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Abstract: Magnesium alloys offer a lot of potential in the biomedical fields, due to their suitable elastic modulus for human bone,

spontaneous degradability, and excellent biocompatibility, while low absolute tensile or yield strength and barren plastic abilities at
room temperature significantly restrict their applications. As a successful method of enhancing mechanical properties, the hot
deformation process can not only refine the grain sizes and broken sediments, but also introduce the high-density dislocations and

change the texture orientation to improve the strength and plasticity. Based on the microstructure evolution laws, the latest research
progress of Mg-based alloys under various hot deformation processes was reviewed. The differences in the deformation methods of
rolling, forging, extrusion, and high-pressure torsion were compared. Under various hot deformation methods, the mechanism of grain

refinement and the impact of dynamic recrystallization and dislocation propagation on the mechanical properties of Mg alloys were

discussed. In addition, the relationships between microstructure and mechanical properties of hot-deformed Mg alloys were

summarized.
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Till now, the vascular stents and bone repair materials are
commonly composed of inert titanium metal, stainless steel,
Co-based, etc!"'". However, these materials have potential
safety risks such as stress-shielding effect, secondary opera-
tion, and toxic ions release!* ). Fortunately, Mg-based alloys
have received extensive attention in recent years, due to their
excellent biocompatibility and spontaneous degradability™".
The specific application and evaluation methods of medical
Mg in vivo/vitro are shown in Fig. 1°°7%, Regrettably, the
weak mechanical strength and poor forming ability of Mg
alloys easily result in automatic attenuation, ectopic torsional
collapse, and even no-remonitory fracture® *”. As a result,
how to improve and match the mechanical properties of
medical Mg alloys has become a key problem to be solved
urgently.

More critically, the mechanical strength meeting the
standards is the essential prerequisite and fundamental
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guarantee for safe implantation and precision processing.
Until now, the principal techniques for enhancing the
mechanical properties of medical magnesium alloys are
element micro-composite, heat treatment, hot deformation,

etC[40—42

I, The element micro-composite can refine grain sizes
and reduce the degree of segregation in unit volume.
However, it induces large-scale low-temperature -eutectic
compounds at the triangular grain boundary, reducing the
mechanical toughness and fatigue endurance of materials™ **.
The heat treatment can eliminate the solute segregations and
improve strength through partial supersaturated solid solution
precipitation. While, due to a long processing time, grain
growth leads to the deterioration of material mechanical

46 Meanwhile, it is not easy to precisely control

properties
the grain sizes, morphology, and distribution of the second
phases. The hot deformation can smash the continuous second

phases and introduce high-density dislocations, which
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Fig.1 Application of medical Mg alloys in orthopedic devices (a)*, bone implant (b, d)****), and vascular field (c)®*; biodegradable magnesium

alloy in vitro and in vivo evaluation (e)*"; complete screw degradation and bone healing process (f)"*!

improves the overall mechanical properties of the mate-
rials™” . In particular, the precipitation of ultra-fine nanocry-
stals and semi-coherent interfaces under large plastic defor-
mation significantly enhance the strength and plasticity. It is
also found that the multi-pass small deformation hot-rolling
can significantly improve the mechanical characteristics of
medical Mg/Zn-based alloys™". In addition to ensuring the
mechanical properties, its corrosion resistance is improved
considerably.

Therefore, based on the microstructure evolution charac-
teristics, the latest progress of medical Mg alloys is reviewed.
Moreover, the grain mechanism, dynamic
recrystallization, and the impact of dislocation growth on the
mechanical properties of medical Mg alloys under rolling,

refinement

forging, extrusion, and high-pressure torsion processes are
summarized and compared. The essential relationship between
microstructure and mechanical properties of hot-deformed
medical Mg alloys is further summarized. Finally, future
development of medical magnesium alloys is reviewed.

1 Hot Deformation Classification

1.1 Rolling deformation

At present, rolling deformation is a widely used process in
the precision forming of medical magnesium alloys, which
can significantly improve the mechanical characteristics by
eliminating the internal defects, pressing the internal structure,
and refining the grains. In particular, high reductions and
multi-pass rolling can further enhance the mechanical support
of the implanted metal in the body. For example, Wang et al®™
revealed the microstructural features and mechanical
characteristics of biodegradable Mg-2Zn alloy. The results
show that after different single-pass rolling treatments, the
yield strength (YS) and ultimate tensile strength (UTS)
increase from 78 and 126 MPa to 180 and 245 MPa,
respectively, which is caused mainly by twin and dynamic
recrystallization, leading to a considerable drop in grain size
as rolling reduction increases. Thus, it can improve the

strength of Mg-2Zn alloy. Meanwhile, Wang et al®”
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investigated  the  microstructures and  mechanical
characteristics of the multi-pass rolled Mg-2.5Nd-0.5Zn-0.5Zr
alloy. Research results reveal that after 3rd-pass, 311.9 MPa in
UTS and 272.4 MPa in YS can be obtained, because the grain
is refined throughout the multi-pass hot rolling, resulting in a
small average grain size of 4.25 pm.

On this basis, Wang et al® discussed the mechanical
characteristic of medical Mg-2Zn alloy after multi-pass rolling
with different degrees of deformation. Fig. 2 illustrates the
grain refinement mechanism during rolling processes. It can
be observed that when the rolling reduction increases from
50% to 91%, the third pass produces the nanocrystalline
microstructure. The reason is that the twin-induced dynamic
recrystallization is continuously improved. Meanwhile, results
point out that with increasing the rolling reduction and rolling
passes, the YS and UTS reach up to 223 and 260 MPa from 80
and 135 MPa, respectively. This is caused mainly by the
continual grain refinement, which increases the alloy * s
strength. Meanwhile, the Zn segregation dramatically
enhances the nanocrystal stability.

In addition to the effects of rolling pass and reductions on
the mechanical characteristics of medical Mg alloy, the rolling
temperature can also change its strength. For example, Liu et
al®™ investigated the mechanical attributes of sheets made of
Mg-6Gd-1Er-0.5Zr at various rolling temperatures. The
results point out that 367 MPa in UTS, 349 MPa in YS, and
9.1% in elongation can be achieved at 300 °C, showing the
best mechanical properties. This is due to the production of
the bimodal microstructure at 300 °C, which contains a lot of
dislocations and equilibrium Mg(Gd, Er) precipitates. Thus,
the alloy keeps a good strength-ductility balance. Deng et al®™
investigated the impact of rolling treatment on the
microstructural characteristics of WE43 alloy. The results
show that in as-cast, cold-rolled, warm-rolled, and hot-rolled
WEA43 alloy, the YS is 99.8, 27.8, 327.5, and 178.4 MPa, and
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UTS is 130.7, 284.1, 346.7, and 251.2 MPa, respectively,
which is primarily due to the significantly refined alloy grains
caused by increased rolling temperature. The as-cast alloy is
composed of Mg, Y, and a small amount of Mg, Nd, phase.
The Mg, Nd, second phase precipitation and dispersion in the
grain boundaries increase by dynamic recovery during hot
rolling, which contributes to the strengthening effect of alloys.

Additionally, Mao et al®” studied the change of strength for
the as-rolled biodegradable Mg-2Zn-0.05Ca. The findings
demonstrate that the UTS and YS of rolled alloys dramatically
reach 257 and 237.6 MPa, respectively. This is due to the fine
single-phase grains formed after rolling. The solid-solution
strengthening is another significant contributing factor to the
increased strength. Furthermore, the rolled Mg-2Zn-0.05Ca
demonstrates potential as medical implants by successfully
balancing mechanical strength and corrosion resistance.
Meanwhile, Gungor et al® investigated the change of strength
of the homogenized and hot-rolled Mg-3Zn-0.2Ca-0.3Mn
alloy. Research results point out that after rolling, the YS
changes from 57 MPa to 146 MPa, and UTS changes from
145 MPa to 229 MPa. However, the elongation is reduced
from 7.0% to 1.6%.
decreases

This is mainly because grain size
which Ca,Mg/Zn,
precipitation formation after rolling. Thus, the YS and UTS

significantly, promotes
increase considerably. However, the increased densities of
micro-cracks caused by more significant volume fraction of
the Ca,Mg.Zn, phase harm or damage the elongation.
Compared with the standard rolling process, twin roll
casting, as a cutting-edge international technology, can
achieve better plate strength and elongation through a short
process to avoid premature failure of implanted metal. For
example, Hou et al®™ discussed the in vitro evaluation on
mechanical integrity of the twin roll casted (TRCed) ZX11
magnesium alloy. The findings demonstrate that the alloy after
TRC has adequate mechanical strength with an increase in YS
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to 213 MPa and UTS to 256.2 MPa. This is because grain size
decreases with TRC, and the strength of the alloy is enhanced
by the interaction of dislocations with newly generated twin
boundaries. Subsequently, Dargusch et al” assessed the
mechanical characteristic of a TRCed rare earth-free Mg-Zn-
Ca alloy. The results indicate that with good refinement (grain
sizes below 150 um), the TRCed Mg-0.5Zn-0.5Ca sheet
displays UTS and elongation of 221.9 MPa and 9.3%,
respectively. This is because the TRC process results in
dynamic recrystallization. Thus, better grain refinement can
be obtained, and the Ca,Mg,/Zn, phase is concentrated along
the grain boundaries. Thus, the mechanical properties are
continuously improved. Moreover, the alloy with TRC may be
used in cranial and maxillofacial fixation devices. The rolling
process has the characteristics of mass production and high-
performance production. Medical magnesium alloy implanta-
tion mainly aims at the profiles and plates required by specific
position. However, it is rarely involved in some small
complex components or special-shaped asymmetric structural
parts.

1.2 Forging deformation

Compared with rolling, forging makes the internal structure
of biomedical metals change significantly. After forging, the
interior of the alloy becomes more compact, and the defects
such as pore and shrinkage cavity are eliminated, which
greatly improves the mechanical properties. In particular, the
implanted metal after multi-pass and multi-direction forging
has excellent development prospects in the biomedical field.
For example, Duley et al! discussed the microstructural
change of Mg-4Zn-0.5Ca-0.16Mn alloy with single-pass
forging at different temperatures. The findings demonstrate
that the alloy forged at 573 K has smaller deformed grains
than at 523 or 623 K, and that the distribution of second phase

AT

623 K

Fig.3 Optical microstructures and grain size distributions of the forged and annealed specimens

Forged and anneal

particle in the 573 K-forged alloy is evener, because the
forged alloy has a higher area proportion of dynamic
recrystallization grains beyond expectation. On this basis,
Duley et al® further verified the effect of annealing
treatments on strength of forged Mg-4Zn-0.5Ca-0.16Mn alloy,
as shown in Fig. 3; it shows that after forging followed by
annealing for 5 min, the highest YS and UTS of 142 and 241
MPa can be obtained at 573 K, and the elongation is 20%,
15%, and 14% at three temperatures. According to Eq.(1-4),
the total theoretically YS (o,.) can be calculated by the
contributions of grain size (o), precipitates (o,,), and
dislocations (o). The highest YS and UTS are obtained at
573 K with annealing for 5 min, which is because of the high
dislocation density, and the aggregation of precipitates.
However, the oriented grains grow selectively at 573 K, which
makes the grain size gradually uneven, so the elongation of

the alloy decreases.
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Additionally, Merson et al'™ discussed the influence of
multi-axial isothermal forging (MIF) on the mechanical
properties of Mg-1Zn-0.2Ca alloy. It is indicated that after
S-passes forging at 300—400 °C, the YS reaches 100 MPa, the
UTS reaches 200 MPa, and the elongation at break is
improved by 14% up to 25%. This is due to the fact that after
MIF processing, the alloy has a completely recrystallized
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structure with the average grain size of 2.9 pm, so the strength
and plasticity are significantly improved. Moreover, the MIF,
followed by warm-rolling, can obtain an excellent balance
between strength and flexibility.

Compared with the above methods, multi-directional
forging (MDF) can not only save materials, but also make the
structure more compact. For example, Ramesh et al®!
discussed the mechanical characteristic of the Mg-2%Zn alloy
via MDF. The findings demonstrate that the Mg-2%Zn alloy
with 3-passes of MDF at 280 °C possesses the highest YS and
UTS, reaching 152 and 238 MPa, respectively. With a further
increase to 5-passes MDF, the elongation is improved to 21%,
whereas YS and UTS fall to 123 and 196 MPa, respectively.
After 3-passes, it is attributed to the alloy’s strain hardening
and grain refining. Twin density is reduced, but DRX
increases during the S5-passes of the MDF, changing the
texture. As a result, the strength of Mg-2%Zn alloy decreases,
and elongation increases gradually with more MDF passes.
Moreover, ball burnishing can enhance the mechanical
characteristics of Mg-Zn alloy.

Meanwhile, Bahmani et al®' used MDF to achieve a high-
strength magnesium alloy. It is found that after MDF at 220
and 300 °C, YS increases from 168.12 MPa to 202.72 and
174.11 MPa, and UTS increases from 190.19 MPa to 241.01
and 223.21 MPa, respectively. This is mainly because the
deformed grains are refined and more evenly distributed after
forging, and the properties are continuously improved.
However, with the increase in temperature, the grain size
increases, and second phase Mg,Ca is gradually dispersed, so
the strength decreases. Subsequently, Gerashi et al®
investigated the improvement in strength of Mg-4Zn-0.3Sr
prepared by MDF. Research results point out that after the
MDF process, the grain size decreases from 57.1 pum to 9.2
um, and ultimate shear strength (USS) increases by 15 MPa. It
is explained by the fact that after 6-passes of MDF,
considerable grain refinement has been accomplished. In the
secondary stage, the microstructures are finer and more
uniformly distributed following the MDF process. Besides,
when MDF is carried out at a high temperature (280 °C), the
dendritic microstructure is vanished. Additionally, Huang et
al”" analyzed the medical Mg-Gd-Y-Zn-Ag-Zr MDFed parts
with  inhomogeneous microstructure and mechanical
anisotropy. As shown in Fig.4, there are more tension twins in
the center, which induce more dynamic recrystallization.
Thus, grains in the center are finer than those in the edge.
Also, there are different deformation degrees and dynamic
recrystallization degrees, and the size distribution is uneven.
In the center and the edge, the YS is 295 and 234 MPa, the
UTS is 364 and 335 MPa, and the elongation is 4.8% and
5.2%, respectively. This is primarily caused by the dynamic
precipitation of the f phase, which is mainly dispersed in the
DRXed grain boundaries, and limits grain expansion via the
Zener-pinning effect. Thus, the alloy’s strength after MDF is
increased, and its strength change meets the initial
implantation requirements, while its strength loss and early
failure need to be verified. Till now, the forging process

requires a high mechanical performance, by which its
production parts bear a high mechanical load, so it is
vulnerable to harm. As a result, it is essential to be aware of its
potential safety risks.

1.3 Extrusion deformation

Compared with the above two deformation methods, the
extrusion process owns a three-dimensional stress state and
has more advantages for plastic working. It can enable the
metal to give full play to its maximum shaping, improve its
UTS, reduce its distortion, and
implantation. For example, Kang et al'® assessed the Mg-Zn-
Y-Nd alloy’s strength after the hot extrusion. The findings
demonstrate that after extrusion, the YS and UTS increase
from 118 and 126 MPa to 250 and 290 MPa, respectively.
This is primarily because hot extrusion brakes up the eutectic

even fracture after

and block phases into smaller pieces and refines the grains,
strengthening and synergetic
deformation and enhances strength. Moreover, the alloy that
has been hot extruded and subsequently heat-treated has the
finest cytocompatibility. Panemangalore et al® studied the
mechanical characteristics and microstructure of extruded Mg-
Zn-Ca-Er alloys for bio-medical applications. The outcomes
demonstrate a rise in the YS and the UTS, reaching 128 and
225 MPa, respectively. This is mainly caused by the uniformly
distributed secondary phases of the MgZn, type that is formed
during hot extrusion, and the grains are refined. Moreover,

which improves particle

due to the effect of Er element on particle strengthening, the
Mg-Zn-Ca-Er alloy demonstrates the maximum strength.

Du et al”™ researched the microstructure and mechanical
property of the Mg-Zn-Y-Nd alloy with various extrusion
ratios and extrusion passes. Research results indicate that as
the extrusion ratio increases from 7 to 14 at 460 °C, the tensile
yield strength (TYS) and the UTS decrease from 191 and 258
MPa to 138 and 235 MPa, respectively. With the increase in
extrusion passes, the TYS and UTS increase significantly to
297 and 320 MPa, respectively. It is mainly due to the
precipitation strengthening of Mg-Zn-Y-Nd alloy, since the
secondary phases are refined by the increase in extrusion ratio
based on Eq.(5). Meanwhile, because of continued dynamic
recrystallization, the grains and precipitates are refined
through many extrusion passes. With expanding the extrusion
pass, the secondary phases and grains are refined, increasing

the strength.

Ao, =M Gb . ! lng %)
2n/ 1 — v d / T b
Ja4-1

Liu et al”" pointed out the role of extrusion temperature and

extrusion ratio on the mechanical and microstructural
of biodegradable Mg-Zn-Gd-Y-Zr alloy.
According to the findings, when the extrusion temperature

characteristics

increases, the alloy’s mechanical characteristics at =6 firstly
increase and then decrease. The UTS and YS are 290.1 and
262.5 MPa, respectively at 340 °C, at which the strength
reaches the maximum. The alloy’s strength tends to decline as
the temperature increases at an extrusion ratio of 12. The YS
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Center

1/2R Edge

Fig.4 Microstructures of inverse pole figure (IPF) color images and Kikuchi band contrast (BC) maps of the MDFed medical Mg-Gd-Y-Zn-Ag-
Zr alloys in the center (a, d), 1/2R (b, e), and edge (c, f) regions; SEM micrographs of the MDFed Mg-Gd-Y-Zn-Ag-Zr samples: (g) center,
(h) 1/2R, and (i) edge; enlarged images of A (j), B (k), and C (1) regions in Fig.4g, 4h and 4i, respectively™”

is 234.4, 233.6, 194.3, and 182.1 MPa at 320, 340, 360, and
380 °C, and the UTS is 270.1, 268.3, 245.5, and 228.2 MPa,
respectively. They found that when the temperature is 340 °C,
the bimodal grain structure appears at a lower extrusion ratio,
and complete dynamic recrystallization occurs at a higher
ratio (as shown in Fig.5). The alloy extruded at 1=6 exhibits
inhomogeneous dislocation and larger dislocation densities in
the unDRXed regions.

Compared with common extrusion, the equal channel
angular extrusion (ECAP) deformation process has large
plastic deformation. It can not only reduce the grain size and
homogenization of the microstructure of biomaterials, but also
reduce the texture generated in the previous extrusion process,
significantly improving the comprehensiveness of medical
alloys, and improving  their

magnesium continuously

biodegradability and support performance.

For example, Martynenko et al”” examined the mechanical
characteristics of degradable Mg alloy prepared by ECAP. The
findings show that after ECAP, in comparison to the initial
state, the YS and UTS increase from 92 and 194 MPa to 106
and 215 MPa, respectively, because the ECAP process of the
Mg-Zn-Ca sheet gives rise to grain refinement from initial
values of 106.0 pm to 4 and 8 pm in transversal and
longitudinal ~cross-sections, respectively. Huang et al™
studied the effect of ECAP on microstructure and mechanical
properties of Mg-Ca-MgO composite. The results indicate that
after the 4th ECAP pass on the composite, the highest UTS of
161.1 MPa, TYS of 124.7 MPa, and ductility of 4.3% can be
obtained, because ECAP process induces severe plastic
deformation, resulting in grain refinement and grain size
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Fig.5 EBSD results of the extruded samples: (a,—a,) 7=340 °C, 1=6; (b~b,) =380 °C, 1=6; (c,—¢,) =340 °C, 1=12; (d,~d,) 7=380°C, A=12""")

reduction. The smaller grain size inhibits dislocation motion
and enhances mechanical strength.

Subsequently, Bryla et al™ investigated the microstructure
characteristics and mechanical behavior of Mg-Ag alloys
treated by ECAP. These findings pointed out that after one-
pass ECAP, the YS of the alloy is increased from 30 MPa to
45 MPa, and compressive strength is increased from 220 MPa
to 300 MPa. After double equal-channel angular pressing (D-
ECAP), the YS and compressive strength are further increased
to 62 and 325 MPa, respectively, since ECAP can achieve
significant grain refinement, from 350 um to 38 um (after one-
pass) and even 15 um (after two-passes). Also, after one-pass
of ECAP, there are deformation twins, and after D-ECAP at
the lowest temperature, the grains are refined. Moreover, the
mechanical characteristics are unquestionably improved by
the nano-sized Mg,Ag particles. On this basis, Horky et al™™
enhanced the mechanical characteristics of the Mg-Zn-Ca
alloy through D-ECAP. Research results point out that with

the reduction in deformation temperature to 280 °C, compared
with conventional extrusion, YS rises from 225 MPa to 372
MPa, and tensile strength rises from 256 MPa to 375 MPa. It
is because the area fraction of large grains decreases with
increasing the number of passes, while the grain size
decreases with decreasing the D-ECAP temperature. Thus, the
strength is greatly improved. Additionally, the alloy that has
undergone D-ECAP processing is excellent for biomedical
applications as an absorbable component for osteosynthesis
implants, due to its improved mechanical properties and low
degradation rate. Till now, the extrusion process can produce
medical products such as tubes and rods, whose profiles have
complex shapes, and the product size is accurate. However,
the metal consumption of the process is large, and the
microstructure and properties of the alloy obtained are
uneven, which requires further treatment by other methods.

1.4 High-pressure torsion

Compared with three kinds of deformations above, high-
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pressure torsion (HPT) is another severe plastic deformation
process. It can refine the size of metal particles and the second
phases, and obtain medical magnesium alloy composites with
high plasticity and strength. For example, Ahmadkhaniha et
al’  studied the
characteristics and mechanical behavior of cast pure Mg.

impact of HPT on microstructure
Results reveal that when as-cast pure Mg is treated by HPT
for 1 or 5 turns, the YS rises by roughly 7 times. This is
caused mainly by the fact that the grain size is refined after
only one turn of processing. The microstructure becomes
more homogeneous after 5 turns. Additionally, to describe the
degradation behavior in vivo and in vitro, extra tests were

required. On this basis, Li et al””

revealed the change in
mechanical properties of pure Mg by HPT. The findings
demonstrate that after HPT, the YS and UTS of pure Mg are
significantly improved from 20 and 80 MPa to 117 and 160
MPa, respectively. This is caused by HAGBs, which lead to
dynamic recrystallization and continuous refining of the
grains. Also, the dislocation density gradually increases in the
grains, so HPT considerably improves the mechanical
characteristics. Additionally, even though HPT enhances the
rate of in vitro degradation of HPTed pure Mg, animal testing
and cell viability tests validate the high biocompatibility of
substances.

Li et al”™ studied the mechanical properties of ZEK100 by
HPT. The results show that after 5 turns of HPT, the tensile
strength is increased from 274.6 MPa to 339.3 MPa. Also,
after the HPT treatment for 5 turns at a pressure of 6 GPa, the
alloy’s hardness becomes homogeneous. This is primarily the
outcome of the HPT processing, which reduces the grain size
and increases the number of twins, giving the material a
homogenous microstructure and increasing its strength.
Additionally, HPT-plentiful ZEK100’s refined grains, twins,
and grain boundaries offer more HA crystal nucleation sites,
expanding the range of biological applications for magnesium
alloys.

Subsequently, Li et al™ discussed HPT nanocrystalline Mg-
Zn-Y alloy’s mechanical characteristics and microstructure.
Research results show that the hardness increases from 421.4
MPa to 529.2 MPa after 7 turns, and there is a rising tendency
for the hardness toward the edge. This is primarily caused by
the precipitation of nano-sized MgZn and MgZn, and the
breakage of finer W(Mg,Y,Zn,) phase particles, which
accelerates dislocation development and grain refinement of
the Mg-Zn-Y alloy after HPT processing. Also, the HPT
processing successfully promotes the dissolution of the
nanoscale MgZn and MgZn, phases. Moreover, Mg-Zn-Y
alloy has excellent strength and hardness after it is implanted
into the human body, and it is not easy to deform, such as

%I revealed the mechanical

bending and torsion. Li et alf
characteristics of pure Mg processed by HPT. Research results
demonstrate that the YS of the 293 K-samples rises to 112,
132, and 148 MPa with increasing the numbers of HPT turns
to 1/8, 1, and 10, at which the YS of the 423 K-alloys is 118,
112, and 113 MPa, respectively, remaining reasonably stable.

This is caused by bimodal microstructures with fine grain

sizes after 10 turns of HPT processing. At 293 K, the strain
accumulation gradually refines the microstructure, and when
the rotation increases to 10 turns, dynamic recrystallization
takes place. Therefore, refined grains produce grain boundary
strengthening, and thus the strength is continuously improved.

Additionally, Zhang et al®" discussed the microstructure of
Mg-Zn-Ca alloy that has undergone HPT. Research results
show that after HPT, the alloy has an uneven surface stress
distribution, and the stress in the edge area is higher than that
in the central area. The surface stress decreases initially as the
number of second phases increases. Subsequently, Horky et
al®™ adopted HPT to strengthen biodegradable Mg-Zn-Ca
alloys. The findings demonstrate that HPT enhances the YS
from 64 MPa to 158 MPa and the tensile strength rises from
184 MPa to 242 MPa. It is primarily because HPT-induced
grain refinement boosts the materials’ hardness and strength.
Moreover, after HPT during heat treatment, the densely
packed planes create agglomerates and dislocation loops that
serve as barriers to dislocation movement. Thus, hardness and
YS increase noticeably. These treated alloys are used more
frequently as biodegradable load-bearing medical implants
because of this novel hardening process. Till now, HPT has
the characteristics of fine grain and uniform deformation.
However, it can only produce small volumes of fine grains,
and it is still complicated to prepare large-size samples.
Therefore, the application of HPT is constrained due to the
inability to conduct large-scale production.

2 Summary

According to the findings of previous studies, the
mechanical characteristics statistics of Mg alloys in various

#7921 Based on the statistical-

states are summarized in Fig. 6
graph data, researchers can carry out appropriate hot
deformation processes for different alloys. It can meet the
performance requirements of specific parts and corresponding
medical application effects.

Meanwhile, deformation processing can promote the
formation of dense oxide film-layer on the surface by grain
refinement, crushing second precipitations and decreasing the
microstructure defects, thereby reducing the micro-galvanic
corrosion and improving the corrosion resistance of medical
Mg alloy™ . Even though the current thermal deformation
processing can significantly improve the stability of Mg alloy
implants, it not entirely solves the problem of the durability of
the implanted metal.

3 Future Prospective

1) The healing of the damaged organ not only needs to
maintain the material integrity and mechanical requirements,
but also needs to consider that the corrosion products from the
corrosion reaction must not exceed the body’s absorption
threshold. Thus, it is necessary to regulate the influence of
corrosion products through comprehensive in vivo and in vitro
experiments.

2) Aiming at the uncontrollable release rate and mechanical
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attenuation law of Mg™ ions after implantation in vivo/vitro,
and to fully realize the control of the entire process of medical
magnesium alloys, more studies are required.

3) Till now, single hot deformations show remarkable
limitations, which cannot fulfill the demanding in vivo
implantation standards. Thus, to achieve excellent strength
and corrosion fatigue, the combined action mechanisms of hot
deformation, micro-composite addition, and surface alteration
must be investigated.
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