Deformation twinning, basal slip and (a + c) dislocation glide was correlated with the role
of DRX at temperatures below 200 °C [12]. CDRX occurs due to extensive cross-slip at intermediate
temperatures (between 200 °C and 250 °C) [12]. The cross-slip is predominantly activated near original
grain boundaries of an a type dislocation by the Friedel-Escaig mechanism leading to the transition
from a primary screw orientation to an edge orientation [13,14]. A high amount of stacking fault energy
of this edge dislocation lies in a non-basal plane [15]. DRX occurred via bulging of grain boundaries
and subgrain growth, i.e., DDRX, at temperatures higher than 250 °C [12]. Complementarily, twins
with high dislocation density can divide the parent grains leading to the formation of dislocation arrays
and low angle grain boundaries within the twins, causing DDRX at higher strains [16]. ZK40 alloy
deformed at 350 °C exhibited a similar microstructure evolution to CDRX, evidenced by the subgrain
formation, despite forming new grain mostly at grain boundaries [17]. Thus, the identification of the
deformation mechanisms and their role on DRX of ZK40 alloy needs to be further clarified.

The Mg-Zn system possesses the potential for the development of low-cost Mg alloys [18].
The enhancement of strength and ductility due to elemental additions, such as rare earth (RE)
additions [19,20] occurs through the modification of grain boundary particles [18,21,22]. Among the
RE elements, Gd was investigated due to the positive impact on mechanical properties. The creep
resistance of Mg-Zn alloys containing Gd improved notably compared to the commercially used WE43
and QE22 alloys [23,24]. Gd can reduce the yield anisotropy (ratio between tensile and compressive
yield strength) in extruded Mg alloys [25], and it can also can diminish the strong basal textures [26,27].
The addition of Gd to a ZK40 alloy led to twinning up lo relatively large strains and the formation of a
necklace of small grains along grain boundaries via DDRX during hot deformation [17]. Additionally,
the addition of Gd to Mg-Zn alloys reduced the segregation of elements in the x-Mg, leading to the
increment of DDRX kinetics due to a reduction in solute drag [28]. Thus, the role Gd on the restoration
mechanisms of Mg-Zn alloys needs further investigation to tailor the microstructure, and consequently,
the mechanical properties of Gd containing Mg alloys.

Ca addition modified the microstructure of Mg alloys [29,30], impacted their mechanical
properties [31,32] and promoted texture randomisation [30,33,34]. The addition of CaO forms MgO and
Mg,Ca during casting [35], providing an easier route to add Ca to Mg alloys. Ca addition improved
the mechanical properties of extruded and hot-rolled Mg-Zn-Zr alloys due to weaker texture [34].
Ca seemed to retard recrystallisation in Mg-Zn-Zr alloys [36]. The addition of Ca to an AZ80 alloy
promoted the formation of a refined recrystallised microstructure and enhanced formability [37].

High energy X-ray diffraction was used for in-situ characterisation of materials undergoing
mechanical loading [38—41]. Azimuthal-strain plots bring information on grain size evolution,
grain orientation relationships, grain rotation, grain imperfection, and texture evolution [42,43].
The microstructural changes are described in terms of the dislocation slip, twinning, sub-grain
formation, recovery and recrystallisation [42].
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This work aims to: (a) identify and elucidate the role of the restoration mechanisms during
moderate deformation temperatures for ZK40 based alloys; (b) describe the influence of Ca or
Gd additions on the microstructure formation and the restoration mechanisms of the investigated
alloys. A combined interpretation of in-situ synchrotron radiation diffraction measurements during
compression with post-mortem microstructural investigation of the deformed samples provides the
insights to describe the deformation mechanisms.

2. Materials and Methods

2.1. Materials

The alloys were prepared with pure Mg, Zn, CaO and master alloys Mg 4 wt.% Gd and Mg-33 wt.%
Zr (Zirmax®, Luxfer MEL Technologies, Manchester, UK). Mg was molten in an electric resistance
furnace and held at 750 °C, and alloying elements were added to the melt and stirred for 10 min.
The melt was then poured into a preheated thin-walled steel mould held at 660 °C for 15 min. Then,
the mould was immersed into water at a rate of 10 mm-s~! until the top of the melt was in line with the
cooling water. The ingots had a bottom diameter of 250 mm and a height of 300 mm. The indirect
casting procedure was adopted to provide a homogeneous microstructure [44]. Table 1 shows the
actual compositions of the alloys prepared for this investigation measured with X-ray fluorescence
(Zn and Gd) and spark analyser (Ca, Cu, Fe, Ni, Zr). Only Ca is detected in the alloy since CaO
dissociates during melting [35]. The alloy with Ca addition is named ZK40-CaO in this work.

Table 1. Chemical compositions of the investigated alloys measured with X-ray fluorescence (Gd and
Ca) and spark analyser (Zn, Cu, Fe, Ni, Zr).

Alloys Inwt.% Zrwt% Cawt% Gdwt%  Fe (ppm) Cu (ppm) Ni (ppm)

ZK40 5.00 0.53 - - 11 14 13
ZK40-CaO 4.385 0.34 1.22 - 14 16 14
ZK40-Gd 4.50 0.55 - 1.70 7 29 <30

2.2. In-Situ Synchrotron Radiation Diffraction during Compression

In-situ synchrotron radiation diffraction experiments were performed in reflection mode using
the facilities of XTMS (X-ray Scattering and Thermo-Mechanical Simulation) at the Laboratério
Nacional de Luz Sincrotron (LNLS, Campinas, Brazil). A monochromatic beam with an energy of
12 keV (A = 0.10332 nm) and a cross-section of 1.0 x 2.0 mm? was used for the current investigation.
The diffraction patterns were recorded with a Rayonix® SX 165 detector (Evanston, IL, USA).
The sample-to-detector distance of 320 mm and an angle of 32° between the incident and reflected
beam were used during the experiments. Only one region of the Debye-Scherrer rings was measured
due to the acquisition in reflection mode and the detector size. The range of azimuthal (¢) corresponds
to —27.36° a 33.42° while 20 corresponds to the range between 15.59° to 45.29°.

Specimens with 10 mm in length, 10 mm in width and 5 mm in thickness were used in the in-situ
experiments. The illuminated surface of the sample was priorly metallographically prepared up to
grinding paper 4000 grit to assure the measured data is as comparable as possible with the bulk
material. The specimens were placed in the chamber of a Gleeble® 3550 (Gleeble, Poestenkill, NY, USA).
The specimens were heated up to the deformation temperature at 10 °C s~! and held at the testing
temperature for 3 min before deformation to ensure temperature homogeneity. The deformation was
carried at 250 °C and 300 °C, controlled using a K-type thermocouple welded at the surface of the
specimen. The specimens were compressed up to 0.3 of the true strain at 0.0001 s~ and 0.001 s~
A protective Ar atmosphere was used, and the deformation was followed by a final Ar quenching.
The details of the experimental setup can be found in [45].

The Debye-Scherrer rings were analysed using software Dracon (Diffracted X-rays Analysis
Console, LNLS, Brazil) and the Image]® software package [46]. The two-dimensional diffraction
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patterns were converted into azimuthal angle-time/strain plots to study the evolution of the
microstructure, according to the methodology explained in [47] which is briefly summarised: (i) stacking
of the recorded 2D images, (ii) selection of the diffraction ring and conversion into cartesian coordinates
with a final 3D volume of axis 26, t (or strain ¢), and ¢ (azimuthal angle) and (iii) projection
over the t (or ¢)-¢ plane. The azimuthal angle-time/strain plots were generated for the chosen
crystallographic planes.

2.3. Microstructure Characterisation

The compressed samples were cold mounted, ground using SiC paper and polished using OPS
neutral solution. The specimens analysed with optical microscopy (OM) were etched with an acetic
picric acid solution [2]. The microstructure was analysed using a reflected light microscope Leica DMI
5000 (Leica, Wetzlar, Germany). The AnalySIS Pro software (Camo Analytics, Oslo, Norway) and its
extensions were used to determine the grain size using the intercepts method according to the standard
ASTM E112-12.

Samples without etching were analysed with scanning electron microscopy (SEM) using a Zeiss
FEG-SEM Ultra 55 (Zeiss, Oberkochen, Germany) and a TESCAN Mira3 (Tescan, Brno, Czechia) electron
scanning microscopes, both equipped with energy-dispersive X-ray spectroscopy (EDXS) microanalysis
hardware as well as with a Hikari camera and a TSL-OIM Data Collector (EDAX, Mahwah, NJ, USA)
software package to perform electron backscattered diffraction (EBSD) measurements. A voltage of
15 kV, a working distance of 15 mm, and a spot size of 5 nm were used for acquiring backscattered
electron (BSE) images and for EDXS analysis. A minimum of five representative BSE micrographs was
analysed using the software Image]® [46] to determine the area fraction of intermetallic compounds
in each alloy. A voltage of 30 kV, a working distance of 25 mm and spot size of 80 nm were used
for the EBSD measurements of the deformed samples carried out in areas of 500 um x 500 pm
close to the centre of each specimen, with a step size of 0.5 um. The software OIM Analysis v.8
(EDAX, Mahwah, NJ, USA) was used for data treatment. A misorientation angle of 15° was used to
define a high angle grain boundary, and a minimum grain size of 2 um was selected. The grains were
standardised concerning their confidence index (CI), and a minimum CI of 0.2 was used to clean the
data with respect to the neighbour grains. A maximum of 10% of the measured points was cleaned.
All microstructures are presented with the compression direction vertical to the page. Tensile twins
{10T2}(T011) were calculated using a direction tolerance angle of 10° and a K1 plane tolerance angle of
3°. Texture analysis was performed using the harmonic series expansion method with a series rank of
16, a Gaussian smoothing of 5°, and a triclinic sample symmetry.

3. Results

The as-cast and deformed microstructures are analysed as well as the in-situ synchrotron radiation
diffraction measurements.

3.1. As-Cast Microstructures

Light optical and BSE micrographs, as well as EDXS line scans, are used to characterise the as-cast
microstructure of the investigated alloys, Figure 1. The light optical micrographs (Figure 1a—c) shows
equiaxed-like grains for the investigated alloys. The average grain size of the ZK40 was 72.4 + 2.5 um,
75.9 + 5.0 um for the ZK40-CaO. The coarse and fine-grained ZK40-Gd gives rise to two different grain
distribution with a global average of 46.1 + 9.1 um. The average size of the fine grains is 30.1 + 4.2 um,
while coarse grains were 81.9 + 9.2 um. Intermetallic compounds are formed at grain boundaries for the
ZK40 alloy, Figure 1d. A near-continuous network of intermetallic compounds is formed along the grain
boundaries for the ZK40-CaO alloy, Figure 1e. Similarly, the ZK40-Gd exhibits a near-continuous network
of intermetallic compounds along the grain boundaries, Figure 1f. The volume fraction of second phases
is 1.6 + 0.5%, 6.5 + 0.9%, and 5.7 + 1.0% for ZK40, ZK40-CaO and ZK40-Gd, respectively. The ZK40
alloy contains MgZn;, phase, as shown in [48,49]. The ZK40-CaO and ZK40-Gd contain Ca,MggZn3
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and (Mg, Zn);Gd,, respectively [48,49]. Figure 1g-i shows the EDXS line scans for the investigated
alloys. In ZK40 and ZK40-Gd, Zn segregates and its concentration is higher near grain boundaries.
Zn segregation is near neglectable in ZK40-CaO. Inverse segregation of Zr occurs in ZK40-CaO and
ZK40-Gd. A small amount of Ca and Gd are detected in the x-Mg matrix of the ZK40-CaO and
ZK40-Gd, respectively. However, no appreciable segregation of Ca or Gd is observed. A more detailed
microstructure investigation of the as-cast alloys used in this study can be found in [48,49].
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Figure 1. (a—c) Light optical micrographs, (d—f) backscattered electron (BSE) micrographs, and (g—i) energy
dispersive X-ray spectroscopy (EDXS) line scans of the as-cast alloys: (a,d,g) ZK40; (b,e,h) ZK40-CaO;
(c f,1) ZK40-Gd.

3.2. Flow Curves

The measured flow curves at 250 °C and 300 °C are shown in Figure 2a,b, respectively. ZK40-Gd
and ZK40-CaO exhibit similar behaviour at 250 °C and 0.001 s~!. A fast work hardening occurs once
the plastic regime is reached, followed by a progressive decrease in work hardening until a plateau
at a true strain of ~0.2. This plateau does not necessarily correspond to the steady-state condition
that can be achieved at larger strains. Hradilova et al. [50] investigated alloys of the similar chemical
composition of the ZK40-CaO and showed that DDRX could take place at strains larger than 0.3,
leading to flow softening. The ZK40 exhibits less pronounced work hardening and lower flow stresses
than ZK40-CaO and ZK40-Gd, although the plateau is also reached at a true strain of ~0.2. A decrease
in the strain rate to 0.0001 s~! leads to lower flow stresses and very low work hardening for all alloys.
Once the plastic deformation starts, a rapid work hardening is followed by a plateau at strains lower
than 0.1. The ZK40 and ZK40-Gd exhibit similar behaviour at 250 °C and 0.0001 s~!, while ZK40-CaO
exhibits slightly higher flow stress.
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Figure 2. Flow stress for the alloys tested at (a) 250 °C and (b) 300 °C.

207

The increase in temperature to 300 °C leads to a pronounced reduction in the maximum stress
for the investigated alloys (~50% of the respective ones at 250 °C), Figure 2b. The following occurs
for deformation at 300 °C and 0.001 s~!: ZK40 and ZK40-Gd show fast work hardening and reach a
plateau at low strains (~0.1), while ZK40-CaO shows a nearly constant but minimal work hardening.
The decrease of strain rate to 0.0001 s~! leads to three different behaviours: (a) ZK40 shows a rapid
work hardening followed by a plateau at a true strain of ~0.05; (b) ZK40-CaO shows similar flow
stresses compared to ZK40 but a nearly constant work hardening; (c) After a rapid work hardening,
an almost continuous flow softening occurs for the ZK40-Gd.

3.3. Deformed Microstructures

The microstructure of the Mg-matrix of the deformed ZK40 up to 0.3 strain is shown in Figure 3.
The inverse pole figure (IPF) maps (Figure 3a—c) show that the formed microstructural features are
comparable: pronounced basal texture, a network of low angle grain boundaries indicated by white
lines and misorientation spread within the grain. The pronounced basal texture is also visible in
the pole figures in Figure 3c—f. A slightly more isotropic deformation seems to occur at 300 °C and
0.0001 s71, as indicated by the smallest maximum texture index and more random distribution of poles
in the pole figure.

Figure 4 shows the EBSD results for the deformed ZK40-CaO up to 0.3 strain. Similar to the
ZK40, the formation of low-angle grain boundaries was more concentrated in regions near the grain
boundaries, while intensive misorientation spread is present in nearly all grains. The maximum index
of texture is slightly higher than that for the ZK40. The deformation seems to be less anisotropic at
300 °C and 0.0001 s™*.
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Figure 3. Electron backscattered diffraction results for the ZK40 alloy: (a—c) inverse pole figure maps
and (e,f) pole figures. The tested conditions: (a,d) 250 °C and 0.001 s~L; (b,e) 300 °C and 0.0001 s~1;
(c,f) 300 °C and 0.001 s~!. Only «-Mg is indexed. Non-indexed regions are highly deformed regions
or intermetallic compounds. White and black lines indicate low and high angle grain boundaries,
respectively. ND and TD indicate the compression and transversal directions, respectively.
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Figure 4. Electron backscattered diffraction results for the ZK40-CaO alloy: (a—c) inverse pole figure
maps and (e,f) pole figures. The tested conditions: (a,d) 250 °C and 0.001 s7L; (b,e) 300 °C and 0.0001 s™1;
(c,f) 300 °C and 0.001 s~!. Only «-Mg is indexed. Non-indexed regions are highly deformed regions
or intermetallic compounds. White and black lines indicate low and high angle grain boundaries,
respectively. Area Al is shown in Figure 14. ND and TD indicate the compression and transversal
directions, respectively.
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Figure 5 shows the deformed microstructure of the x-Mg matrix for the ZK40-Gd up to 0.3 strain.
The microstructure is comparable to the ZK40 and ZK40-CaO consisting of an intricated network of
low angle grain boundaries, a high level of misorientation spread within the x-Mg and intense basal
texture. The isotropic degree of deformation is higher at 300 °C than at 250 °C, as grains of different
orientations are depicted. Besides, the pole figures show a more diffuse basal texture at 300 °C and
poles in other directions than the basal one, Figure 5e,f. The most isotropic condition was the 300 °C
and 0.001 s™! for the ZK40-Gd, instead of 300 °C and 0.0001 s~! observed for ZK40 and ZK40-CaO.

250 °C - 0.001 s 300 °C - 0.001 s7*

4 2z

0001
d)

0001 1010

' ) max = 9520
6539
4492
3.085
2119
1.456
1.000
0.687

max = 6.686
4871
3.549
2.586
1.884
1.373
1.000
0.729

1120

Figure 5. Electron backscattered diffraction results for the ZK40-Gd alloy: (a—c) inverse pole figure maps
and (e,f) pole figures. The tested conditions: (a,d) 250 °C and 0.001 s7!; (b,e) 300 °C and 0.0001 s™;
(¢,f) 300 °C and 0.001 s!. Only «-Mg is indexed. Non-indexed regions are highly deformed regions
or intermetallic compounds. White and black lines indicate low and high angle grain boundaries,
respectively. Areas A2 and A3 are shown in Figure 14. ND and TD indicate the compression and
transversal directions, respectively.

Figure 6 shows the quantification of the overall microstructural features for the investigated
conditions. The boundary density (Sy) is calculated as the total line length of each boundary divided by
the measurement area and is shown in Figure 6a—c for the ZK40, ZK40-CaO and ZK40-Gd, respectively.
Higher S, values of low angle grain boundaries are observed at 250 °C compared to 300 °C. Slightly
higher S, values of low angle grain boundaries are measured at 0.001 s~! than 0.0001 s~! for the ZK40
and ZK40-CaO. On the other hand, ZK40-Gd shows slightly lower values of low angle grain boundaries
at 250 °C and 0.001 s~! than those at 250 °C and 0.0001 s~!. ZK40 shows the highest values of S of low
angle high angle grain boundaries, while comparable values are found for ZK40-CaO and ZK40-Gd.
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Figure 6. Microstructural features evaluated from the electron backscattered diffraction (EBSD)
measurements for the (a,d) ZK40; (b,e) ZK40-CaO; and (c,f) ZK40-Gd. Boundary density (S,) (a—c) and
fraction of boundaries (d—f) are shown.

The initial grain size indicates the initial value of the boundary density of high angle grain
boundaries. Smaller grains correspond to higher boundary density. The initial grain size of ZK40
and ZK40-CaO are comparable, while ZK40-Gd shows a slightly smaller overall grain size. ZK40-Gd
deformed at 300 °C, and 0.001 s~! shows the smallest value of S, for the high angle grain boundaries,
5x 10* m~1. ZK40 deformed at 250 °C, and 0.001 s~! shows the highest value, 15 x 10* m~1. The three
times the higher value for the ZK40 indicates that formation of high angle grain boundaries occurs
during deformation in this alloy.

Figure 6d—f shows the fraction of each boundary type for the ZK40, ZK40-CaO and ZK40-Gd,
respectively. The low angle grain boundaries in the range between 2° and 5° are the predominant
boundary type for all investigated conditions. ZK40 shows the highest fraction of high angle grain
boundaries, except at 300 °C and 0.001 s~!, where the fraction of high angle grain boundaries is
comparable with that for ZK40-CaO. ZK40 shows similar values of fraction of low angle grain
boundaries in the range between 2° to 5° for the investigated conditions. ZK40-Gd deformed at
0.001 s™! shows a higher fraction of low angle grain boundaries in the range between 2° and 5°
compared to 0.0001 s™!. ZK40-CaO shows a non-linear dependency on temperature and strain rate.

The plastic deformation occurs in the x-Mg matrix, while the brittle intermetallic compounds
fragments during deformation, as shown in Figure 7. The intermetallic compounds present in the
ZK40 are isolated and in low volume fraction. They are not shown here because they do not exhibit the
brittle behaviour like the intermetallic compounds present in the modified alloys. The intermetallic
compound formed in the ZK40-Gd has a typical lamellar structure [48]. Its fracture leads to the
formation of fragmented fine particles of that phase, as indicated by the dashed red circle in Figure 7d.
The intermetallic compound formed in the ZK40-CaO has a mixed structure of platelet and fine
lamellar structure [49]. The red arrows in Figure 7a,b indicate the cracks that fragment the network of
intermetallic compounds into smaller particles.
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Figure 7. Backscattered electron micrographs of the fractured intermetallic compounds in: (a,b) ZK40-CaO;
and (c,d) ZK40-Gd, deformed at 0.001 s~! and: (a,c) 250 °C; and (b,d) 300 °C. Red arrows indicate cracks.
The fragmented intermetallic compound is indicated by the dashed red ellipse. ND and TD indicate the
compression and transversal directions, respectively.

3.4. Insights from In-Situ Synchrotron Radiation Diffraction

The azimuthal-strain plots of the {10TO} and {0002} are shown in Figure 8 for the deformed samples
at 0.0001 s71. The acquisition of the Debye-Scherrer rings in reflection mode, and the detector size
limits the range of azimuthal from —22° to 27°. The deformation starts with an intense spread of
orientation in the diffraction rings and the decay in the intensity of the diffraction signal, interpreted as
the formation of misorientation within «-Mg because of rapid formation of dislocations due to glide,
i.e.,, work hardening. This process is indicated in Figure 8 by the blue arrows. Deformation twinning
can also occur at the early stages of deformation. However, it is not straightforward to be depicted by
the obtained azimuthal-strain-plots. The result is the progressive disappearance of the Bragg spots in
the azimuthal range shown in Figure 8.

The bending of the timelines is a second phenomenon interpreted from azimuthal-time plots,
as indicated by the black arrows in Figure 8. The bending of the timelines shows that the plastic
deformation leads to lattice rotation in some grains that bends the grain orientation in the azimuthal-time
plots. The progressive disappearance of those timelines indicates those grains are not in Bragg position
as a consequence of the pronounced basal texture formation, as shown in Figures 3-5. Dynamic
recovery causes the thinning of the timelines due to the reorganisation of dislocations, diminishing the
local misorientation spread. Finally, the general spread in orientation and decay in intensity of the
timelines occurs due to the ongoing formation of misorientation within the grains as a mechanism of
plastic deformation accommodation.

Despite the comparable azimuthal-strain plots at 250 °C in Figure 8 for the investigated conditions,
there is a significant difference between 250 °C and 300 °C: new spots are observed at 300 °C,
as highlighted in the magnified area, and is more pronounced for the ZK40. The spotty characteristic
of the azimuthal-strain plots can occur due to:
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e Twinning: the progressive appearance of a timeline in a crystallographic plane with the
simultaneous and progressive disappearance of the timeline corresponding to the parent grain in
another crystallographic plane.

e  DDRX: nucleation and growth of new grains that appear in the gauge volume and as new timelines.

The observed new spots and timelines likely correspond to the formation of new grains since
they appear as a thinning of diffuse regions, and those crystals rotate notably. Their subsequent
disappearance can be attributed to:

e Sufficiently high local plastic deformation leads to lattice rotation of the formed grains,
consequently, to the disappearance of their corresponding timelines.

e A fraction of the new grains can be pushed away from the gauge volume. Oppositely, new ones
can enter the gauge volume, leading to the appearance of new spots.
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Figure 8. Azimuthal-strain plots for the three investigated alloys tested at 250 °C and 300 °C for
the strain rate of 0.0001 s~!. Blue arrows indicate the intense spread of orientation in the diffraction
rings and the decay in the intensity of the diffraction signal. Black arrows indicate the bending of the
timelines. CD indicates the compression direction.

The azimuthal-time plots of the of the {10TO} and {0002} are shown in Figure 9 for the deformed
samples at 0.001 s~1. Similar to the azimuthal-strain plots obtained for the 0.0001 s71 (Figure 8),
the deformation of the investigated alloys at 0.001 s~! leads to the formation of:
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e  Misorientation spread: the intense spread of orientation in the diffraction rings and the decay in
the intensity of the diffraction signal.

e  Crystal and subgrain rotation: bending of the timelines.

{0002}

0 0303 0303 0303 0303 0303 03 03¢[]

Figure 9. Azimuthal-strain plots for the three investigated alloys tested at 250 °C and 300 °C for the
strain rate of 0.001 s™!. Blue arrows indicate the intense spread of orientation in the diffraction rings and
the decay in the intensity of the diffraction signal. Black arrows indicate the bending of the timelines.
CD indicates the compression direction.

The spread of crystal orientation and the disappearance of the timelines show the first phenomenon.
The blue arrows in Figure 9 and the diffuse formation timelines in Figure 9 indicate the misorientation
spread. The black arrows in Figure 9 indicate the second phenomenon. The timelines in the
azimuthal-strain plots for 0.001 s~! are more diffuse than those of the deformation at 0.0001 s~}
(Figure 8) because of:

e The stack of less Debye-Scherrer rings: 10% of the ones used for the 0.0001 s~!

e Higher dislocation density and higher misorientation spread within the grains formed at higher
strain rates.

4. Discussion

The in-situ and ex-situ results for the deformation at moderate temperatures of ZK40 alloy and
modified ones with individual addition of Ca and Gd show that dynamic recovery is the primary
restoration mechanism of the x-Mg up to the investigated strain. Simultaneously, the brittle behaviour of
the intermetallic compounds leads to their fragmentation and, consequently, flow softening. Figures 3-5
elucidate the role of dynamic recovery, where the formation of a substructure with low angle grain
boundaries is present for all conditions. Figure 6 shows the significant fraction of low angle grain
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boundaries in the range between 2° to 5° that are typically cell or subgrain boundaries formed by the
reorganisation of dislocations via dynamic recovery. Their fraction is the highest among the measured
boundary types in all investigated cases. The formed boundaries between 5° and 15° are correlated to a
higher level of local plastic deformation, leading to a higher degree of local lattice rotation. The plastic
deformation is accommodated either by the formation of misorientation spread through the x-Mg
matrix, slip bands, and formation of a band-like structure or by dynamic recovery and organised
boundaries. The plateau that follows the work hardening in the flow stresses in Figure 2 occurs when
the consumption of dislocation via dynamic recovery balances their production.

However, dynamic recovery does not occur homogeneously within the x-Mg grain. Figure 10
shows the kernel average misorientation analysis for the deformed alloys at 300 s~! and 0.001 s~
The kernel average misorientation distribution, Figure 10d shows nearly the same distributions for the
three alloys. The maps, though, shows that the formed boundaries distribute more homogeneously
for the ZK40 alloy. At the same time, the new boundaries localise in the vicinity of intermetallic
compounds and within individual grains for the ZK40-CaO. Thus, Ca addition seems to hinder the
reorganisation of dislocations into low angle grain boundaries. ZK40-Gd shows an intermediate
behaviour, where a more homogeneous substructure is formed compared to the ZK40-CaO, but less
homogeneous compared to the ZK40.

— ZK40
{ =0.06- —— ZK40-CaO
—— ZK40-Gd

00 05 10 15 20 25
KAM [°]

Figure 10. Kernel average misorientation maps for the alloys deformed at 300 °C and 0.001 s~!:
(a) ZK40, (b) ZK40-CaO and (c) ZK40-Gd. Kernel average misorientation distributions for the three
alloys showed in (d). Only x-Mg is indexed. Non-indexed regions are highly deformed regions or
intermetallic compounds. White lines indicate high angle grain boundaries. ND and TD indicate the
compression and transversal directions, respectively.
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Dynamic recovery is the major but not the only restoration mechanism for the investigated
deformation conditions. Complementary to Figures 3-5 and 11 shows inverse pole figure maps in
higher resolution of the deformed alloys at 0.001 s~!. Despite the comparable overall microstructural
features (Figures 3-5) for investigated alloys and small differences concerning the different deformation
conditions, the differences are notable on the local scale. Black ellipses highlight the presence of
microstructural features that resembles deformation twins. The presence of misorientation spread,
different orientations and boundaries within those regions indicate that if they were deformation
twins, they were formed in an early stage of deformation followed by further local lattice rotation
and dynamic recovery. Hradilova et al. [50] showed similar microstructural features for Mg-Zn-Ca
alloys deformed in a similar temperature range. They explained those features as the formation of
tensile twins followed by accumulation of dislocations at the twin boundaries, dynamic recovery and
the formation of boundaries within the twins. Finally, the higher stored energy at twins [51] leads to
the bulging of new grains [50]. The first slope of work hardening observed in Figure 2a and more
evident for the ZK40-CaO and ZK40-Gd can correspond to the formation of twins, while the second
slope of work hardening before achieved plateau-like flow stress can correspond to twin growth and
increment of dislocation density within them. The negligible presence of twins at the post-mortem
microstructure at 0.3 strain agrees with the observation of Barnett et al. [52] that twinning is unlikely
to occur if slip starts to dominate at larger strains. Twinning as a predominant mechanism at the
beginning of deformation is also predicted due to the relatively large initial grain size [53,54] for the
investigated alloys. Therefore, DRX at 0.001 s~! seems to occur due to the nucleation and growth of
new grains via DDRX at twinned regions at the early stages of deformation and is more pronounced
for the ZK40 alloy.

ZK40-Gd

Figure 11. Inverse pole figure maps for the deformed alloys at 0.001 s7L: (a,d) ZK40; (b,e) ZK40-CaO;
(c.f) ZK40-Gd; and: (a—c) 250 °C, (d—f) 300 °C. Only «-Mg is indexed. Non-indexed regions are
highly deformed regions or intermetallic compounds. Black lines indicate high angle grain boundaries.
Black ellipses indicate regions that resemble twins. ND and TD indicate the compression and transversal
directions, respectively.
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The azimuthal-strain plots in Figure 8 show the presence of new spots. It is clarified by the
formation of new grains at 0.0001 s~!, as shown in Figure 12. Two mechanisms are proposed:

e Twins that recover and promote nucleation of new DDRX grains as explained by
Hradilova et al. [50] and indicated by the blue ellipses in Figure 12c.

e  Pile-up of dislocation along grain boundaries and along intermetallic compounds leading to
bulging of new grains via DDRX, as indicated by the black arrows in Figure 12, followed by
growth as indicated by the white arrow arrows in Figure 12.

The azimuthal-strain plots in Figure 8 show that new spots are evident at 300 °C and negligible at
250 °C. The comparison between Figure 12a,b clarifies the different DRX mechanisms for the ZK40
at 250 °C and 300 °C, respectively. Despite a small fraction of DDRX grains observed at 250 °C,
as indicated by the black arrows in Figure 12a, their presence is notably more pronounced at 300 °C.
At 250 °C, the formation of new grains occurs via:

e  The formation of a substructure followed by CDRX, as evidenced in the azimuthal-strain plots,
Figure 8: firstly, the intense spread of orientation in the diffraction rings and the decay in the
intensity of the diffraction signal is associated with the misorientation spread and the multiplication
of dislocations. Itis followed by the bending and thinning of the timelines associated with subgrain
rotation and dynamic recovery, respectively. The white ellipses in Figure 12a indicate regions where
subgrains of different orientations are found within a grain. As proposed by Galiev et al. [12],
extensive cross-slip at lower temperature leads to dislocation rearrangements into low angle grain
boundaries networks, followed by CDRX.

e  Bulging of new grains via DDRX indicated by the black arrows in Figure 12a.

Thus, higher temperatures promote DDRX for the ZK40 due to higher boundary mobility and
higher dislocation climb activity, promoting bulging of the deformed grain boundaries and the growth
of new grains. The controlling mechanisms are, though, a function not only of temperature but also of
strain. Moreover, different mechanisms can co-occur, as also observed by Galiyev et al. [12].

The addition of Gd or Ca also has an impact on the DRX kinetics. The presence of recrystallised
grains is more pronounced for the ZK40 (Figure 12a,b), while Gd addition leads to the formation
of a lower amount of new grains at 300 °C and 0.0001 s™! up to the strain of 0.3, as indicated in
Figure 12d. On the other hand, the presence of new grains at 300 °C and 0.0001 s~! seems negligible
for the ZK40-CaO. Hradilova et al. [50] showed that the peak stress is higher or equal to 0.3 for alloys
of similar composition. Following the assumption proposed by Galiyev et al. [12] for a ZK60 alloy,
Ca seems to modify the diagram of controlling mechanisms so that each field shifts to higher strains
and higher temperatures. Thus, Ca additions promote twinning, reduces climb and bulging of new
grains, retarding DDRX in Mg-Zn alloys.

Gd also seems to hinder DDRX. Despite the slightly smaller initial grain size than the ZK40
(Figure 1), the boundary density of high angle grain boundaries is smaller for the deformed ZK40-Gd
up to 0.3 of a strain than the ZK40 (Figure 6). This result seems contradictory with the finding of
Hoseini-Athar et al. [28], which showed that the addition of Gd to Mg-Zn alloys reduces the segregation
of elements in the x-Mg, leading to the increment of DDRX kinetics due to a reduction in solute drag.
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Figure 12. Inverse pole figure maps for the deformed alloys at 0.0001 s~! and: (a) 250 °C, (b—d) 300 °C;
for the: (a,b) ZK40; (c) ZK40-CaO; (d) ZK40-Gd. Only «-Mg is indexed. Non-indexed regions are
highly deformed regions or intermetallic compounds. Black lines indicate high angle grain boundaries.
Black arrows indicate small grains at prior grain boundaries. Blue ellipses indicate regions that
resemble a twin shape and also new grains. ND and TD indicate the compression and transversal
directions, respectively.

Figure 1g—i shows that small content of Ca, and Gd is present in the x-Mg matrix and that the
segregation of Zn and Zr is pronounced. The ZK40 alloy shows mostly higher segregation of Zn.
Figure 13 shows the EDXS maps measured simultaneously with EBSD for the Zn segregation in the
deformed samples at 300 °C and 0.0001 s~!. The segregation of Zn is still present after deformation and
more pronounced for the ZK40, Figure 13a. While the investigated alloys by Hoseini-Athar et al. [28]
contained isolated intermetallic particles, the investigated ZK40-Gd has a semi-continuous network
of intermetallic compounds along the grain boundaries. Due to the higher strength, the network of
(Mg,Zn);Gd;, withstand an elevated part of the stress until the network starts to fragment (Figure 7).
Then, the load is progressively transferred into the x-Mg, leading to flow softening [17], as shown in
Figure 2. Therefore, until the semi-continuous network of (Mg,Zn)3;Gd, withstands the load, the plastic
deformation is limited in the a-Mg matrix. Furthermore, the a-Mg deforms near the intermetallic
compounds, evident by the formation of boundaries preferentially along grains boundaries. Therefore,
the formation of a semi-continuous network of (Mg,Zn);Gd, reduces the role of DDRX in ZK40-Gd.
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Max

Zn content

Min

Figure 13. Energy-dispersive X-ray spectroscopy (EDXS) maps of Zn normalised for de deformed alloys
at 300 °C and 0.0001 s~!: (a) ZK40, (b) ZK40-CaO, (c) ZK40-Gd. Only «-Mg is indexed. Non-indexed
regions are highly deformed regions or intermetallic compounds. Low and high angle grain boundaries
are indicated by red and black lines, respectively. ND and TD indicate the compression and transversal
directions, respectively.

The flow stress behaviour in Figure 2b and the formation of new grains are directly correlated:
the ZK40 and the ZK40-Gd exhibit a flow softening due to the formation of recrystallised grains,
while ZK40-CaO exhibits a slight work hardening, where the formation of new grains is nearly absent.
The fragmentation of the intermetallic compounds, as shown in Figure 7, seems to contribute to an
additional softening for the ZK40-Gd. However, the fragmentation of the intermetallic compounds
seems to play a minor role in the flow stress evolution for the ZK40-CaO.

Finally, the mechanisms of microstructure formation and the role of dynamic recovery are
derived from the interpretation of the microstructure features, Figure 14. Figure 14a,d,g shows a
notable misorientation spread in the inverse pole figure maps shown as a progressive change in
orientation within each grain. Besides, Figure 14c illustrates the misorientation profile I with variations
in misorientation without the formation of boundaries. The kernel average misorientation map
(Figure 14b) also indicates diffuse boundaries within the observed grain, indicating an early degree of
the reorganisation of dislocations via dynamic recovery. The misorientation profile II in Figure 14f
shows a region that resembles the morphology of a twin. The boundary misorientation is far from
90° (typically for the tensile deformation twins), indicating that the feature cannot be classified as
a twin. However, it suggests that it corresponds to a twin formed at early stages of deformation
that further deformed forming misorientation spread and boundaries within the twinned region,
as proposed by Hradilova et al. [50]. The kernel average misorientation map in Figure 14e shows a
diffuse pattern within a parent un-twined grain, indicating the parent grain also accommodates further
plastic deformation.

The increase in misorientation spread within x-Mg occurs due to lattice rotation caused by
the formation of geometrically necessary dislocations or the formation of LAGBs [42]. On the
other hand, the rotation of the subgrains with lower Taylor factor (softer subgrains) withstands
larger plastic deformation. Both phenomena indicate DRV as the predominant mechanism for the
microstructure evolution of the x-Mg, corroborating with the interpretation of the above-observed
microstructures. Complementary, Figure 14g shows a grain with a band-like structure that resembles
twins. The corresponding misorientation profile in Figure 14i shows that the boundary misorientations
are smaller than 40°. The band-structure, thus, is a result of a substantial reorganisation of the initial
twin by pronounced local lattice rotation and formation of boundaries, visible in the kernel average
misorientation map in Figure 14h.
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Figure 14. Details of the magnified areas Al (shown in Figure 4), A2, and A3 (shown in Figure 5)
for the (a—c) ZK40-CaO deformed at 250 °C and 0.001 s~}; (d—f) ZK40-Gd deformed at 300 °C and
0.0001 s71; (a,d,g) inverse pole figure maps; (b,eh) kernel average misorientation profile maps;

(¢ f,i) misorientation profiles I, II and III, respectively. Only x-Mg is indexed. Non-indexed regions

are highly deformed regions or intermetallic compounds. ND and TD indicate the compression and

transversal directions, respectively.

5. Summary and Conclusions

The deformation behaviour at 250 °C and 300 °C of the ZK40 alloy and modified ZK40 alloys with
individual additions of CaO and Gd is investigated using in-situ synchrotron radiation diffraction and
ex-situ characterisation techniques. The restoration mechanisms are derived from the interpretation of the
microstructure features up to deformation of 0.3 of true strain. The following conclusion can be drawn:

e Additions of Ca and Gd increase the flow stress for the ZK40 alloys deformed at

intermediated temperatures.

o  Flow softening of ZK40-Gd at 300 °C occurs due to discontinuous dynamic recrystallisation and

fragmentation of the intermetallic compounds.
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e  The fragmentation of intermetallic compounds seems to play a minor role in flow softening for
the ZK40-CaO. Either only work hardening or a plateau in the flow stress occurs for this alloy up
to the investigated strain.

e  The controlling mechanisms that accommodate plastic deformation depend on the strain rate,
temperature and strain, and are listed: misorientation spread within the 0-Mg resulting from
dislocation slip, the formation of low angle grain boundaries via dynamic recovery, twinning and
dynamic recrystallisation.

e Dynamic recovery is the predominant restoration mechanism for the investigated alloys in
all conditions.

e  The formation of low angle grain boundaries occurs more homogeneously within the grain for
ZK40 and ZK40-Gd. The Ca addition to the ZK40 seem to hinder the formation of subgrain
boundaries during deformation. The formed boundaries are localised at the vicinity of original
grain boundaries after 0.3 strain.

e  Only the ZK40 deformed at 250 °C and 0.0001 s~! shows continuous dynamic recrystallisation.
This occurs via the formation of subgrains and the increase in boundary misorientation due to the
progressive accumulation of dislocations via extensive cross-slip. It competes with discontinuous
dynamic recrystallisation that occurs via bulging of subgrains and growth.

e Discontinuous dynamic recrystallisation is more pronounced at 300 °C compared to 250 °C and is
present in the ZK40 and ZK40-Gd. Formation of an established subgrain structure that could lead
to continuous dynamic recrystallisation is not found at 300 °C in any alloy.

e Caaddition to the ZK40 inhibits discontinuous dynamic recrystallisation.

e  Gd addition to the ZK40 forms a semi-continuous network of intermetallic compounds that takes
the load until its fragmentation, limiting the plastic deformation of the «-Mg, localising that at the
grain boundaries. Thus, discontinuous dynamic recrystallisation is more limited for the ZK40-Gd
compared to the ZK40.

e  Tensile twins are rarely found in the microstructure after 0.3 strain. However, regions with similar
morphology of deformation twins found throughout the microstructure for all conditions and
alloys indicate twinning occurs at early stages of deformation followed by recovery and boundary
formation within the twinned portion of the grains. New recrystallised grains formed in those
regions are only found for the ZK40 alloy.
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