Journal Pre-proof

MATERIALSN

Characterization of microstructure and texture of binary Mg-Ce
alloy processed by equal channel angular pressing

Salaheddine Sadi, Abdelkader Hanna, Hiba Azzeddine, Casimir
Casas, Thierry Baudin, Anne-Laure Helbert, Francgois Brisset,
Jose Maria Cabrera

PII: S1044-5803(21)00576-3

DOI: https://doi.org/10.1016/j.matchar.2021.111454
Reference: MTL 111454

To appear in: Materials Characterization

Received date: 20 April 2021

Revised date: 29 June 2021

Accepted date: 13 September 2021

Please cite this article as: S. Sadi, A. Hanna, H. Azzeddine, et al., Characterization of
microstructure and texture of binary Mg-Ce alloy processed by equal channel angular
pressing, Materials Characterization (2018), https://doi.org/10.1016/
J-matchar.2021.111454

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2018 © 2021 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.matchar.2021.111454
https://doi.org/10.1016/j.matchar.2021.111454
https://doi.org/10.1016/j.matchar.2021.111454

Characterization of microstructure and texture of binary Mg-Ce alloy processed by

Equal Channel Angular Pressing

Salaheddine Sadi', Abdelkader Hanna’, Hiba Azzeddine®" hiba.azzeddine@univ-msila.dz,
Casimir Casas®, Thierry Baudin®, Anne-Laure Helbert*, Francois Brisset* and Jose

Maria Cabrera®

'Physics and Chemistry of Materials Laboratory, Department of Physics, University of
Mohamed Boudiaf, M’sila, 28000, Algeria.

?Laboratoire  Matériaux et Energies renouvelables, Facul é des Sciences, Université
Mohamed Boudiaf, M’sila, 28000, Algérie.

*Department of Materials Science and Engineering, Tectnica. University of Catalonia,
08019-Barcelona, Spain.

*Université Paris-Saclay, CNRS, Institut de chimie mlécuiaire et des matériaux d'Orsay,
91405, Orsay, France.

“Corresponding author.
Abstract

The characterization of microstructure ar.d v:xture development of binary Mg-0.3Ce (wt.%)
after equal-channel angular pressing (EC+.R) processing via route Bc at 300 and 350 °C
through 4 passes were investigatea using electron backscatter diffraction (EBSD)
measurements. The results demonstre*er) an effective grain refinement from millimeter range
to 6.7 and 8.3 um obtained ancr 4 passes at 300 and 350 °C, respectively. The grain
refinement was obtained throuh dynamic recrystallization (DRX). At 300°C, DRX occurred
at low strain by twin-inucceu dynamic recrystallization (TDRX) and particle stimulated
nucleation (PSN) 1aecharusm and then converted with increasing strain to sub-grain
development (SD) anu grain boundary bulging dynamic recrystallization (GBBDRX).
Besides, grain growth occurred during processing at 350 °C. The texture development
strongly depends on the strain level, deformation temperature and DRX mechanisms. At
300 °C, a typical basal texture with a deviation of 40° toward extrusion direction was formed
gradually up to 4 passes while a completely different texture was formed at 350 °C due to the

large grain size.

Keywords: Dynamic recrystallization, Equal channel angular pressing, Magnesium, rare
earth, texture, precipitate free zone.



1. Introduction

One of the excellent characteristics of magnesium (Mg) is the lightweight which is a key
solution for reducing global warming and environmental pollution in the transportation
industries [1]. Nevertheless, the lack of a sufficient number of slip systems caused by the
hexagonal (hcp) crystal structure of Mg-based alloys limit their formability at low
deformation processing and currently restricts their use in various industries [2].

Over the last decades, grain refinement and texture modification through applying
thermomechanical processing or alloying addition elements are considered the crucial
features for improving the mechanical properties of Mg-based =!lu,< [3-12].

Severe plastic deformation (SPD) techniques such as ex'=4 channel angular pressing
(ECAP) have proven their efficiency in producing ultre i e-r,rained microstructure down to
the sub-micrometer level in several Mg-based alloys (o, 5, 11, 12]. Despite the high stacking
fault energy (ysee = 125 mJ/m?) of Mg, dynamic .~crystallization (DRX) is the main
mechanism for grain refinement in Mg-based al 0*,s jue to the limited number of slip systems
[13]. Besides, the Mg low melting point (T,, = 350 °C) and its relatively low recrystallization
temperature (0.5T,) promote the occurrer.>«. of DRX during hot processing.

However, experimental reports sho.'’ that ECAP processing parameters like type of route,
deformation temperature, number >f passes and die geometry greatly influence the final
microstructure, texture developr ent, and mechanical properties [14-20]. For example, route
Bc, in which the sample is rctaw 4 by 90° after each pass, is the most effective route for grain
refinement [21]. In contras,, ir.creasing deformation temperature and lowering processing
rates have a negative ~fi.<t ,n grain refinement [5, 20, 22]. Frequently, ECAP processing of
Mg-based alloy leads to t1e development of basal texture where the c-axis of the majority of
grains are rotated about 40-45° towards the processing direction [4, 7, 23-28]. Unfortunately,
the development of such texture results in poor ductility and causes the deterioration of the
yield strength [11, 28].

Alloying Mg matrix with Rare Earth (RE) elements has shown a tremendous effect on the
texture modification and weakening of basal texture and consequently improving the
mechanical properties of the processed Mg-based alloys [6, 29, 30]. This improvement is
attributed to the role of RE elements in altering the balance of activation of different slip
systems, and slowing down the grain boundaries mobility by solute drag and solution

strengthening [31, 32]. Hence, the combination of ECAP processing and RE-containing Mg
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alloys may be a great strategy to design new Mg-based alloys with higher mechanical
performances and consequently open a window to extend their applications in various
industries.

In this frame, the main goal of the present study is to characterize the microstructure,
grain refinement mechanisms and texture development in a binary Mg-0.3Ce (wt.%) alloy

after ECAP processing at 300 and 350 °C for 1, 2, and 4 passes via route Bc.

2. Experimental procedure

The binary Mg-0.3Ce (wt.%) alloy used in the present investigation was kindly provided
from Institute for Physical Metallurgy and Materials Physics, RWTH Aachen University,
Germany. The as-cast alloy preparation was described [vevinusly in ref. [33]. Before
deformation, the as-cast alloy was homogenized at 420 °C for .0 h.

Cylindrical samples with 10 mm in diameter and 55 m in length were machined to be
deformed by ECAP. ECAP processing was conducteu ~t different temperature 150, 250, 300,
and 350 °C using a die having a channel angle ¢« «» = 90° and an outer arc of curvature of ¥
= 37° as shown in Figure 1. However, cor.'ucung ECAP processing at 150 and 250 °C
caused the fracture featuring of the sam.nle vecause of the formation of macroscopic cracks
resulting from strong localization £ shear deformation as also shown in Figure 1. The
samples were pressed for 1, 2, and 4 :,o<ses at 300 and 350 °C through route B¢, where the
sample was rotated about the lcng.™dinal axis by 90° counterclockwise, and the speed of
deformation was 0.5 mm/s. A molyodenum disulfide (MoS,) grease was used as a lubricant.
The equivalent strain impc-ed or each pass is about g, = 0.98 according to the following

equation [34]:
Eeq = % [Zcot (szﬂ) + Ycsc (GDTH/})] 1)

where N is the number of ECAP passes
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Figure 1: (a) Schematics of ECA™ ..~ with reference axes. Photo and microstructure of
fractured sample after 1 pass at (l/) .50 °C and (c) 250 °C.

Optical micrograph,” wes used to visualize the microstructure of the samples in the
TD-ND plane. The orenaraion consists of grinding with progressively finer SiC paper
followed by electropolish'ng with 5:3-part ethanol and phosphoric acid for 30 min under 3V-
applied voltage and then etching for 3 s at room temperature in an acetic-nital solution (5%
HNOj3, 15% acetic acid, 20% distilled water, and 60% ethanol).

EBSD measurements were carried out using a scanning electron microscope FEG-
SEM SUPRA 55 VP operating at 20 kV in the TD-ND plane of the samples. The scanned
areas were 100x100 um? with a step size of 0.1 pm for the all-processed samples. To better
investigate the microstructural evolution, EBSD measurements were also performed at
smaller step sizes (100x70 um? with a step size of 50 nm and 30x14 pm? with a step size of
20 nm) for sample processed at 300 °C for 1 pass. The EBSD data analyses were undertaken
using the TSL Orientation Imaging Microscopy (OIM™) software. The grain size data were
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measured using a grain tolerance angle of 5° and a minimum grain size of 5 pixels. The
texture evolution was characterized using the MTEX toolbox [35].

Vickers microhardness was measured in the TD-ND plane using a SHIMADZU type
HMV-tester. An average microhardness value was obtained using at least nine indentations
under a load of 100 g (Hvg 1) with a dwell time of 10 s.

3. Results and discussion
3.1. Initial state before ECAP processing

The initial microstructure of the Mg-0.3Ce alloy exhibits a typical as-cast
microstructure with large grains (~ 1 mm) containing second phases distributed in straight
lines as shown by arrows in Figure 2a. Similar second phas. mc rphology has been reported
in Mg-xCe (x = 0.5, 1 and 2, wt.%) alloy [36]. The thic.nes: of these second-line particles
increases with increasing Ce element [36]. The identific.*ion of this phase was not possible
due to their smallness but based on the phase diagran. ey can be associated to the Mg;,Ce
phase [36]. Other particles (in white) were al,o observed in SEM micrography (point 1)

containing about 9.2 wt. % of Ce.

Point 1

“Point 2

Point 1

Element Weight % Atomic % Error %
MgK 90.79 98.27 3.68
CeL 9.21 1.78 14.9

AS70hey Dt Octane Dine 28 Dot

Point 2

Element Weight % Atomic % Error %
MgK 99.8 99.97 1.35
CelL 0.2 0.03 55.61

Figure 2: (a) Optical micrography and (b) SEM micrography with EDS analyses of the initial
state of the current Mg-0.3Ce alloy.
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3.2. Microstructural evolution after ECAP processing

Figure 3 shows the evolution of the microstructure obtained by optical micrography of
the Mg-0.3Ce alloy after ECAP processing at 300 and 350 °C after 1, 2, and 4 passes,
respectively. Dynamic precipitation occurred during ECAP processing and it was more
pronounced in samples processed at 300 °C, while small grains were developed in samples
processed at 350 °C soon after 1 pass resulting from dynamic recrystallization (DRX).

ECAP at 300 °C ECAP at 350 °C

ND ED

Figure 3: Optical micrographics of the present Mg-0.3Ce alloy after ECAP processing at 300
and 350 °C after 1, 2 and 4 passes, respectively. Arrows indicate Precipitation Free Zones
(PF2).



It can be noticed from the microstructural comparison of both processing conditions
(at 300 and 350 °C) that DRX is retarded or inhibited by dynamic precipitation during ECAP
at 300 °C. Similar observations have been reported for WE54 (Mg-5Y-4Nd-0.5Zr, wt.%)
alloy processed by uniaxial and plane strain compression at 300 °C under a strain rate of 10™
s [30] and in ECAP-processed AZ91 (Mg-9AI-1Zn, wt.%) at 300 °C through 4 passes [37].
In this case, the precipitate particles act as a barrier to the grain boundaries migration through
a pinning effect [30, 37].

It is interesting to note that precipitates free zones (PFZ) were formed along grain
boundaries and stable second particle areas in form of straight lines as shown by arrows in
Figure 3. The PFZ are widely reported in Al-based alloys [3o 12] but rarely in Mg-based
alloys [43, 44]. Several mechanisms have been proposed to exnlain the formation of PFZ
such as vacancy depletion [45, 46], solute depletion [47. .'8], .ind the dissolution of Guinier—
Preston (GP) zones [39]. The vacancy depletion doec ot seem an accurate reason for the
formation of PFZ in the present case since it is wo" known that ECAP processing can
introduce a high density of defects. The prec’piration sequence reported for Mg-Ce solid
solution can be described as Mg supersaturc'ed solution — GP-zone — B; (MgsCe) — B
(Mg12Ce) [49]. Hence, it can be suggest.d t'iat the solute and dissolution of the GP zone are
the main mechanisms responsible fo.: the formation of PFZ in the present alloy. However,
Figure 4 shows that the PFZ width c'er. >2ses with the increasing number of ECAP passes and
the decreasing deformation temgeraltre. The PFZ width was defined here as the distance of

the denuded zone along both si.'e o1 the grain boundary [41].
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Figure 4: Evolution of PFZ width as a function of the number of ECAP passes of the Mg-
0.3Ce alloy processed at 300 and 350 °C, respectively.



The PFZ width decreases with increasing strain indicating that precipitation is
enhanced during ECAP processing due to the accumulation of defects such as dislocations
near the grain boundaries. It was found also that the PFZ width decreases with decreasing
grain size in Mg-8Al-0.5Zn alloy [43]. It is worth noting that the PFZ width reported in Mg-
8Al-0.5Zn alloy (in the range of 0.4-0.6 um) was much smaller than those obtained in the
present alloy (in the range of 8-14 um). The alloying elements play a significant role in the
formation of PFZ and their width [40]. The PFZ width is larger in samples processed at
350 °C than at 300 °C which confirms that dynamic precipitation is less pronounced in
samples processed at 350 °C. The occurrence of DRX in samples processed at 350 °C may
also influence the PFZ width.

To further investigate the effect of DRX on the r.icrcstructural evolution of the
current ECAP processed Mg-0.3Ce alloy, Figures 5 ar1 6 show the orientation imaging
micrography (OIM) in inverse pole figure (IPF) mars * 300 and 350 °C afterl, 2 and 4
ECAP passes, respectively. The black and white !'nes indicate high angle boundaries
(HAGBs) with misorientation > 15 ° and low ar.gr - boundaries (LAGBs) with misorientation
between 5 and 15°, respectively. The average rain size is shown in the upper side of the IPF

maps.
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Figure 5: ED-IPF maps show..a trie microstructure of the Mg-0.3Ce alloy after ECAP
processing at 300 °C through: (&, b) 1 pass with low and high magnification, respectively, c)

2 passes and d) 4 passes.

For both deform="ion temperatures, it is obvious that the microstructure after 1 and 2
passes is very heterogeneous. After 1 pass at 300 °C, the microstructure is still containing
large grains but with the presence of extensive LAGBs and several deformation features such
as twins. After 2 ECAP passes a different microstructure is noticed in which a typical
bimodal grain structure is formed, with elongated deformed grains surrounded by fine
equiaxed grains in a necklace-like form resulting from DRX (Figure 5c).

It can be suggested that the beginning of deformation is controlled by mechanical
twinning and then changes to slip deformation with increasing strain. Figure 6a demonstrated
that mechanical twinning is absent in the microstructure of the sample processed for 1 pass at



350 °C. It is well known that the activation of the non-basal slip systems increases with
increasing deformation temperature which makes mechanical twinning inactive. It is

expected that the change in deformation mechanisms causes a change in the nucleation
mechanisms of DRX.
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Figure 6: ED-IPF map showing the microstructure of the Mg-0.3Ce alloy after ECAP
processing at 350 °C through: (a, b) 1 pass with low and high magnification, respectively, c)
2 passes and d) 4 passes.

After 4 passes more homogenous microstructure can be observed with the decrease of
elongated deformed grains and formation of finer equiaxed grains. The formation of the fine

microstructure is faster after processing at 350 °C due to the increase of the dynamic
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recrystallization rate. Very effective grain refinement is obtained after 4 passes where the
grain size decreases from millimeter range at the initial state to 6.7 and 8.3 pm at deformation
processing of 300 and 350 °C, respectively. However, a uniform grain size distribution is not
yet achieved for both conditions. Thus, the development of a homogenous microstructure in
the present Mg-0.3Ce alloy might involve more ECAP passes.

Even with an as-cast and coarse initial microstructure which is not currently used in
the literature for ECAP processing, the present investigation shows that the ECAP processing
of the present as-cast Mg-0.3Ce alloy results in very good grain refinement compared to
another Mg-based alloys. This excellent grain refinement has not been obtained in
conventional Mg-Al based alloys such AZ31 and AZ61 (Mg-6~!-1Zn, wt.%) alloys [50-53],
or in Mg-Zn-Ca—Mn alloy [54] and Mg-13Gd-4Y-2Zn-C 6Zr (wt.%) alloys [55] under
similar ECAP processing conditions (i.e. ECAP via route 3c tirough 4 passes). For example,
on one hand, two AZ31 alloys with an initial grain siz> 0. 390 um [50] and 48 um [51] were
refined to 3.5 um and 3.9 um after 4 passes at 250 >nu 240°C, respectively. On the other
hand, the grain size of an AZ61 alloy decrease’s » om ~ 60 um to ~ 20 um after 4 passes at
300 °C [53]. Besides, the reported investioat."\ns snow that multi-step ECAP with gradually
decreasing processing temperature prom.tes further grain refinement down to ~ 250 nm [3, 5,
11].

The recrystallized grains car b. s2parated from the deformed ones by using the grain
orientation spread (GOS) approac.n |~6b]. GOS is defined as the mean standard deviation of all
the orientations inside the gra.n and usually, recrystallized grains in Mg-based alloys have
GOS values less than 2° [E5. 5,]. As shown in Figure 7, the fraction of recrystallized grains
increases with the incree sing number of ECAP passes and deformation temperature. It can be
noticed that the fraction ¢ ¥ DRX continuously increases up to 4 passes in the case of samples
processed at 300 °C while the fraction of DRX of sample processed at 350 °C increases
rapidly after 2 passes (51.3 %) and then slowly increased to 57.8% after 4 passes. However, a
relatively similar fraction of DRX is formed for samples processed through 4 passes at both
temperatures (~ 55 % at 300 °C and ~ 58 % at 350 °C, respectively). This similarity confirms
that the effect of dynamic precipitation is less pronounced at high strain. However, DRX is
extremely retarded in the present alloy compared to the ECAP processed AZ91 (Mg-9Al-1Zn,
wt.%) alloy under similar conditions (i.e. ECAP at 310 °C through 1-4 passes via route Bc)
and undergoing dynamic precipitation of Mgi7Al;2 in which the fraction of DRX increased
from 39 % after 1 pass up to 77 % after 4 passes [37]. Recently, it was found that the binary

11



Mg-0.4Dy (wt.%) alloy shows retardation of DRX during plane strain compression test even
at 400 °C under strain rate of 10* s where a complete DRX is often reported in Mg-based
alloys [30, 57-59].

 ECAP at 350 °C
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Figure 7: GOS maps of the Mg-0.3Ce alloy processed by ECAP at 300 (left hand side
column) and 350 °C (right hand side column) through 1, 2 and 4 passes, respectively.

This behavior has been explained by the fact that the activation of non-basal slip
systems such as <c + a> pyramidal slip system is easy during deformation in Mg-RE alloys
and in this case DRX is not needed to accommodate the deformation [57]. Indeed, it has been
recently reported that the pyramidal <c + a> slip system is the main deformation mode
responsible for the accommodation of deformation at room temperature in Mg-0.5Ce (wt.%)
alloys [60]. Moreover, the RE solute segregation at grain boundaries strongly delays DRX by
suppressing the mobility of grain boundaries [61].

Figure 8 presents the evolution of recrystallized grain. size as a function of the
number of ECAP passes for both deformation temperature:. Te recrystallized grain size
decreases with the increasing number of ECAP passes fo. bot conditions and then seems to
stabilize up to 4 passes around 2.0 and 4.3 um 2t 520 and 350 °C, respectively. The
recrystallized grain size increases with the increas.~g deformation temperature. Indeed,
increasing deformation temperatures led to the ror dnuous growth of the rate of DRX and the
increase of the grain boundary migration rate :62-04]. It worth mentioning that taking out the
processed sample from the die during the ECAP process takes time, subsequently, it is

expected that after DRX some static i >arystaliization can occur, and also some grain growth.

14 ——— - r . . ' '
,»(f —m— ECAP at 300 °C

12 } h e ECAP at350°C 4

+\
~N—

1 2 3 4
Number of ECAP passes

Recrystalli_ed grain size

o N B O O

Figure 8: Evolution of the recrystallized grain size as a function of the number of ECAP
passes for the Mg-0.3Ce alloy processed at 300 and 350 °C, respectively.
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So far, and based on the obtained results, it can be recognized that the optimum
temperature for ECAP processing of the current Mg-0.3Ce alloy is 300 °C since the
formability was insufficient at lower temperatures (150 and 250 °C) as shown in Figure 1 and
grain growth occurs at a higher temperature (350 °C).

Interesting to note that different DRX mechanisms were observed in the present
ECAP-processed Mg-0.3Ce alloy especially in the early stage of deformation at 300 °C (1
and 2 passes). Figure 9 presents a zoom from the IPF map of the sample processed for 1 pass
at 300 °C. The first mechanism was identified as twin-induced dynamic recrystallization
(TDRX) where the twins constitute preferred nucleation sites for DRX [65]. The different
twins are highlighted in Figure 9b as followed: extension twi. 86° <11-20>+10° in green,
contraction twin 56°<11-20> £10° (in black), double twins 38°<.11-20> £10° (in blue) and
22°<11-20> £10° (in red). The angular deviation from th» ide al twin boundaries was chosen
+10°. As can be noticed, twin bands involving contra~tiu and double twins contain several
fine grains inside them. The presence of dislocations .7 their rearrangement inside the twins
cause their subdivision into sub-grains and cor.equently are converted into new grains
having HAGBs with further increasing strain | 56].

On the contrary, the extension t.in in the present alloy seems not to be a preferred
site for nucleation of new grains sinc: the extension twin shown in Figure 9a is free of grain
and even free from dislocations or | A'_®s. This may confirm the observations that extension
twins are usually not the preferred .te for DRX due to low strain accumulation within them
and low mobility of their twi,: boundaries [67, 68]. It was reported that even during static
recrystallization treatement, no ".ew grains nucleation was observed neither at the twin—twin
intersections nor at the n ultiy le twin variants of a grain in pure Mg [69, 70].

However, recently, it has been observed that TDRX occurred at extension twins in
processed Mg-0.4Dy alloys [57]. As can be seen from the Image Quality (IQ+ED-IPF) map
shown in Figure 9a, some fine precipitate particles are distributed inside the extension twin
which may carry on a pining effect and prevents the development of dislocations and LAGBs.
However, the corresponding {0002} pole figures (figure 9c) displaying the orientations of
extension twin (ET), twin band (TB) and the parent grains (P) demonstrates that the different
mechanical twinning can create new orientations. The dynamically recrystallized grains
inside the twins develop a similar orientation to the host twin. In contrast, the intersection of
twin along with grain boundaries generates a large number of dynamically recrystallized
grains with wide orientations as shown in the yellow box in Figure 9a and in the

14



corresponding {0002} pole figure. It can be suggested that the intersection of twin bands with

grain boundaries supply an extra driving force of grain nucleation.
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Figure 9: Section from the sample processed for 1 pass at 300 °C: (a) IQ+ED-IPF map, (b)
map showing the presence of different twins, (c) the corresponding {0002} pole figures
indicating the orientation between parent grains (P), extension twin (ET) and twin band (TB)
and (d, e) chemical element mapping showing the distribution of Mg and Ce elements,

respectively.
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The second mechanism noticed in the sample processed at 300 °C through 1 pass is
the particle stimulated nucleation (PSN) [13]. In this mechanism, the dislocation motion is
hindered around the particles transformed to LAGBs and hence new fine grains generally are
randomly oriented [13]. As can be seen from the Mg and Ce element mapping (Figures 9d
and e) new fine grains with different orientations are formed around a particle rich in Ce
element (~ 2.5 um of diameter). Surprisingly, this large particle is located nearby the twin
band. However, TDRX and PSN mechanisms were only observed after 1 ECAP pass at
300 °C which led to conclude that such mechanisms can be operating only at low strain and
relatively low deformation temperature. Indeed, new recrystallized grains resulted from
TDRX could not be recognized with further increasing straiti ~r deformation temperature
since twins can grow and ultimately consume the enti.2 pairent grain, making them
indistinguishable from the original microstructure [71]. On the other hand, PSN was not
largely present in the ECAP-processed alloy and seem< 1 have a minor effect on DRX. This
is in good agreement with the fact that the occurrenc> of PSN in Mg-based alloy is more
preferred around large particles clustering tha'« +.1 isolated coarse particles (even with an
average size larger than 1 pum) [72]. It has c=en reported that the presence of dynamically
developed particles and their pinning efi~ct .nay offset the PSN at large particles [73] which
fits well with the present results. Mc.=over, 1t has been noticed that the recrystallized grains
by the PSN mechanism cannot s.b-.~t during subsequent annealing compared to those
formed near the grain boundaries /2.

The ED-IPF map in a .~lecied region near the grain boundary of the same sample (1
pass at 300 °C) presented in t.gure 10a illustrates a third mechanism which is the grain
boundary bulging dynan ic re crystallization (GBBDRX) mechanism [74]. As can be seen, the
grain boundary is serrated’ and several new fine grains appear along the initial grain boundary.
In this mechanism, the grain boundary bulging between adjacent deformed grains is induced
by the grain boundary migration from the low dislocation density side to the high dislocation
density side. With further strain, the misorientation between the bulges and deformed grains
increases, leading to the transformation of LAGBs into HAGBSs, and then the bulged regions
become recrystallized grains [75, 76]. It has been suggested that bulging of the grain
boundaries is stimulated when the pyramidal <c + a> slip system is activated [74]. This
mechanism is considered a discontinuous DRX (DDRX) process. It must be noted that the
GBBDRX is considered as the main mechanism responsible for new grain formation at high
strain (geq > 0.8) in deformed Mg-based alloys [77, 78]. Moreover, the occurrence of the

16



GBBDRX mechanism at medium to high deformation temperature results in new grains
having similar orientations to those adjacent grains (parent grains). However, even if the
strain is high after 1 pass (eeq = 0.9), the GBBDRX mechanism is not profuse and the
orientations of new grains are different from the adjacent grains. This behavior could be
attributed to at least two reasons: 1) the coarsening of the initial grain size and 2) the presence
of precipitate particles along the grain boundaries. Indeed, it has been informed that the
migration rate of grain boundaries from the GBBDRX mechanism within coarse grains is
very limited [75, 79]. As shown by the IQ+ED-IPF map in Figure 10b, the grain boundary
contains precipitate particles. This can suggest that these precipitates could prevent the
bulging and the formation of new grains by a pinning effect. Fu: thermore, the orientations of
the new grains are completely different from the adjacent deinrm.d grains. It is believed that
the PSN effect tends to occur at grain boundaries.

Figure 10b reveals that the formation of new ~+ais can occur in the PFZ adjacent to
the grain boundaries and cannot cross the PFZ width {~<e¢ arrows in Figure 10b). Besides, as
indicated in Figure 10b, the PFZ was also forr.ie along with the stable particles and their
width is smaller than at grain boundaries. A J'ose inspection of the 1Q+ED-IPF map (Figure
10b) indicates that the interior of ¢ mr fine recrystallized grains contains dynamic
precipitates, suggesting a certain con.etition relationship between dynamic precipitation and
DRX.

Figure 10c shows the precenc= of a fourth mechanism where new grains are starting to
form inside the deformed gra.n. lii this case, the LAGBs developed inside the deformed
grains by the accumulatic o1 high density of dislocations as known by the sub-grain
development (SD) mecl anism [75, 80]. The LAGBs gradually transformed to HAGBs by
continuous absorbing dis ocations which are characteristic of the continuous DRX (CDRX)
process [75, 80]. The accumulation of dislocations is confirmed by the kernel average
misorientation (KAM) map shown in Figure 10c. Usually, the KAM approach reflects the
distribution of strain and the dislocation density, especially the geometrically necessary
dislocations (GND) type on individual measurement points [81]. In this case, the KAM map
was calculated from the mean misorientation angle between the point and its third neighbors
and by excluding misorientations greater than 5°.

Apparently, the SD mechanism allows the generation of new grains with a different
orientation than the deformed grains as shown in the corresponding {0002} pole figure of this
region. Interesting to note that the dislocation accumulation leading to the formation of sub-
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grains (2°<0<5°) was also formed around particles as shown by arrows in the same region

(Figure 10c) involving the PSN mechanism.
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Figure 10: A selected zone from the san.ple processed at 300 °C for 1 pass showing
GBBDRX and SD mechanisms: (a) _-1r = map, (b) IQ+ED-IPF map and ¢) ED-IPF, I1Q and
KAM maps of the red box zone s~.ioateu from (a) and the corresponding {0002} pole figure.

With further strain. the SD (CDRX) mechanism seems to dominate rather than the
GBBDRX (DDRX) mechan.sm as can be clearly seen in the sample processed for 2 passes at
300 °C (Figure 3b) anu its selected zone shown in Figure 11a. Grains are still large and
contain a high fraction of LAGBs which causes the formation of orientation gradient inside
them as evidenced by the gradual increase in the misorientation angle profile from points A
to B and C to D (Figure 11b). The separated deformed and recrystallized maps presented in
Figures 11 c and d show that many new recrystallized grains have different orientations than
the deformed grains. The SD mechanism resulted in the development of a necklace structure
similar to the GBBDRX (Figure 11c). Moreover, both mechanisms resulted in the
development of new orientations. Such a result indicated that CDRX and DDRX mechanisms

were concomitantly activated making their separation difficult with further increasing strain.
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grains, respectively.

In the case of ECAP processing at 350 °C, the identification of the DRX mechanism
was not possible since the recrystallized grains were already formed soon after 1 pass and
even undergo grain growth after 4 passes. However, based on literature reports, it is believed
that the DDRX mechanism is the main responsible for grain refinement at high deformation
temperature. It has been found that the effect of RE solute drag is limited against the high
mobility of grain boundaries at high deformation temperature which allow the predominance
of DDRX on GBBDRX [82, 83].

The rapid DRX and the occurrence of grain growth cause the decrease of the
microhardness value of the samples processed at 350 °C compared to those processed at
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300 °C as demonstrated in Figure 12a. The Hv value increases from 37 Hv at the initial state
to 51 Hv and 46 Hv after 1 pass at 300 and 350 °C, respectively. The Hv values continued to
increase with the increasing number of ECAP passes to reach a value of 64 and 55 Hv after 4
passes at 300 and 350 °C, respectively. The increase of Hv values is a evident consequence of

the increase of dislocation density and grain refinement.
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Figure 12: Evolution of (a) microha 4ness and (b) inhomogeneity factor as a function of the
number of ECAP passes of Mg-0.3Ce .ocessed at 300 and 350 °C, respectively.

The deformation inhor>agei.eity during the deformation processing can be estimated
by the inhomogeneity factc* (IF. using the following equation [84]:

\/Z?=1(Hvi_Hvave)2/n—1

Hvgype

L=

x 100 2

where n is the number of microhardness measurements on each sample, Hv, the average

microhardness value, and Hv; the microhardness value of i"™ measurement.

The evolution of IF as a function of the number of ECAP passes of the present Mg-
0.3Ce alloy at both deformation temperatures is shown in Figure 12b. It is believed that a
microstructure with high homogeneity distribution of mechanical properties exhibits less IF
value [84]. As can be seen the IF of the Mg-0.3Ce alloy increases after processing for 1 pass
mostly due to the strain hardening (generation of deformation features such as dislocation
density) which generated the inhomogeneity of the microstructure and mechanical properties.
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However, the IF of sample processed at 300 °C is 2 times higher than the one of the specimen
processed at 350°C probably due to dynamic precipitation as shown in Figure 3, which
causes an extra strain hardening as obstacles to the dislocation movement. In the case of
processing at 300 °C, the IF value continuously decreases with the increasing number of
ECAP passes applying the enhancement in deformation homogeneity due to the grain
refinement. Several investigations have reported similar trends of the IF against increasing
strain during SPD processing [85-87]. In contrast, in the case of processing at 350 °C the IF
first decreases after 2 passes and then increases again after 4 passes. These results indicates
that samples processed at higher temperatures exhibit a more homogenous microstructure
except at a high strain level (4 passes) where the grain growth -.~ms to cause the increase in

the inhomogeneity of the mechanical properties.

3.3. Texture development after ECAP processing

The texture evolution of the deformed and rec+vstallized grains as a function of the
number of ECAP passes for both deformation te.n-.eratures is presented in Figure 13 in terms
of recalculated {0002} pole figures. It is "vorun noting that the initial texture was not
measured because of the large grains of .7e “s-cast alloy. However, all processed samples are
considered having the same initial icxture. fhe main ideal ECAP texture components and
fibers for HCP materials and a @ = 70  J1e are listed in Table 1 and also illustrated in Figure
13. The ECAP texture components are derived from those in simple shear (@1, @, ¢2) by
undergoing an additional rotatic n o1 ®/2 to @1 : (1 + D/2, O, ) [88].

It must be noted that e texture measurement was obtained from EBSD scans.
Nevertheless, it has beer deronstrated that the EBSD measurement gives a satisfying texture
evolution in comparisor  with X-ray and neutron diffraction measurements for ECAP
processed Mg-based alloys even with a limited EBSD scan size [6, 26].

In the case of samples processed at 300 °C, the deformed grains developed soon a
partial P-fiber after 1 ECAP pass with a maximum located at P; (200°, 90°, 0°) and strong
orientation named C (60°, 45°, 30°) located between the C; and B fibers (Figure 13a). This
orientation has been reported in several papers as basal texture (B-fiber) rotated about 40-45°
towards the ED [4, 26-28]. This component is formed by shear-induced rotation of grains and
mostly due to the activation of the <a> basal slip system [27]. It was shown that the type of
deformation modes can be figured out by texture measurement, i.e. pole figure [89]. The
recrystallized grains seem to develop a typical B-fiber and Ci-fiber (Figure 13b). After 2
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passes a different texture was formed where a Y-fiber and partial P-fiber with a maximum
located at P, (20°, 80°, 0°) component can be noticed. Additionally, the C (60°, 45°, 30°)
component is formed in the recrystallized grains as shown in Figure 13d. The C component
became dominant after ECAP processing at 300 °C for 4 passes in the deformed and
recrystallized grains (Figures 13c and f). The domination of such texture has been largely
reported in ECAP processed Mg-based alloys [4, 7, 23-28].

Apparently, processing at 350 °C led to the development of different textures. The C
and P, components were formed soon after 1 pass in the deformed grains, while the P,
component seem to be replaced by the Cy-fiber in the recrystallized grains (Figure 13j). The
domination of the C component after 4 passes at 300 °C and «. rapid formation at 350 °C
after 1 pass may confirm the domination of the GBBDRX mchaism in these samples since
it is believed that this mechanism strengthens the basal te.-tur¢ by limiting the pyramidal slip
[75].

However, the domination of the P-fiber is cic~r in the deformed and recrystallized
grains of the sample processed at 2 ECAP passes ' ~igures 13h and k). It is worth mentioning
that the sample processed for 4 passes at 35C °C exhibits a completely different texture than
that processed at 300 °C where a new ¢ mr.onent located at S (80°, 90°, 0°) in which some
grains have their <0001> parallel to ™D is aeveloped in deformed and recrystallized grains.
Similar texture formation has been d-..~ribed in LAE442 (Mg-4Li-3.5Al-1.3Ce, wt.%) and
WN43 (Mg-4Y-3Nd, wt.%) alloy s .~ocessed by ECAP up to 8 passes using route Bc [6, 12].
Accordingly, the origin of the forniation of the P-fiber and <0001> // TD components was
explained by the massive ~ctivation of the <c+a> pyramidal and prismatic slip systems,
respectively [6, 12]. Ho vevtr, it is well known that the activation of <c+a> pyramidal slip
system needs more ener,'y than the prismatic slip and hence the prismatic slip system is
expected to be activated before the <c+a> pyramidal slip. Based on the present texture
evolution the <0001> // TD component was formed only after 4 passes at 350 °C, while the
P-fiber was formed much earlier. Thus, the prismatic and <c+a> pyramidal slip systems could
not be the origin of such texture formation.
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Figure 13: Recalculated {0002} pole figures of deformed and recrystallized grains of Mg-
0.3Ce alloy processed at 300 and 350 °C for 1, 2 and 4 passes, respectevely.
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The instability of the texture with the increasing number of ECAP passes result from
the sample rotation between ECAP passes (route B¢) which causes orthogonal changes in the
strain path after every pass [90]. Also, the persistence and the stability of shear texture
components strongly depend on the activation of different slip and twinning systems. For
example, the presence of the B, P, and Y fibers corresponds with the high activation of the
<a> basal slip system while the activation of <c+a> pyramidal slip system leads to the
formation of C; and C, fibers [91]. Despite the similarity of DRX fraction in samples after 4

ECAP passes at both conditions, a clear different texture evolution can be observed.

Table 1. Position of ideal ECAP shear texture components w:*h a ® = 90° die for HCP
materials projected in the TD-ND plane [88].

Notation Euler angle

(91, D, 92)
B-fiber (45°, 90°, 0-60°)
P-fiber (125-225°, 90°, U
Y-fiber (345°,90° 0-20°)
C-fiber (45°,306", 0 60°)

C,-fiber (225", 30°, 0-60°)

The occurrence of grain arow*h in samples processed at 350 °C could be a plausible
explanation for the texture mcdification. The development of recrystallization texture is
related to the oriented nuc'2a’ton and/or the oriented growth theory [92]. The oriented
nucleation theory prenoc=s tiat the formation of specific orientation remained stable during
subsequent grain growth. while in the oriented growth theory, the grain orientation stability
depends on the grain boundary mobility [92]. In the present study, the texture was typical
from that reported for large Mg-based alloys (sharp C component) when the recrystallized
grains were small (sample processed at 300 °C). Increasing the recrystallized grains size
caused the formation of new orientations not only in the recrystallized grains but in the
deformed grains as well (sample processed at 350 °C). It can be concluded that the preferred
grain growth is responsible for the texture modification between samples processed at 300
and 350 °C. Besides, it is well known now that the addition of RE elements can significantly
change the texture of Mg-based alloys during deformation and subsequent annealing by

weakening the texture or formation of new orientations [30, 93].
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The recrystallized and deformed textures seem different in samples processed at
300 °C when the DRX mechanisms were distinguished in the early stages of deformation.
However, with increasing strain and further increasing fraction of DRX the recrystallized and
deformed grains seem to have a similar texture which is a typical C texture. In contrast, at
350 °C where the typical C texture is rapidly formed after 1 pass due to the rapid DRX rate,
the recrystallized and deformed grains exhibit similar texture evolution in the early stages of
deformation. The similarity of deformed and recrystallized texture at high strain and low
deformation temperature (4 passes at 300 °C) and at intermediate strain and high deformation
temperature (1 and 2 passes at 350 °C) confirm the occurrence of GBBDRX mechanism [75].
With increasing strain up to 4 passes the recrystallized and defu, med grains display different
textures, and new texture components were developed indicatin; that grain growth plays a
great role in the texture modification in Mg-RE alloys.

It will be interesting in the future to investicawe the static recrystallization during
subsequent annealing of the ECAP-processed Mg-0.oT< alloy in order to explore deeply the
effect of the preferred growth theory on the texiur ¢ modifications in severely deformed Mg-

RE alloys.

Conclusion

e A Mg-0.3Ce alloy was succ :sc1.''ly processed by ECAP through 4 passes at 300 and
350 °C using route B.. Tne cvolution of the microstructure, texture, and mechanical
properties were investiy~ted using EBSD and Vickers microhardness.

e The optimum defor . aticn temperature for ECAP processing of the Mg-0.3Ce alloy is
300 °C since *the forn.ability was insufficient at lower temperatures (150 and 250 °C)
and arger grain siz 2s were obtained at a higher temperature (350 °C).

e Significant grain refinement was obtained after 4 passes due to DRX where the initial
grain size decreases from 1 mm to 6.7 and 8.3 um after 4 passes at 300 and 350 °C,
respectively.

e EBSD maps of samples processed at 300 °C demonstrated that at low strain DRX
occurred via TDRX and PSN mechanisms. With increasing strain, SD and GBDRX
mechanisms dominate the DRX processing.

e The microhardness of the alloy increases with the increasing number of ECAP passes
and decreasing deformation temperature. The IF value decreased with the increasing

number of ECAP passes indicating a decrease in deformation inhomogeneity. Larger
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grain sizes caused the increase of deformation inhomogeneity during processing at a
higher temperature.

e The texture evolution strongly depends on the strain, temperature deformation, and
DRX mechanisms. Processing at 300 °C led to the gradual formation and domination
of the C component with increasing strain, while processing at 350 °C led to the rapid
formation of the C component at low strain and the formation of new components at

high strain due to the grain growth.
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Mg-0.3Ce alloy was processed by ECAP for 4 passes at 300 and 350 °C using route
Bc.

Significant grain refinement was obtained after 4 passes due to DRX.

At low strain DRX occurred via TDRX and PSN mechanisms.

With increasing strain, SD and GBDRX mechanisms dominate the DRX processing.

Texture evolution strongly depends on the strain, temperature and DRX mechanisms.
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