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Abstract: In this study, the response surface method and finite-element
analysis were employed to model the ECAP processing for biodegradable
magnesium alloy ZK 60 behavior at 250°C. Using Finite-Element (FE)
analysis data was extracted and compared to the what was found by
experimenting in order to investigate the effects of the ECAP processing
parameters on the plastic deformation behavior of the ECAPed samples.
The effective strain and stresses as a function of the number of passes were
investigated. Hardness contour maps perpendicular to ECAP direction were
plotted. Compressive properties of the billets were also examined. The FE
analysis revealed that the maximum stresses were displayed at the corner and
peripheral areas compared to the central areas. Moreover, straining through two
passes of route Bc displayed maximum effective strain of 2.75 recorded in the
top peripheral regions, whereas the central regions displayed 1.25. In addition,
ECAP processing via 2-Bc correlated with rises in Hv values in the samples
peripheries by 125.4% respectively, when compared with the as-annealed
conditions. The compression findings showed also significant enhancement of
the compressive strength compared to the as-annealed counterparts.
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Introduction

With the evolving world and the enhancement in the
living standards; the standards expected from medical
care were raised, with people expecting better medical
care. Therefore, in order to achieve that; researchers
started searching on Biodegradable Metals (BMs) which
are a new category of biomedical material. However,
BMs are metals that gradually corrode in vivo as
expected of materials inserted to the body. Moreover,
these metals assist the healing process of tissues and they
dissolve completely during the process. Therefore,
biodegradable metals should be carefully selected such that
they are not toxic and show an appropriate degradation rate
(Mostaed et al., 2014; Orlov et al., 2011).

Magnesium is a considerable contender in biomedical
applications because of its unique mechanical properties
that resembles human bones (Aung and Zhou, 2010).
Moreover, Magnesium is considered one of the seven
important minerals required for the maintenance of a
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healthy body and it is located in human tissue naturally
(Valiev and Langdon, 2006; Yamashita et al., 2001). Mg
is also an extremely lightweight metal with a density of
1.74-2.0 g/cm® whereas human bones have a density of
1.8-2.1 g/cm® (Yamashita et al., 2001). Mg is a highly
corrosive metal with a negative electrode potential of
-2.363 V (Alvarez-Lopez, 2010). In addition, when used
to aid in tissue recovery and recovery Mg is less invasive
even offering temporary support and it gradually
dissolves or is absorbed by the body afterwards
(Zhang et al., 2016). Therefore, Mg is a degradable
metal that leads to elimination of the post-surgery (Ge et al.,
2013). It is worth to mentioning here that, the major
bottlenecks for using Mg as appropriate selection in
biomedical applications is the metal’s poor corrosion
resistance, its underwhelming ductility and its relatively
low strength, which have always been an obstacle to
the community in the development of Mg technology
(Hu et al., 2017). The poor ductility of Mg is resultant
from its hexagonal closed packed crystal structure,
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which lacks sufficient independent slip systems to
accommodate the global strain (Zhu and Huang, 2001).

However, the most prominent issue with pure Mg is
its low corrosion resistance that leads to fast and
undesirable degradation. Therefore, one way to
overcome the corrosion problem is alloying elements
with changeable concentrations which can be added to
pure Mg to enhance its mechanical properties as well as
its corrosion behavior (Ge et al., 2013).

In selecting the alloying elements, the main focus
should be the enhancement of the mechanical properties
as well as the biocompatibility of the Mg. Improving the
strength of Mg by adding the alloying elements can be
done by means of solid solution strengthening and grain
refinement (Valiev and Langdon, 2006). However, some
investigations were conducted on Mg alloys that contain
alloying elements such as Al and rare-earth element and
they both showed toxicity. For instance, Al might leads
to Alzheimer’s disease whereas yttrium might cause liver
toxicity (Miyamoto et al., 2008).

Moreover, Zinc (Zn) is considered a suitable alloying
element in biodegradable magnesium alloys (Hu et al.,
2017), because it is found in the human body’s tissues and it
is one of the most abundant nutrition elements/Minerals in
the human body. Moreover, Zn is soluble in Mg in
quantities up to 6.2 wt.% (Song et al., 2019; Li et al., 2011).
Zn improves the mechanical properties of Mg, its
corrosion behavior and its ductility (Zhu and Huang,
2001; Tong et al., 2010). In addition, (Ding et al., 2010)
found that the addition of zirconium reduces the corrosion
rate and improves the strength of magnesium. Therefore,
the ZK 60 alloy was chosen to be investigated in this
research based on the information provided.

The grain refinement process achieved by Severe
Plastic Deformation (SPD) techniques is an appropriate
method used to improve both the mechanical and
corrosion properties of Mg alloys as a result of Hall-
Petch strengthening and the homogeneous distribution of
precipitates, respectively (Mostaed et al., 2014; Orlov et al.,
2011; Aung and Zhou, 2010; Valiev and Langdon, 2006;
Yamashita et al., 2001; Alvarez-Lopez, 2010; Ge et al.,
2013). SPD is a metal forming process where a very high
strain is forced on a bulk solid without changing the
overall dimensions of the solid which leads to an
exceptional grain refinement (Valiev and Langdon,
2006). SPD techniques are some of the most successful
techniques in refining existing materials into
nanostructured materials (Zhu and Huang, 2001). It is
worth mentioning here that the utilization of SPD
techniques leads to grain refinement and to the break-up
of second-phase particles which improves corrosion
resistance (Qiang et al., 2014).

One of the modern SPD techniques that reduce the grain
size to sub-microcrystalline scale (0.1-0.2 pm) is Equal
Channel Angular Pressing (ECAP) process (Zhu and
Huang, 2001; El Garaihy, 2020). In recent years, the results
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of the ECAP on Mg alloys have been investigated.
However, those studies generally focus on mechanical
properties (Mostaed et al., 2014; Yamashita et al., 2001;
Li et al., 2011; Tong et al., 2010; Ding et al., 2010). In
ECAP process, a billet is extruded through a die with two
channels intersecting at an die angle ® and with an angle of
curvature y (Shaeri et al., 2019; Nassef et al., 2015). The
common routes are: Route A, with no billet rotating
between subsequent passes; route Ba, the sample is
rotated 90° clockwise and counterclockwise in alternate
passes; route B. with billet rotating 90° between the
subsequent passes; and route C, the sample is rotated
180° (Nassef et al., 2015; Wang et al., 2019). Among the
different ECAP routes, route B. can be considered as the
most effective route for grain refinement, whereas both
route A and B. are the most effective routes for
improving the mechanical properties (Tong et al., 2010;
Howeyze et al., 2018). In ECAP process, the equivalent
strain imposed to the billet can be calculated from the
following relationship (Priela et al., 2019):

N {ZCot[(’D;l//j + yxcosec((pzwﬂ

N

This study was instigated to determine the effects of
ECAP processing on the mechanical properties of
biodegradable ZK 60. Accordingly, the aim of this study
is to provide a more detailed mapping of the ECAP
process through numerical modeling to study the effective
induced stress-strain behaviors and their distribution after
multiple passes of ECAP processing. The veracity of the
numerical model is gauged by investigating the hardness
distribution across the sample’s transverse section and its
compressive properties after deformation.

geq =
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Simulation and Numerical Modeling

Finite Element (FE) analysis was performed to
display the imposed strain and stress distribution during
ECAP processing. In addition, the FE analysis
parameters were examined side by side with compared to
the experimental geometries in order to investigate the
effects of the geometric, material and process parameters
on the plastic deformation behavior of the magnesium
alloy billet during the ECAP process.

To simulate the ECAP process, the cold forming
extrusion module was used. The model consisted of the
plunger, the 2-halves of the ECAP die and the ECAPed
billets. For clarity and improved visualization, all parts were
invisible apart from the billet during simulation. The 2-
halves die, plunger and billet were modeled as a rigid body
made of an imaginary non-formable material. The
Magnesium alloy ZK 60 was selected from the built-in
library as the material of the work-piece. The mechanical
and thermal properties were pre-described. Furthermore,
hexahedral mesh, typically used to model 3-Dimensional
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(3D) regular shapes, was used with mesh size of 0.5 mm
which yielded a total number of nodes of 9500 to 15000
elements depending on specimen’s degree of distortion
which increased in each pass. The ECAPed material was
modeled as an isotropic linear elastic and strain hardenable
rigid plastic material. Tracked elements were located at the
plane in the middle of the specimen at the edge where max
strain occurs and at the center where SPD has the lowest
effect. Ram speed was adopted to be 0.05 mm/s. Coulomb
friction model was used with die friction factor 0.05.

Experimental Procedure

The experimental procedures and tests were
conducted using a ZK 60 biodegradable magnesium
alloy. ZK 60 billets were received in the form of long
billets with a diameter of 20 mm and a length of 50 cm.
The ZK 60 billets were sectioned into ECAPed samples
of 50 mm length and 20 mm diameter to be used in
further investigations using a high precision cutting
Machine (METACUT 302). ECAP processing was
conducted through 1 pass (1-P) and 2 passes of route B
(2-Bc) at 250°C using a 100 kN universal testing
machine under a constant ram speed of 10 mm/min. For
homogenization of the microstructure, the samples were
annealed at 430°C for 16 hours followed by furnace
cooling. In this study, a 2-half ECAP die was
manufactured from high strength steel (W302) as
shown in Fig. 1. The ECAP die channels intersect at a
die angle of @ = 90° with an angle of curvature y =
20° which imparts an equivalent strain of about 1.05

per pass according to Equation 1. The billets were
lubricated using a graphite-based lubricant and
pressed into the ECAP die.

After the ECAP process, the billets were polished to a
mirror like finish. Vicker’s micro hardness (Hv) values
were measured from the ECAPed billets’ centers to the
peripheries of the billets’ transverse sections of the top
part of the ECAPed samples to assess the hardness
variation along the ECAPed billets. The hardness test
was carried out under an applied load of 1 kg for 15 s.
Individual values of Hv were recorded across the
diameter of each aforementioned part in the billet in
incremental steps of 0.5 mm. The results were presented
after an average was taken from them with a minimum
of three indentations per site. Additionally, the micro-
hardness profiles and the extent of homogeneity were
illustrated by color-coded outlines created to display the
hardness distribution along the transverse and
longitudinal directions of the ECAPed samples.

The compressive properties of the extruded billets
were studied using cylindrical samples with a 20 mm
diameter and 30 mm long. Compression samples were
processed by machining according to the American
Society for Testing of Materials’ (ASTM/E9) standards
for short specimens with a Length to Diameter ratio (L/D
ratio) of 1.5. A minimum of three samples were tested
per condition. Compression test was conducted on a 100
kN universal testing machine. The ZK 60 billets were
tested before and after ECAP processing at a strain rate
of 1x1073 S~! at room temperature.

Fig. 1: Micrograph of the 2-halfes ECAP die
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Results and Discussion
Numerical Analysis

Figure 2 shows the effective stresses distribution
contours and a sectional view of the stresses distribution
for the ECAPed specimens processed via 1-P and 2-Bc,
coupled with a sectional view of the stress distribution
along the longitudinal and transverse sections. Similar
displays of the strains distribution for the ECAPed
samples processed via 1-P and 2-Bc are shown in Fig. 3.
The plunger and die have been removed for better
visualization and depiction. As shown in Fig. 2a to 2c,
the maximum stresses of the corner and the peripheral
areas are displayed, compared with the central areas.
This could be due to the specimen contacting the applied
pushing force from the plunger, which vyielded
comparably higher Hv values at the top part.
Accordingly, Fig. 2c shows the processed billet after
processing via 1-P, where the maximum stress
experienced was in the range of 100.051 MPa occurring
in the top peripheral regions. On the other hand, the top
central region recorded lower stress values of 68.785
MPa. The lowest recorded stress values were in the
lower central regions of 6.253 MPa. Whereas the lower
peripheral regions experienced stresses in the range of
18.76 MPa in the transverse top section as shown in Fig.
2c. As shown in Fig. 2e, straining via 1-P showed a
homogenous distribution of the imposed stress along the
transverse section of 31.266 MPa in the middle portion
of the ECAPed ZK 60 alloy.

It is worth mentioning here that, as ECAP straining
continues for multiple passes, more strain was induced.

Effective stress

Max. 100.051
Min. 0.000

FormingFe3D-90-1p-zk
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Accordingly, increasing the straining up to 2-Bc resulted
in increasing the maximum stress up to 99.688 MPa
recorded in the peripheral regions, whereas the top
central regions recorded 68.936 MPa as shown in Fig.
2b, 2d. The transverse plot showed more homogeneity in
stress distribution compared to its 1-P counterpart, which
recorded a maximum stress of 44.335 MPa as shown in
Fig. 2f. Additionally, from Fig. 3 it is clear that
processing via 1-P experienced a maximum effective
strain of 1.8 on the top peripheral regions. Whereas
the top central regions showed an effective strain of
0.542. Similar to the stress distribution plots, the
lower portion of the sample showed a lower effective
strain of 0.338 as shown in Fig. 3c. Similar behavior
was observed in the strain distribution across the
transverse section where the effective strain ranged
between 1.875 in the peripheral regions to 0.625 in the
central regions as shown in Fig. 3e.

Increasing the straining via ECAP up to 2-Bc resulted
in increasing the effective strain up to 2.75 recorded in
the top peripheral regions on the longitudinal section,
whereas the central regions revealed 1.25 as shown in
Fig. 3b, 3d. The same strain values were recorded in the
transverse section where the effective strains ranged
between 2.75 in the peripheral regions to 1.25 in the
central regions as shown in Fig. 3f. Additionally, Fig. 4
shows the processing force versus time for the ZK 60
alloy processed through 1-P and 2-Bc. As shown in Fig.
4 the maximum required force to process the ZK 60
through 1-P is 16 kN. Increasing the straining up to 2-Bc
resulted in decreasing the maximum processing force to
13 kN which can be attributed to strain softening due to
the dynamic recovery resulting from multiple passes.

100.00% (forming)
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Effective stress
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- 93.798
81.292
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Effective stress
MPa
| 99.688
93.538
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®

Fig. 2: Stress distribution in ECAPed ZK 60 samples (a, b), longitudinal sectional view of the stress distribution (c, d), transverse
sectional view of the stress distribution (e, f) processed through 1-P (a, ¢, €) and 2-Bc (b. d, f)

Effective plastic strain

FormingFe3D-90-1p-zk 100.00% (forming)
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100.00% (forming)
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Fig. 3: Effective strain distribution in ECAPed ZK 60 samples (a, b), longitudinal sectional view of the strain distribution (c, d),
transverse sectional view of the strain distribution (e, f) processed through 1-P (a, c, €) and 2-Bc (b. d, f)

Table 1: Average Values of (Hv) measured at centre and peripheries

Vickers micro-hardness average values (Hv)

As-annealed 1-P 2-Bc
Centre 55 75 87
Near peripheries 101 124

Furthermore, Fig. 5 shows the relation between the
stress and time at the peripheries and center of the ZK 60
billets processed through 1-P and 2-Bc. Similarly, the strain
comparison is shown in Fig. 6. As shown in Fig. 5, the
maximum average stress in the 1-P condition was 60 and 59
MPa, at the peripheries and center of the sample,
respectively. On the other hand, the maximum average
stress in the 2-Bc condition was 58 and 52 MPa, at the
peripheries and center of the sample, respectively, which is
agrees with the relation between the processing force and
time shown in Fig. 4. In addition, the effective average
strain imposed on the ZK 60 billets processed through 1-P
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was 1.15 and 0.61 at the sample’s periphery and center,
respectively as shown in Fig. 6. Increasing the straining via
ECAP by increasing the number of passes up to 2-Bc
resulted in increasing the effective strain to 2.3 and 1.2 at
the sample’s peripheries and center, respectively.

Hardness Variation

Shown in Table 1 is the average Vickers micro-
Hardness values (Hv) of the as-annealed ZK60 billets at
the peripheral and central areas alongside after ECAP
processing via 1 and 2-Bc. The as-annealed billet has
homogenously distributed hardness with an average
hardness reading of 55 Hv. From Table 1, it is clear that
the Hv values increased with increasing the number of
ECAP passes, which occurred as a result of strain
hardening which caused the predominant effect of
increasing dislocation density.
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Fig. 4: The ECAP force versus time during processing through1-P and 2-Bc
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Fig. 5: The ECAP stress versus time during processing throughl1-P and 2-Bc at the sample peripheral and central regions
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Fig. 6: The ECAP effective strain versus time during processing through1-P and 2-Bc at the sample peripheral and central regions

1-P processing via ECAP yielded a 36.4% increase in
the Vickers micro-hardness (Hv) values of the billet’s
central area, while processing up to 2-passes via Bc (2-
Bc) resulted in a notable increase of 58% in (Hv) values
when put in comparison with the Hv of the as-annealed
samples. In addition, the peripheral regions of thw
billets” ECAPed via 1-P and 2-Bc passes, respectively,
displayed 83.6 and 125.4% increases in Hv value, when
put in comparison with the as-annealed samples.
Accordingly, the Hv values that were found at the
peripheral regions surpassed that of the central regions,
this could be linked to the high friction induced at the
die-billet’s interface, which resulted in the increased
strain hardening effect at the peripheries, which caused it
to surpass that of the center. These findings are
consistent with Balogh et al. (2010), they reported in
previous work that the micro-hardness values in the ZK
60 alloy displayed a small increase between the 1 and the
4 passes threshold and then slightly decreased after being
processed by eight ECAP passes (route Bc) through a
90° die-set at 200°C.

In addition, a hardness contour map displaying the
hardness distribution along the transverse cross section
of the ECAPed billets versus distance measured from the
billets” centre to periphery regions is shown in Fig. 7a.
From Fig. 7a and 7b, it can be revealed that there is a
significant increase in the Hv after the first pass and then
a slow increase with the increase of the number of
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passes. From Fig. 7a- up to- Fig. 7b, the hardness
contour maps revealed that Hv-values become more
uniform when the number of passes is increased from
1 to 2-Bc, respectively. From Fig. 7, it is clear that,
the lowest hardness values were noticed at the central
region of the ECAPed sample, then the Hv values
increase radially.

As shown in Fig. 7, processing via 1-P revealed
34.4% and 83.6% increases in the Hv values at the
central and peripheral regions, respectively, when put in
comparison with to the as-annealed condition. This
invariably implies that the distribution of Hv-values is
largely inhomogeneous across the billet’s transverse
section. (Fig. 7a). However, the homogeneity of the
hardness distribution of the billets across their transverse
section is directly proportional with the number of passes
as shown in Fig. 7b. ECAP via the 2-Bc route correlated
with rises in Hv values across the center and peripheries
by 58% and 125.4%s respectively, when compared with
the as-annealed conditions. This indicates a rise in the
uniformity of the deformation across the billets’ cross
section as the number of passes increased. This
discovered surge in hardness at the peripheral regions
in comparison with the center is due to the friction
between the billet’s and ECAP die’s walls.
Accordingly, this agree with the simulation plots for
the effective stress and strain imposed to the ECAPed
samples as shown in Figs. 2 and 3.
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Fig. 7: Color-coded contour for the Hv- values recorded on the top transverse cross section of the ECAPed processed billets
through: (a) 1-P and (b) 2-Bc
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Accordingly, ECAP processing is usually
accompanied with production, multiplication and
locking of dislocations processes which results in
formation of Low Angle Grain Boundaries (LAGBS)
and High Angle Boundaries (HAGBs) and finally,
formation of UFG materials (Kyungjin Kim and
Yoon, 2010; Segal, 2018), which inhibit dislocation-
glide thus leading to strengthening the material
(Martynenkoa et al., 2018). This increase in strength
and in hardness in the ECAPed billets could be
ascribed to the homogeneous refined structure
developed during the process. The increase in both
hardness and strength of the ZK 60 billets can be
explained by the substantial grain refinement resulting
from the fact that SPD follows the Hall-Petch
equation (Suresh et al., 2019). Accordingly, there is a
directly proportional relation between finer grain sizes
and the area of grain boundaries, where finer grain
sizes produce a higher surface area of grain
boundaries to obstruct the motion of dislocations.
Consequently, developments may occur in the ultrafine
substructure within the sheared grains of the as-annealed
sample, which may occur as dislocation cells or
subgrains depending on the misorientation angles.

Furthermore, in all SPD techniques the hardness and
strength are significantly impacted by strain hardness,
where strain hardness aids in their enhancement. The
formation and multiplying in the number of HAGBs due
to the rise of shear strain can be attributed to two
reasons: (1) New HAGBs are formed by grain
subdivision processes and (2) after the new HAGB
molecules are formed, both the pre-existing Grain
Boundaries (HAGBs) and new ones undergo an
extension process to an extent proportional to strain
(Suresh et al., 2019). Meanwhile, dynamic recovery
occurred normally, with the only difference is that
multiplication of dislocations in the sample occurred at a
faster rate than those conventionally countered by
dynamic recovery. This net increase in dislocations
formed an excess of them within grains and near grain or
sub grain boundaries which furthermore made
dislocation glide more difficult. Thus, the dislocation
density in the deformed samples increased with as we
did more ECAP passes, both due to dislocation
multiplication or the formation of new dislocations. The
conclusive result afterwards was that the motion of a
dislocation was hindered by the presence of other
dislocations due to reasons explained above, which
agreed with the discovered significant increase of
hardness after ECAP processing (Huang et al., 2020;
Elhefnawey et al., 2020; Ma et al., 2019; Yuan et al.,
2019; Yang et al., 2019).
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Compressive Properties

To analyze and establish the mechanical properties of
the materials under compression loads, a compression
test is conducted. This test is done by applying the
compression loading to a cylindrical sample which has a
low height to diameter ratio. Unlike in tension tests
where the maximum stress is reached when the necking
becomes significant just before the sample is torn, the
max compression is reached when the cracking of the
compression sample is reached.

Table 2 lists the changes in the Ultimate
Compressive Strength (UCS) and fracture strain (&) of
the ECAPed samples side-by-side to the as-annealed
one. Moreover, Fig. 8 shows the UCS and &r variation
as a function of ECAP passes compared to the as-
annealed billets. As shown in Fig. 8, a significant
improvement in the ultimate compressive strengths
were observed after processing via 1-pass coupled
with a decrease in the ductility. The stress-strain
curves showed that using ECAP to impose intense
SPD produced a work-hardened material with
improved yield and ultimate compressive strengths.
These improvements are a result of the multiplication
of dislocations and their interaction together. As
shown, a trend was discovered where compressive
properties increase with increasing the number of passes.

The highest ultimate stress was that of the sample 2-
B. while the 1-P sample had a close value. Slight
oscillations of the curves (just before reaching the
ultimate compression stress) are visible near the end. The
segments of the curves between the yield and ultimate
points is almost linear for all the samples which reveals
the ductile properties of the material.

From Fig. 8 and Table 2, it becomes apparent that
the UCS showed an increase of 39.8% coupled with a
decrease in the fracture strain by 11% after processing
through 1-P when compared to the as-annealed
samples. Cumulative straining up to 2-Bc revealed
additional increasing of the UCS by 10% coupled with
additional decrease of the fracture strain by 12.5%
compared to the 1-P counterpart. This increase in
UCS coupled with the extra number of passes affected
both the uniform and non-uniform strain when put in
comparison with the as-annealed samples. Such an
impact is ascribed to the accretion of strain following
each pass, resulting in the increased UCS percentages
due to strain hardening.

Table 2: The compressive properties for the ECAP processed
samples compared with the as-annealed condition

No. of pass ou (MPa) &t

As received 221 27
1-P 309 24
2-Bc 340 22
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Fig. 8: Graph showing the compressive properties variation as a function of increasing ECAP passes of ZK 60 alloy

The present investigation confirmed the potential for
achieving UFG structure on the Nano-scale level, hence
producing high UCS ZK 60 alloy billets processed
through ECAP. This significant increase in the alloy’s
strength after ECAP processing is caused by the newly
obtained homogeneous UFG microstructure which
constituted a significant strengthening element according
to the Hall-Petch equation (Balogh et al., 2010;
Kyungjin Kim and Yoon, 2010; Dumitru et al., 2014;
Sabbaghianrad et al., 2018). The rate of strength increase
of the ECAP processed billets increased by increasing
the amount of shear strain as displayed in Fig. 3. This
can be attributed to the UFG evaluated via ECAP
processing. The higher the amount of shear strain, the
more the refinement of the structure. In addition, the
increment of the precipitation of intermetallic phases in
the matrix of the material leads to increasing the strength
of the processed ZK 60 alloy (Dumitru et al., 2014).

It is worth mentioning here that, the compression
tests of ZK 60 alloy, heated up to 200-250°C were
followed by continuous dynamic recrystallization which
are associated with dislocation slips (Galiyev et al.,
2001). During ECAP, dislocation motion was obstructed
by the grain boundaries which led to entanglement of the
dislocation network. The entangled dislocations can be
easily rearranged into dislocation and sub-grain boundaries
(Kuhlmann-Wilsdorf, 1996). Further operation of the
ECAP process would cause the dislocation spawning
continue generating dislocations in the sub-grain interior.
The dislocations move across the sub-grains and are
absorbed by the sub-grain boundaries, causing them to be
more mis-oriented. Consequently, the LAGBs persistently
evolved into HAGBs, which is a considered a continuous
dynamic recovery and recrystallization process of sorts.
The slip dislocations were mostly consumed in the

308

transformation from LAGBs to HAGBs. Therefore, we can
conclude that further straining is more effective in
increasing the misorientation of the grain boundaries.
However, the grain refinement is not as effective, compared
with other methods (Hea et al., 2010) and hence, processing
through 2-Bc revealed less improvement in the mechanical
properties than 1-P processing.

Conclusion

In this study, the effect of Equal Channel Angular
Processing (ECAP) on the mechanical characterization
of ZK 60 alloy was investigated. In addition, this was
study undertaken to validate the deformation capabilities
of ECAP through a combination of numerical and
experimental analysis. The effective stress and strain
induced as a result of ECAP deformation, the evolution
of the hardness distribution and the compressive
properties of biodegradable magnesium alloy are
outlined. The following results summarize the most
significant achievements of this work:

1. The FE analysis revealed that the maximum stresses
were displayed at the corner and peripheral areas
compared to the central areas

Straining through 1-P resulted in increasing the
maximum stress up to 100.051 MPa, recorded in the
peripheral regions

Processing via 1-P yielded a maximum effective strain
of 1.8 in the top peripheral regions, whereas the top
central regions showed an effective strain of 0.542
Increasing the straining up to 2-Bc resulted in
increasing the effective strain up to 2.75, recorded in
the top peripheral regions. Whereas the central
regions experienced an effective strain of 1.25
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5. ECAP processing via 2-Bc correlated with rises in
Hv values across the center and peripheries by 58%
and 125.4% respectively, when compared with the
as-annealed conditions

6. Cumulative straining up to 2-Bc revealed an

increase of the UCS by 53.8% coupled with a
decrease in the fracture strain by 18.5% compared
with the as-annealed counterpart
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