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Abstract

Establishing the novel microstructure is an effective method to accelerate the applications of
magnesium and its alloys. In this work, an Mg-8%A1-0.5%Zn alloy (AZ80 Mg) with ultra-fine-grain
(UFG) size of ~1.29 pum was achieved by the combined processes of multi-directional forging (MDF)
and equal channel angular pressing (ECAP). The achieved ultra-fine grain structure made the Mg
alloy, owing to inclusive performance as the structural material. The AZ80 Mg alloy with MDF 6 pass
followed by two pass ECAP has superior mechanical properties such as ultimate tensile strength (UTS)
of 352 MPa and elongation of 11% when compared to as-received Mg alloy. Also, an unprocessed Mg
alloy showed the corrosion rate of a 13.28 mm y ™', the corrosion rate of processed Mg alloy could be
further decelerated through a change of microstructure obtained from combined processes of MDF
and ECAP. This study outstandingly obtained a 94% reduction of corrosion rate after MDF-3P
followed by an ECAP-2P (0.77 mmy ') process compared to as-received Mg alloy.

1. Introduction

Magnesium alloys are considered as potential material for automobile, marine, electronic and aerospace
industries due to their low weight density and high specific strength. However, the mechanical properties such as
hardness, tensile strength and ductility of them are comparatively less associated with another category of
engineering materials. Along with this Mg alloys have lower corrosion resistance properties in corrosion media
and this hinders the use of Mg alloys in various structural applications [1]. The industrial applications of
Magnesium alloys are further improved by the enhancement of their mechanical and corrosion behaviour using
severe plastic deformation (SPD) technique. The SPD technique adapted to achieve ultra-fine-grain structure,
thereby increasing mechanical performance and corrosion resistance. In particular, MDF and ECAP are a
promising technique to attain UFG structure. MDF is one of the most capable methods to accomplish fine-grain
structure in bulk materials. MDF involves repeated compression on the specimen, changing the axis to 90° in
every pass [2—4]. The effect of MDF on microstructure and mechanical properties of Mg alloys was reported.
Qingfeng et al [5] have examined the effect of MDF on AZ80 Mg alloy by decreasing processing temperature
from 683 K to 573 K, as aresult, the grain size decreases with increasing the accumulative strain at a lower
temperature. Hong et al [6] explored the effect of MDF on microstructure, texture and mechanical properties for
Mg-7Gd-5Y-1Nd-0.5Zr. Study exhibited the maximum ductility of 21% at 470 °C which was showing a 200%
improvement when compared with that of the solutionized specimen, this is due to refined fine grains as well as
the weakened texture during the process. Salandari et al [7] examined the microstructure and mechanical
behaviour of an MDF processed WE Mg alloy, the investigation showed an increased volume fraction of
recrystallized grains with respect to MDF cycles and achieved a mean grain size of 4.8 um after 5-MDF passes.
Additionally, led to a combined enhancement in UTS and % elongation of 460 MPa and 12% respectively.

© 2019 IOP Publishing Ltd
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Huang et al [8] observed the significant enhancement of mechanical properties after MDF. With the increase of
MDF passes for AZ31 Mg alloy. Jinlong et al [9] showed that AZ80 Mg alloy was effectively refined through high-
pass multi-directional forging, and mean grain size was reduced to 0.73 pm after 24 passes of forging. Its ultimate
tensile strength, yield strength and % elongation reached 333.8 MPa, 233.7 MPa and 17.8%, respectively, which
were 1.22 times, 1.35 times and 2.54 times of those before the forging.

The ECAP is another most popular SPD method since they are capable of producing uniform fine-grained
microstructures in materials without changing the shape of the sample. The formation of the microstructure is
due to the existence of dynamic recrystallization (DRX) mechanism and by the parameters of ECAP, such
parameters are die angle (¢), corner angle (1), processing temperature, ram speed, and the processing route. The
effect of these ECAP parameters on the grain size and the mechanical properties and corrosion behaviour has
been explored for various Mg alloys [ 10, 11]. Muralidhar et al [12] observed the influence of ECAP processing
temperature on grain size and mechanical properties of AZ61 alloy as a result, the mean grain size of the AZ61
specimen was found to be decreased to 85.0%, 81.0% and 70.0% for the extrusion temperatures of 210 °C,

250 °Cand 300 °C respectively. Further, the tensile strength of the Mg alloy increased by 24%, 10% and 12% for
the extrusion temperatures 0of 210 °C, 250 °C and 300 °C respectively. Gopi et al [13] have investigated the wear
and corrosion behaviour of AM70 Mg alloy by ECAP process. From the study, it was noticed that there is an
improvement in wear and corrosion resistance of ECAP processed AM70 alloy, this is due to the grain
refinement and uniform distribution of secondary phases. Zhou et al [ 14] observed the microstructure and
mechanical properties of WE43 after ECAP. The result showed that the mean grain size significantly decreased
from ~50 pm to ~1.5 um through ECAP for 4P with homogeneous microstructure. The investigation also
reported that the ductility of ECAP processed WE43 alloy increased from 1-4P then decrease from 4—12P, this is
due to strong basal texture (0002). Qiyu et al [ 15] proposed that the secondary extrusion process could strongly
refine the recrystallized grains and disperse the fine RE-containing phases in AZ80 Mg alloy. The % elongation of
the AZ80RE Mg alloy was also improved, due to the fine grain structure and the basal texture weakening. Lei et al
[16] demonstrated that as-extruded Mg-Zn-Zr lead to compressive strength improvement. The improved
strength of the Mg alloy was predominantly attributed to the grain refinement and dispersion strengthening of
nano-MgO particles and MgZn, particles. Besides, a comparative study of MDF and ECAP processed for
microstructure evolution and precipitation of phases was reported. Heczel et al [17] have made a comparative
analysis of the microstructural analysis in Mg-6Al-0.5Mn alloy processed by ECAP and MDF. The study revealed
that the much greater dislocation density and the precipitate fraction was observed for ECAP-2 passes when
compared to MDF processed material. Shakhova et al [ 18] studied the microstructure evolution of MDF and
ECAP to a strain of ~4 times, obtained an ultra-fine grain structure in a Cu-0.3Cr-0.5Zr alloy with a mean grain
size of 0.60 pmand 1.10 pm respectively. MDF is capable to accomplish faster kinetics of grain size reduction as
compared to ECAP. Therefore, the effect of the combined processes of MDF and ECAP on microstructures,
mechanical and corrosion behaviour of AZ80 Mg alloy has a pronounced significance. Although, combined
processing of MDF and ECAP technique has not been reported yet in sufficient detail. The graphical abstract of
combined processed by MDF + ECAP as shown in figure 1.

The current work provides the evolution of microstructure, mechanical properties and corrosion resistance
in AZ80 Mg alloy as a function of MDF followed by ECAP. In addition, this work examines the effect of the grain
size and secondary phase on responses was observed and discussed.

2. Materials and experimental work

As-received AZ80 Mg alloy supplied by Exclusive Magnesium Pvt. Ltd. Hyderabad, India, with an elemental
composition of Al (8%)-Zn (0.5%)-Mg (Balance) was used in the current work. Microstructure and EDS results
of the as-received alloy have shown in figure 2. After diffusion annealing at 400 °C for 24 h, samples with

30 x 30 x 25 mm dimension were prepared by conventional machining. Subsequently, samples were
processed through multi-directional forging at 325 °C up to 3 Pass (1 cycle) and 6 Pass (2 cycles). A sample must
be deformed in all three directions for 3 numbers of passes to complete one cycle as shown in figure 1. Further,
the MDF processed samples were turned to 16 mm diameter and 30 mm length and processed by ECAP two
passes at 325 °C under a ram speed of 1 mm s~ ' with a die channel angle 110°, 30° corner angle and processed by
route R method. The microstructure of the unprocessed and processed AZ80 Mg alloy was observed by optical
microscopy (OM; BIOVIS material plus), scanning electron microscopy (SEM; JEOL JSM 6380LA) and JEOL
JSM-7100F FESEM equipped with electron backscattered diffraction (EBSD) detector. Presence of primary and
secondary phases and to analyze the change of orientation in processed samples was explored through X-ray
diffraction analysis (XRD; PROTO-iXRD MGR40). The scanning angle range was 20°~90° and the scanning
speed was 2 °/min with a target material of Cu K. The mechanical properties of the processed and unprocessed
samples were measured by a Shimadzu universal testing machine (UTM; AG—X plus TM100 kN). The
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Figure 1. Multi-directional forging plus equal channel angular pressing.
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Figure 2. SEM micrograph with EDS results of AZ80 Mg alloy.

Microhardness test was conducted at aload of 100 g with a dwell time of 13 s. The corrosion behaviour of
processed and un-processed AZ80 Mg alloys was investigated by electrochemical corrosion analyzer; Model: Gill
AC-1845. The potentiodynamic polarization was performed in 3.5 wt% NaCl solution. The auxiliary electrode
(AE)—Graphite (Gr) and the reference electrode (RE)-saturated calomel electrode (SCE). 1 cm?” area of the
working electrode (AZ80 alloy) was exposed to the 3.5 wt% NaCl solution. Potentiodynamic polarization tests

were conducted using a scan rate of 2 mV s~ ' and a scan range of —200 mV to 4+-200 mV.

3. Results and discussion

3.1. Microstructural observations

Figures 3 and 4 shows OM and SEM images of the processed and unprocessed AZ80 Mg alloys. It was observed
that the as-received and SPD processed Mg alloys essentially consists of the a«-Mg primary phase and §-Mg;,Al;,
secondary phase at the grain boundaries which is as shown in figure 3(a). Additionally, which was significantly
addressed in our previous article [19]. Also, the XRD (figure 7) and EDS analysis (figure 2) of the as-received Mg
alloy shows the presence of secondary phases and elemental compositions respectively. Figures 3(b), (d) presents
the optical images of AZ80 Mg alloy after ECAP-2P, MDF-3P and 6P at 325 °C respectively. It is observed that
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Figure 3. Optical images of AZ80 Mg alloys (a) As-received (b) ECAP-2P (c) MDE-3P (d) MDF-6P (e) MDE-3P + ECAP-2P (f) MDF-
6P + ECAP-2P.

the microstructure of the Mg alloys predominantly elongated and refined from original grains due to dynamic
recrystallization process (DRX) [20]. Also, the microstructure composed of bimodal grains, here coarse grains
are surrounded by finer grains, but coarse grains occupy a larger area fraction during ECAP-2P this is due to
insufficient slip systems of HCP crystal structure [21] and the achieved critical average grain size of about
~36.52 pym. During MDF-3P and 6P obtained fine-grained microstructure with a mean grain size of ~30.72 ym
and ~21.62 pm respectively, this improved grain refinement mainly due to the increased number of MDF
passes. Poggiali et al [22] explored the effect of the combined processes of rolling + ECAP on microstructure
evolution and discussed the effect of the initial grain size of magnesium and its significance in his paper.
According to Poggiali et al Initial grain size has significant influence to achieve further grain refinement during
ECAP. Therefore, the use of the combined processes of an ECAP after an intermediate step of MDF or vices-
versa simplifies grain refinement and leads to homogeneous and uniform grain structure. These have been
evidently proved in our study as shown in figures 3(e) and (f). Indeed, figures 3(e) and (f) illustrates the
microstructure of MDF 3P followed by ECAP-2P specimen and MDF 6P followed by ECAP-2P at 325 °C
through route R respectively. The combined processes have shown ultra-fine grains and more uniformly
distributed structure of mean grain size of ~1.29 pum. The achieved ultra-fine grained alloy after combining
MDF and ECAP processes produce large grain boundaries in the bulk material. Moreover, 3-Mg;,Al,,
secondary phases were isolated at the grain boundaries in as-received Mg alloys, and also observed a non-
uniform distribution of secondary phases, a similar observation made by Guangwei et al [23] while combined
processing of ECAP, Rolling and electro pulsing treatment (EPT) of Mg alloy. When secondary phases have been
exposed to the different plastic strains while processing with SPD may break the large secondary phases into

4
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Figure 4. SEM images of AZ80 Mg alloys (a) As-received with EDS analysis of the secondary phase marked as A (b) MDF-6P (c) MDF-
6P + ECAP-2P (d) Distribution of secondary phase in MDF-6P with EDS analysis marked as B (e), (f) Dispersed secondary phase in
MDF-6P + ECAP-2P sample.

small fragments and precipitated in the Mg matrix. Meanwhile, by the combined processes of MDF followed by
ECAP may also promote the growth of the precipitates of secondary phases. Therefore the area fraction of micro
galvanic cells between a-Mg phase and 3-Mg; ;Al;, secondary phase was reduced, which cause a slowdown in
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Figure 5. Grain size distribution of AZ80 Mg alloys (a) As-received (b) MDF-6P (c) MDF-6P + ECAP-2P.

the corrosion rate this mechanism was evidently discussed in the upcoming sections. Also, grain refinement
could excellently enhance the mechanical properties of Mg alloys agreeing to the Hall-Petch theory [24, 25]. The
SEM micrographs in figure 4 displays bright and dark field images for the AZ80 Mg alloy before and after SPD
processes. Measurement gives an average grain size of as-received Mg alloy of ~50.20 um in figure 4(a) but the
grain distribution was non-uniform. The grains are refined and homogeneous in AZ80 Mg alloy in figures 3(b)—
(d) after processing with MDF and ECAP. However, the grain refinement and distribution of secondary phases
were most effective in Mg alloy with MDF-6P and combined processes of MDEF followed by ECAP shown in
figures 4(b) and (c) which measures a mean grain size of ~21.62 ym and ~1.29 pm for MDF-6P and MDE-

6P + ECAP-2P respectively. Along with this figure 5 contributes the grain size distributions of the SPD-
processed Mg alloys for three different specimens being summarized. It is apparent that the average grain size of
the samples is reduced significantly by combining two SPD processes such as MDF and ECAP. Figures 4(d)—(f)
shows the SEM micrographs of the MDF-6P and MDF-6P + ECAP-2P samples. Itis observed that secondary
phases (6-Mg;7Al;,) dispersed inside the grains displayed by the arrows: point B in figure 4(d). The marked
0-Mg;,Al;, have all of the alloying elements (i.e. Mg, Al and Zn) as analyzed by EDS analysis of the MDF-6P
specimen and also it has been further confirmed by X-ray diffraction analysis. Figures 4(e), (f) presents the
uniform distribution of the secondary phase (8-Mg;;Al;,) inside the grains of the MDF-6P + ECAP-2P
specimen. From this, it is evident that secondary phase particles distributed in the a-Mg matrix as the SPD
passes progressed.

3.2.EBSD analysis

Figure 6 shown the EBSD map of the as-received and SPD processed specimens. The EBSD study evidently
revealed that the 2P- ECAP Mg alloy was composed of the coarse grains with a mean grain size of

36.52 + 2.9 um, which was lesser than that of the as-received alloy (50.20 m). Also, the microstructure of
AZ80 Mg alloy consists of ultra-fine grains, occurred by DRX, with only a few elongated grains after combined
processes of MDF-6P followed by ECAP-2P as shown in figure 6(c). Combined processing of MDF-

6P + ECAP-2P yielded a mean grain size of ~1.29 £ 0.7 pm as revealed in the EBSD map in figure 6(c) with
consistent grain size distribution in figure 6(f). The grain size distribution displays a large variation in the mean
grain size with the number of SPD passes (figure 6). After the second pass ECAP, the effective variation in mean
grain size is minor shown in figure 6(e). However, a significant modification in the grain size reduction has been

6
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Figure 6. EBSD based analysis of SPD processed AZ80 Mg alloys (i) (a) As-received (b) ECAP-2P (c) MDF-6P + ECAP-2P (ii) Grain
size distribution for (x) As-received (y) ECAP-2P (z) MDE-6P + ECAP-2P.

observed with the combined process of MDF and ECAP. Hence, it indicates that combined processing of

MDF + ECAP promotes a substantial grain refinement in AZ80 alloy via DRX mechanism [17]. It is remarkable
that such a noteworthy grain refinement can also be attributed to the initial grain structure of AZ80 alloy
meanwhile the initial microstructure of the Mg alloys plays a critical role in the improvement of grain refinement
and in determining the final grain size after MDF + ECAP. Initial grain size can simplify the grain refinement
process in AZ80 Mg alloys owing to the high density of grain boundaries.

3.3. X-ray diffraction analysis

The microstructure of AZ80 alloy is more consistent with the X-ray diffraction results, a-Mgand 3-Mg;,Al;,
phases existing in alloying as-received and SPD processed AZ80 alloy as shown and marked in figure 7. The AZ80
Mgalloy rich in 3-Mg;,Al;, secondary phases due to the presence of high aluminium content in the matrix [26].
Also, secondary [3-phases were segregated along the grain boundaries in the as-received alloy, which is evidently
observed and reported through OM and SEM images with EDS results which are depicted in figures 3(a) and (a)
respectively. In addition, Mg alloys processed through SPD exhibited a more uniform and homogeneous
distribution of secondary phases. Consequently, the peak intensity of Mg alloy was increased relative to the as-
received Mg alloy. From figure 7, it was observed that SPD processed Mg alloys showed higher intensity peaks
due to the high volume fraction of secondary phases after process [27], which is evident from microstructure
evolution of processed and unprocessed sample shown in figures 3 and 4(d)—(f).

3.4. Microhardness

The microhardness variations in AZ80 Mg alloys after different SPD passes presented in figure 8. It is revealed
that the microhardness was increased with the increase in equivalent plastic strain after each SPD pass. As the
number of SPD passes increases for both individual and combined processes of SPD leads to increasing
microhardness due to grain refinement, strain hardening and distribution of secondary phases [28].
Microhardness of the ECAP-2 pass Mg alloys is 70 Hv. During MDF-3P and MDF-6P, the microhardness was 83
Hvand 84 Hv which shown a rise in microhardness compared to ECAP-2P processed alloy this is due to
increased plastic strain during the process [29].

The MDF-3P + ECAP-2P and MDF-6P + ECAP-2P process hardness values are 86 Hvand 89 Hv
respectively. During combined processes of MDF followed by ECAP, the grain refinement increased dislocation
density in the Mg bulk material due to induced plastic strain and also due to the uniform distribution of
secondary phases lead to improved hardness [30]. Therefore, the microhardness of magnesium alloy became
higher than that of the as-received and primarily SPD processed Mg alloys. Particularly, after ECAP-2P

7
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extrusion at 325°C, the microhardness increased by 12%. After MDF-6P + ECAP-2P process the
microhardness increased by 30%.

3.5. Tensile strength

Figure 9(a) illustrates the engineering stress-strain curves (b) variation of the ultimate tensile strength (UTS),
yield strength (YS) and % elongation of AZ80 Mg specimens corresponding to as-received, ECAPed, MDF
processed and MDF followed by ECAPed. From this study, it is evident that as-received alloy processed through
SPD at elevated-temperature increases the YS, UTS and ductility of the Mg alloy. However, the continues
shearing and grain refinement through MDF followed by ECAP process simultaneously increase both strength
and ductility of the Mg alloy. Initially, as-received Mg alloy showed a lower percentage of elongation, YS and
UTS of about 3.2%, 168 MPa and 189 MPa respectively. However, after processing with ECAP-2P and MDF-3P
the strength and ductility were improved instantaneously shown in figures 9(a) and (b). The UTS and %
elongation for Mg alloys processed at 325 °C up to 6-Pass MDF is 305 MPa and 8.22%, respectively. This is due
to grain boundary strengthening and strain hardening effect [31]. Further, Multi-directional forged Mg alloys up
to 3 and 6 passes, subjected to ECAP up to 2 passes. These samples tensile behaviour were observed and shown in
figure 8. From, figure 9 it is revealed that the MDF-3P + ECAP-2P and MDF-6P + ECAP-2P shown the
complete enhancement of strength by increasing ductility. This is due to obtained homogenous fine-grains and
distribution of secondary phases achieved in the alloy. Indeed, the tensile behaviour of the AZ80 Mg alloy after

8
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alloys.

ECAP and MDF exhibits lower tensile strength and ductility compared to Mg alloy processed by MDF + ECAP.
Hence, obtained results suggest that MDF 4 ECAP processing improves the tensile strength and % elongation
of the Mg alloys. However, the microstructure illustrates that the combined processes of MDF + ECAP
processing lead to an ultra-fine grain structure. Therefore, the above desired mechanical properties were
achieved after MDF followed by ECAP must be attributed to texture effects [32].

3.6. Fractography

Figure 10 presents the SEM morphologies of the fractured surfaces of the as-received and SPD processed
specimens. The fracture surfaces of all the samples resulted in cleavage morphology, which specifies that the
fracture continued with less dislocation slip systems, indicating the brittleness of the examined alloy. Also,
failure surfaces consist of small dimples and cracks. Brittle fracture mainly observed in the as-received alloy due
to the presence of undissolved brittle secondary phases in the bulk material shown in figure 10(a). Furthermore,
interdendritic porosity was observed on the fractured surfaces of Mg alloys which lead to decreased ductility as
presented in figures 10(a)—(c). The changes in the fracture behaviour between the coarse grain structured
samples such as as-received, ECAP-2P, MDF-3P and a fine grain Mg alloy of MDF-6P and combined SPD
processed Mg alloy can be seen from the SEM fractographs in figures 10(a)—(f). Certainly, some dimples,
cleavage together called quasi-cleavage fracture and tear ridges were observed on the surface of fine and ultra-
fine grained samples which results in the enhancement of ductility as depicted in figures 10(e) and (f) [33]. The
MDF + ECAP processed samples showed ductile behaviour with a higher fraction of dimpled structure when
compared with other specimens. The obtained fractography has good agreement with the engineering stress-
strain curves depicted in figure 9.

3.7. Potentiodynamic polarization
As per literature and based on our obtained results, the two factors appear to play the utmost significant role in
the corrosion resistance of Mg alloys, such as grain boundaries and secondary phases (Mg;7Al;,). Their role is
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Figure 10. Fractography of AZ80 Mg alloys (a) As-received (b) ECAP-2P (c) MDF-3P (d) MDF-6P (e) MDF-3P + ECAP-2P (f) MDF-
6P + ECAP-2P.

discussed in detail in the context of the outcome of the current investigation. During this study the attempt is
made to achieve very large grain boundaries and uniform distribution of secondary phase particles by combining
two SPD processes such as MDF and ECAP, as aresult, MDF-3P + ECAP-2P and MDF-6P + ECAP-2P
produce average grain size of ~5.48 yym and ~1.29 pim respectively and results were discussed in the above
sections in detailed with figures 3 and 4. Better pitting corrosion resistance was achieved after combined
processes of MDF and ECAP and the obtained polarization results are correlated with the grain boundaries and
B-Mg ;A secondary phases. The typical polarization plots obtained for the AZ80 Mg samples after the open-
circuit potential test for 20 min immersion in 3.5% NaCl with pH = 7 have shown in figure 10. Which can
provide enhanced corrosion resistance of the ultra-fine grained AZ80 Mg alloys against Cl ™ and corrosion
inhibition accomplished due to obtained UFG structure in bulk material [34]. The UFG sample also shows
decreased corrosion current density, Icorr compared to other samples. The polarization curves for as-received,
ECAPed, MDF processed and MDF + ECAP processed AZ80 Mg alloys are presented in figure 11. The
polarization curves for MDF-6P processed and MDF + ECAP processed Mg alloys exhibited similar behaviour
of corrosion resistance. That means the processing with MDF and MDF followed by ECAP of Mg alloys
produced a diminution of the rate of corrosion. However, the grain refinement and uniform distribution of
secondary phases (Mg;,Al,,) induce a shift of the corrosion potential (Ecorr) towards the noble side and Also,
MDE-3P followed by ECAP-2P alloy showed more defined nobler potential compared to MDF-6P + ECAP-2P
processed Mg alloy. This may be due to increased dislocation densities and texture effect [35] and they are
passivated by obtaining an ultra-fine grained structure. The MDF followed by ECAP samples has much smaller
Icorr (table 1), value than the ECAPed, MDF and as-received sample and thereby shows reduced corrosion rate
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Figure 11. Corrosion behaviour of AZ80 Mg alloy: Polarization Plot.

Table 1. Potentiodynamic polarization test results.

As-received ECAP-2P MDE-3P MDE-6P MDE-3P + ECAP-2P MDF-6P + ECAP-2P

Ecorr (V) —1.506 —1.491 —1.454 —1.418 —1.382 —1.389
Icorr(mA cm ™ 2) 0.291 0.234 0.095 0.078 0.0 0.039
CR(mm yfl) 13.289 10.686 4.338 3.562 0.776 1.781

during polarization test (table 1). Further, the corrosion rate was increased after processing with MDF-

6P + ECAP-2P, which was showed the inverse relationship between the corrosion rate and grain refinement
due to large dislocation densities this hinders the corrosion resistance [36—38]. Figure 12 shows the corrosion
morphologies of the processed and unprocessed AZ80 samples after the potentiodynamic polarization test in
3.5wt% NaCl solution. Current study evidently observed the effect of grain refinement through corrosion
morphology and it has shown good promise with the experimental data.

Figure 12(a) shown the corrosion attack on the as-received sample which clearly depicts the grain boundary
attacks in the unprocessed sample due to lower passivation resistance. But, SPD processed samples exhibited
minimum corrosion attacks compared to the as-received Mg alloy presented in figures 12(b)—(d). Conversely,
single SPD processed Mg alloy exhibited poor corrosion resistance and higher susceptibility to pitting corrosion
when compared to combined processes of SPD depicts in figures 12(e) and (f). Uniformly distributed Mg, ,Al;,
and refined grains after combined SPD (MDF + ECAP) processing led to an enhancement in the corrosion
resistance and more passivated towards pitting corrosion, which is covered by thick and white corrosion
products as shown in figures 12(e) and (f) and EDS result confirms that the corrosion product is Mg(OH),.
Therefore, the refinement of the grains and distribution of second phase particles during severe plastic
deformation processing plays a major role in corrosion resistance which is confirmed through corrosion
morphology studies shown in figure 12.

4. Conclusions

The effects of MDF, ECAP and the combination of both processes on the microstructure, mechanical properties
and corrosion behaviour of Mg-8%A1-0.5%Zn alloy have been investigated.

1. The microstructure of processed magnesium alloys revealed refined grains with reduced grain size. Also, it
is revealed that processing with MDF followed by ECAP is an effective method to obtain well-equiaxed,
homogeneous and uniform grain distribution with ultra-fine grain sizes.

2.MDF followed by ECAP can effectively refine the microstructure of AZ80 Mg alloy and improve its
mechanical and corrosion properties compared to as-received, MDF and ECAP processed samples, the
grain size of MDF-6P + ECAP-2P samples is reduced from 50.20 ym to ~1.29 pm, the YS, UTS and %
elongation are improved from 168 MPa, 189 MPa and 3.2% to 257 MPa, 352 MPa and 11% increased by
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Figure 12. Corrosion morphology of AZ80 Mg alloys (a) As-received (b) ECAP-2P (c) MDF-3P (d) MDF-6P with EDS (e) MDF-

3P + ECAP-2P with EDS (f) MDF-6P + ECAP-2P with EDS.

34%, 46% and 70% respectively. Initially, as-received Mg alloy showed a brittle type of fracture, but further

processing to a higher number of passes lead to a mixed mode of fracture.

3.The MDF + ECAP produced UFG Mg alloy revealed enhanced corrosion resistance in 3.5 wt% NaCl
solution, compared with initial as-received Mg alloy. Corrosion current density (Icorr) decreased from
0.291 mA cm ™ for coarse-grained Mgalloy to 0.017 mA cm > for fine-grained Mg alloys. Enrichment of
corrosion resistance could be caused by grain refinement and uniform distribution of secondary phases.
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