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Abstract: Reports in the literature show that severe plastic deformation can improve mechanical
strength, ductility, and corrosion resistance of pure magnesium, which suggests good performance
for biodegradable applications. However, the reported results were based on testing of small samples
on limited directions. The present study reports compression testing of larger samples, at different
directions, in pure magnesium processed by hot rolling, equal channel angular pressing (ECAP),
and high pressure torsion (HPT). The results show that severe plastic deformation through ECAP
and HPT reduces anisotropy and increases strength and strain rate sensitivity. Also, scaffolds were
fabricated from the material with different processing histories and immersed in Hank’s solution for
up to 14 days. The as-cast material displays higher corrosion rate and localized corrosion and it is
reported that severe plastic deformation induces uniform corrosion and reduces the corrosion rate.

Keywords: magnesium; biodegradable material; scaffold; severe plastic deformation; mechanical properties

1. Introduction

Magnesium and its alloys are considered leading metallic materials for bio-degradable
applications due to a combination of biocompatibility, corrosion rate, and mechanical
properties. Recent papers reviewed the advances in the general use of magnesium [1],
the progress in in vivo studies [2] and the use of magnesium for bone repair and regen-
eration [3]. Scaffolds, which are porous implant structures, display great potential for
tissue regeneration [4] and orthopedic applications [5]. The interconnected pores allow
tissue ingrowth and facilitate the transport of oxygen, nutrients, and byproducts of cell
metabolism [6]. Many parameters affect the performance of these devices including the
porosity fraction, geometry, and distribution of pores. Some of the requirements and ad-
vances in scaffold design for orthopedic implants have been reviewed [5]. Typical scaffolds
types are described in the literature [5], including functionally graded porous scaffolds [7].

Yet, the fabrication of magnesium scaffolds with controlled degree of porosity re-
mains a challenge due to the requirement of connection between the pores and minimum
diameter without compromising the overall structural integrity. Some of the techniques
that have been used to produce magnesium scaffolds include additive manufacturing [8]
and space holder techniques such as negative salt pattern molding [9–12] or entangled
titanium wires [13]. These techniques prevent the use of thermo-mechanical processing to
improve the properties of the material. Other fabrication techniques that can be used to
produce scaffolds from wrought magnesium include electrical discharge drilling [14], laser
drilling [15], and conventional drilling [16,17].
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Research in recent years has focused on tailoring composition and processing oper-
ations that will optimize the performance of magnesium, which include improvement
in biological response to the material, controlling corrosion type and corrosion rate, and
improving strength and ductility. It is known that pure magnesium exhibits good bio-
compatibility and in vivo experiments showed good biological response to magnesium
implants [18,19]. The corrosion behavior of magnesium depends on purity levels [20] and,
therefore, the experimental results vary significantly. One of the main constraints for the
use of pure magnesium as a biodegradable implant is its low mechanical strength. In
addition, ductility of magnesium and its alloys might be an issue for applications in which
plastic deformation can be expected.

Thermo-mechanical processing is a common way to change the structure and improve
mechanical properties of metallic materials in general and it is also effective for magnesium
and its alloys. Also, thermo-mechanical processing seems to improve corrosion resistance
and an example of this trend is the decrease in corrosion rate observed in dilute magnesium
binary alloys after processing by hot rolling [21]. Therefore, it is of great interest to
evaluate the effect of thermo-mechanical processing in the performance of magnesium for
biological applications.

Severe plastic deformation (SPD) has attracted significant attention in recent decades,
as processing operations are able to refine the grain structure of metallic materials more
effectively than conventional thermo-mechanical processes such as rolling and extrusion.
The finer grains produced by SPD are associated with improved mechanical strength [22,23]
and recent papers have shown that exceptional ductility is observed in ultrafine grained
pure magnesium [24,25]. On top of the improvements in mechanical properties, it has been
proved that rolling, equal-channel angular pressing (ECAP) [26], and high pressure torsion
(HPT) [27] processing do not compromise biocompatibility and may improve corrosion
resistance [28–30].

Although the results reported in the literature show that HPT processing displays
extraordinary potential to improve the performance of magnesium for biodegradable
applications, some sample size issues remain as a concern as it can impact the materials’
response in some tests. For example, most of the data on mechanical strength of samples of
magnesium processed by HPT were collected from microhardness tests [31,32] or tensile
tests in miniature samples [25,30] in which the loading direction is usually parallel to the
disc rotation direction. This can impact the results since it is known that the mechanical
behavior of magnesium is anisotropic and strength and ductility depends on sample
direction [33,34]. Also, it is known that electrochemical tests are not an appropriate method
to estimate corrosion rate in magnesium and hydrogen evolution tests can be affected
by sample size. Therefore it is possible that the corrosion rates reported in the literature
underestimate the real values for samples processed by HPT, which usually display less
than 1 mm in thickness. Thus, the present work aims to clarify these points by carrying out
compression tests at different directions in larger samples of pure magnesium processed by
rolling, ECAP, and HPT and by evaluation of the corrosion rate in a real scaffolds with high
surface area. These processing routes were selected because a previous study showed they
can significantly alter the microstructure, mechanical properties, and corrosion behavior of
pure magnesium [29].

2. Materials and Methods

The material used in the present experiments was commercial purity magnesium
(>99.7%) provided by Rima (Bocaiúva-MG/Brazil). The material was received in the
as-cast condition. A sheet with ~8 mm thickness was cut and rolled, at ~100 mm/s, to
~4 mm thickness in multiple passes. The sheet was heated in a furnace at 673 K for 10 min
before each rolling step. After reaching the target thickness, the sheet was air cooled to
room temperature.

A sheet was rolled to 5 mm thickness, cut into 5 × 10 × 60 mm3 slabs, cleaned using
acetone, and stacked to produce a 10 × 10 mm2 cross section. The stacked sheets were
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processed by 4 passes of ECAP using a die with 135◦ between channels. The ECAP die was
heated to 473 K and the material was inserted 10 min before ECAP processing in order to
homogenize the temperature with the die. ECAP processing was carried out for 4 passes
with a 180◦ rotation between passes. No bonding is observed between the slabs during
ECAP processing and the 5 × 10 × 60 mm3 samples were used in the investigation.

Additionally, discs with 30 mm diameter and 7.5 mm thickness were machined from
the as cast material and processed by HPT to 5 turns using a quasi-constrained machine
operating at a nominal pressure of 2 GPa at room temperature.

Compression tests were carried out from samples extracted at different directions
from the rolled sheet, ECAP processed billets and HPT processed discs. A total of 8
different conditions were evaluated. Figure 1 illustrates the direction and nomenclature
for the compression specimens. The specimens had different dimensions, but a height
to thickness ratio of 1.5 was maintained. The dimensions of the smallest specimen were
2.6 × 2.6 × 4.0 mm3 and the dimensions of the largest were 5.0 × 5.0 × 7.5 mm3. The
tests were carried out with different initial cross head displacement, i.e., strain rates. A
total of 21 tests were carried out to evaluate the effect of processing history, direction
and strain rate. The load and displacement data were converted to stress and strain
considering homogeneous deformation. The elastic portion of the stress vs. strain curves
were associated to the elastic modulus of magnesium in order to take the elastic distortion
of the machine into account.
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Figure 1. Illustration of the direction of compression specimens machined from the different samples.

Six scaffolds were produced by machining of the as-cast, rolled, ECAP, and HPT
processed materials. Machining allows the control of dimensions of holes and degree of
porosity and can produce interconnected holes. The cubic specimens had ~4 mm edges.
Holes were drilled in the cubic specimens using 4 steps of 1 mm depth drilling each. The
drilling was carried out at 6000 rpm and 100 mm/min. Two tools were used to produce
1 or 0.5 mm diameter holes. Care was taken during drilling to produce continuous and
intersecting holes.

Thus, 4 cubic scaffolds with 4 holes with 0.5 mm diameter in each face were produced
from the as-cast, rolled, ECAP, and HPT processed materials. Additionally, 2 cubic scaffolds
with 1 hole with 1.0 mm diameter in each face were produced from the as-cast and the
material processed by ECAP. The scaffolds were immersed in a solution of 10% nitric acid
with 90% ethanol to remove residues of the machining processes and to attain a polished
surface. Figure 2 shows the appearance of a scaffold in which 4 holes with 0.5 mm diameter
were drilled in each surface.
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Figure 2. Example of a cubic scaffold, with 0.5 mm holes, used in the present investigation.

Each scaffold was immersed in approximately 200 mL of Hank’s solution for 14 days
at room temperature. A funnel was used to collect H2 and the volume of gas was used
to estimate the corrosion rate. A detailed description of this experimental technique is
available elsewhere [35]. The volume of hydrogen, VH2 , was tracked and related to the
mass loss of magnesium, m, using Equation (1).

m =
PVH2

RT
× MMg (1)

where P is the gas pressure, R is the universal gas constant, T is the absolute temperature,
and MMg is the molar mass of Mg. The corrosion penetration rate, CR, was calculated using
Equation (2).

PR =
mMg

St
(2)

where S is the surface area and t is the time of exposure. Corroded samples were observed
in a scanning electron microscope after 14 days.

3. Results
3.1. Compression Tests

Figure 3 shows the stress vs. strain curves for tests with initial strain rate of 10−4,
10−3, and 10−2 s−1 in the material with different processing histories. A curve obtained
for this material in the as-cast condition [36] is also shown, together with the curves of
the material processed by rolling, for comparison. A significant anisotropy, different
mechanical response at different testing direction, is observed in the material processed
by hot rolling. Processing by rolling is known to develop a characteristic texture in which
a large fraction of the basal planes of the h.c.p. structure becomes parallel to the sheet
plane [37,38]. Therefore, it is expected that the compression axis will be nearly parallel
to the c-axis for most of the grains and twinning can be suppressed for tests along the Z
direction. As a consequence, the material displays a high strength in this direction. On
the other hand, twinning is expected to play a major role during compression along the Y
direction. The results show low yield stress and sigmoidal curves in this condition, which
is considered as a twinning signature [39–42]. The shape of the curves agree with what
was reported in a hot rolled AZ31 magnesium alloy subjected to compression at similar
directions [38].



Metals 2021, 11, 1791 5 of 11

Metals 2021, 11, x FOR PEER REVIEW 5 of 11 
 

 

twinning signature [39–42]. The shape of the curves agree with what was reported in a 
hot rolled AZ31 magnesium alloy subjected to compression at similar directions [38]. 

The anisotropy seems to decrease in the material processed by ECAP and testing 
along the three orthogonal directions reveal yield stress within a narrow range of 100~130 
MPa. Careful inspection shows that all curves display an increase in slope at a strain of 
~0.05, which suggests twinning is active in this material tested in these conditions. 

Compression tests were carried out at only two different strain rates in the material 
processed by HPT due to a reduced number of samples in this condition. The curves for 
tests at 10−2 s−1 show a continuous decrease in slope for testing along direction Z and sig-
moidal shape curves for testing along R and θ directions. This suggests twinning signa-
ture is only observed along R and θ directions and dislocation slip controls deformation 
along Z direction. HPT processing is known to produce a similar texture as in hot rolling 
in which the basal planes of the majority of the grains tend to align parallel to the disc 
surface [23,43]. Therefore, the shape of the curves agree with the observed in the rolled 
material. However, it is apparent that the yield anisotropy is lower in this material com-
pared to the hot rolled material. It is also interesting to note that all curves display a sig-
nificant decrease in the level of flow stress and a continuous decrease in slope when test-
ing at 10−4 s−1. This shows that this material display a significant strain-rate sensitivity and 
suggests that decreasing the strain rate prevents twinning in this material. 

 
Figure 3. Compression stress vs. strain curves obtained at different loading directions and strain 
rates for the pure magnesium processed by (a) rolling, (b) ECAP, and (c) HPT. 

Figure 3. Compression stress vs. strain curves obtained at different loading directions and strain
rates for the pure magnesium processed by (a) rolling, (b) ECAP, and (c) HPT.

The anisotropy seems to decrease in the material processed by ECAP and testing along
the three orthogonal directions reveal yield stress within a narrow range of 100~130 MPa.
Careful inspection shows that all curves display an increase in slope at a strain of ~0.05,
which suggests twinning is active in this material tested in these conditions.

Compression tests were carried out at only two different strain rates in the material
processed by HPT due to a reduced number of samples in this condition. The curves for
tests at 10−2 s−1 show a continuous decrease in slope for testing along direction Z and sig-
moidal shape curves for testing along R and θ directions. This suggests twinning signature
is only observed along R and θ directions and dislocation slip controls deformation along Z
direction. HPT processing is known to produce a similar texture as in hot rolling in which
the basal planes of the majority of the grains tend to align parallel to the disc surface [23,43].
Therefore, the shape of the curves agree with the observed in the rolled material. However,
it is apparent that the yield anisotropy is lower in this material compared to the hot rolled
material. It is also interesting to note that all curves display a significant decrease in the
level of flow stress and a continuous decrease in slope when testing at 10−4 s−1. This shows
that this material display a significant strain-rate sensitivity and suggests that decreasing
the strain rate prevents twinning in this material.

Additional tests were carried out using a low strain rate of 10−6 s−1 in five samples
and Figure 4 shows the curves obtained. The curves from the material processed by ECAP
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show no indication of twinning activity. It seems that the material displays a near perfect
plastic behavior when tested along directions Y and Z in which deformation takes place
under a constant flow stress level. The curve for the sample tested along the X direction
shows a slight strain-hardening behavior in which the strain hardening rate decreases with
increasing strain. A similar behavior was observed in the material processed by HPT and
tested along the Z direction, although the level of flow stress is significantly lower. It is
interesting to note that the flow stress is larger for the sample processed by hot rolling
and smaller for the HPT processed material. This is attributed to the structure refinement
produced by SPD. It has been shown that pure magnesium displays inverse Hall-Petch
behavior at very fine grain sizes when tested at low strain rates [44,45].
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tested at 10−6 s−1.

3.2. Immersion Tests

Cubic scaffolds with 4 mm edge were immersed in Hank’s solution for 14 days and the
volume of hydrogen produced by corrosion is shown in Figure 5, after being normalized
by the exposed area of each sample. The calculated corrosion penetration rate is also
shown. The data for a small disc sample of the as-cast material from the literature [28]
is also shown for comparison. The results show that the scaffold produced from the as-
cast material corrodes faster than its counterpart processed by rolling and severe plastic
deformation. The total volume of hydrogen produced during corrosion is ~10× larger in
the former. There is only a minor difference between the amount of hydrogen produced
during corrosion of scaffolds produced from the material processed by rolling, ECAP, or
HPT. The corrosion penetration rate in these materials vary slightly, but are limited to less
than ~0.4 mm/year.

It is important to note there is a significant difference in volume of hydrogen, normal-
ized by the sample surface area, in samples of the as-cast material with different shapes
and exposed surface areas. It is apparent that the amount of hydrogen decreases with
decreasing sample surface area as it decreases with decreasing the number of holes on the
scaffold and a 10 mm diameter thin disc [28], which display the lowest surface area, also
display the lowest volume of hydrogen. This is attributed to a sample size effect in this
test. Some of the hydrogen produced during corrosion is dissolved in the Hank’s solution
and released to the environment outside of the funnel. This leads to underestimation of
the corrosion rate. This affects significantly the results from tests of small samples with
reduced surface area.
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Figure 6 shows the appearance of the scaffolds after being immersed in Hank’s solution
for 14 days. The as-cast material displays the highest damage with largest volume of
material being corroded. Also, the corrosion in this case seems localized as a corner of
the sample was totally corroded during immersion and the remaining of the scaffold
underwent much lower corrosion. The scaffolds produced from the processed materials
preserve the original shape, which suggests these materials undergo uniform corrosion.
However, it is important to note that the corrosion products filled the holes in the scaffold
produced from the rolled material and it seems the holes are still preserved in the materials
processed by severe plastic deformation (ECAP and HPT). EDS analysis of the composition
of the corrosion product layer that covered the surface of the scaffolds reveal significant
amounts of C, O, Na, Mg, P, and Ca. This shows that elements from the solution are
deposited on the surfaces of the magnesium scaffolds. Similar composition of corrosion
product layer has been reported in pure magnesium immersed in Hank’s solution with
glucose [46]. However, mainly Mg and O are present in the area in which localized
corrosion took place in the scaffold produced from the as-cast material, suggesting that the
elements absorbed from the solution might aid on developing a protective surface layer
and preventing localized corrosion.
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Figure 6. Appearance of scaffolds fabricated from pure magnesium in the as-cast condition and after
processing by rolling, ECAP, and HPT. EDS analysis of composition of the surface of the corroded
scaffolds are also presented.

4. Discussion

It is known that the compression behavior of coarse grained polycrystalline magne-
sium and its alloys depends on previous processing and texture and is anisotropic [33,36].
Also, significant difference in stress vs. strain curves are observed in similar materials
when tested in tension or compression [41,42,47]. Although some differences are noted
when comparing the present curves with a previous report in which tensile tests were used
to determine the mechanical behavior of pure magnesium in the as cast condition and after
processing by hot rolling, ECAP, and HPT [29], it is clear that yield stresses of ~100 MPa
can be obtained in pure magnesium after processing by severe plastic deformation. This is
significantly larger than the observed in the as-cast material. Also, the present results show
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that such strength does not depend on loading direction, as it is apparent that anisotropy
decreases in the material processed by SPD.

On the other hand, the gain in strength is observed in samples tested in the strain rate
range 10−4~10−2 s−1 and a significant drop in strength is observed in the material processed
by HPT when tested at a very low strain rate of 10−6 s−1. This shows that processing by
HPT can reduce the resistance for applications in which the material is subjected to long
periods of loading. Such decrease in strength at this low strain rate is not observed in the
material processed by ECAP though. This shows that optimization of the SPD processing
is important to attain the best performance in magnesium. The present results confirm that
the hydrogen evolution test depends strongly on sample size. The results for the as-cast
material showed more than a two-fold increase in the volume of hydrogen per area in
the sample with larger volume and larger exposed area. Still, the material processed by
rolling, ECAP, and HPT display a very low corrosion rate in the tests with large samples,
which confirm that thermo-mechanical processing improves corrosion resistance. The main
observation of the present results though is that the processed samples did not display signs
of localized corrosion. This is clearly observed in the scaffolds fabricated from the material
processed by SPD (ECAP and HPT), which maintain the shape and open holes after 14
days of immersion in Hank’s solution. This observation agrees with the suggestion of
occurrence of a pseudo-uniform corrosion in materials processed by SPD [48] and confirms
previous observations of uniform corrosion in small samples of pure magnesium processed
by HPT [28]. It is important to note that a decrease in corrosion resistance was reported in
pure magnesium after processing by HPT [30]. This opposite trend in the present study
might be attributed to composition effects since it is known that minor differences in
composition and purity can affect significantly the corrosion resistance of magnesium [20].

5. Conclusions

Commercial purity magnesium was processed by hot rolling, ECAP, and HPT from
the as-cast condition. Compression tests at different directions and strain rates were carried
out and scaffolds were fabricated from the different materials and subjected to immersion
in Hank’s solution.

The material processed by hot rolling displays significant anisotropy in mechanical
behavior and low strain rate sensitivity. The material processed by rolling followed by
ECAP displays lower anisotropy and a higher strain rate sensitivity. The material processed
by HPT shows low anisotropy and the highest strain rate sensitivity.

An improvement in strength is obtained by processing magnesium using SPD tech-
niques, but the material processed by HPT displays a reduced resistance at a very low
strain rate of 10−6 s−1.

Hydrogen evolution test shows a large dependence on the sample size. The samples
processed by hot rolling, ECAP, and HPT display a significantly higher corrosion resistance
compared to the as-cast material.

The scaffold fabricated from the as-cast material underwent localized corrosion and
lost its shape after 14 days of immersion in Hank’s solution. The scaffolds produced
from the material processed by SPD (ECAP and HPT) show high corrosion resistance,
maintained its shape, and the scaffold holes were still open after 14 days of immersion.
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