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It is demonstrated that the mechanical properties and corrosion resistance of Mg-2.5 wt%Zn-1wt%Ca
alloy are enhanced by the microstructural changes imparted by hot extrusion. A processing procedure is
developed to form hollow tubes with an outer diameter of ~2.0 mm and wall thickness of ~0.1 mm, which
is well suited for subsequent stent manufacturing. The influence of thermal and mechanical processing
on corrosion and plasticity was found to be associated with grain-size reduction and the redistribution
of intermetallic particles within the microstructure, providing significant improvement of performance
over the cast alloy. Observation of the fracture surfaces reveals a mode transition from brittle (cast) to
ductile (processed). Enhanced mechanical properties and decreased resorption rate represent signifi-
cantly improved performance of this alloy after the novel processing sequence. Based on the improved
properties, the produced Mg alloy is more suitable for practical in vivo applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biodegradable implants with satisfactory mechanical proper-
ties provide significant advantages in certain applications, as the
requirement for a second surgical procedure for removal is elim-
inated. Early use of magnesium alloys as a resorbable biomaterial
dates from the 1930s [1,2]. One problem commonly encountered
is that the rapid corrosion experienced in the body, leading to the
accumulation of subcutaneous gas bubbles [3]. The interest in mag-
nesium alloys has been reactivated as new compositions with much
lower dissolution rates have been developed.

Degradable magnesium alloys have significant advantages over
biodegradable polymers and ceramics as potential biomaterials
due to their appropriate mechanical properties and excellent
biocompatibility, especially in cardiovascular disease treatment
[4,5]. Conventional implant stents typically use corrosion resis-
tant metals such as stainless steels, Ti, Co, and Cr based alloys.
The stents remain in the body permanently even when they are no
longer needed [6,7]. Biodegradable polymers and ceramic-based
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composites, although promising, but they may not provide suf-
ficient strength, ductility, or biocompatibility for orthopedic
applications [8,9]. It is therefore essential for an orthopedic
biodegradable implant to have a degradation rate that matches the
healing or regeneration process of blood vessels.

The advantages of Mg alloys over other biomaterials as a
replacement of permanent vascular implants have attracted con-
siderable attention [10]. However, both in vitro and in vivo
evaluations of the current Mg alloys show that they degrade much
faster than desired [11,12]. Therefore, there is of great interest to
enhance the mechanical properties and reduce the corrosion rate
to satisfy the requirements of cardiovascular disease treatment in
biological stress environment [13]. Magnesium alloys are difficult
to deform because of the poor ductility caused by their hexagonal
structure and limited slip systems. Thus, it is necessary to develop
processes that can simultaneously enhance the plasticity and con-
trol the rate of biodegradation.

Numerous studies have addressed separately the mechanical or
corrosion properties, while none of them considered the influence
of processes on both performance aspects of implant stents. It is
desirable to maintain the required mechanical strength of Mg alloy
implant stent when it degrades at a prescribed rate. From the cor-
rosion perspective, different surface modification techniques have
been used for improving corrosion resistance [14-16]. However,
the rate of degradation increases sharply once the specially treated
surface is dissolved [17-19]. For most metals, improvements
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in mechanical properties and corrosion resistance can also be
effectively achieved through alloying and processing [20,21]. In
addition, for medical Mg alloys, the biocompatibility of many allo-
ying elements is limited [22-24]. Moreover, most of the research
on biodegradable Mg alloys focused on original alloys, ignoring
the dynamic response when it is processed from one state to
another. Some processing steps are necessary for the manufacture
of the implant stent when it is transformed from the original alloy
to the desired geometrical shape. Thus, the properties of alloys
are inevitably altered in this process [25]. Based on the compli-
cated processing routines for a precise micro-tube, the difference
between processed samples and original ones are explored in this
work.

Ca and Zn elements are reported to have good biocompatibil-
ity [19,23,26]. The mechanical and corrosion properties of cast
Mg-Zn-Ca with different compositions have been extensively
investigated as the most promising biodegradable materials. It is
also reported that yield strength of Mg alloys increased with RE
additions, corrosion rates also systematically increased, however,
this depended on the type of RE element added and the combina-
tion of elements added [27]. In this paper, based on design of alloy
composition, we introduced a typical processing sequence required
for forming Mg-Zn-Ca alloy tubes with ~2 mm outer diameter
and ~0.1 mm wall thickness. There is a high demand of these
micro-tubes for stent applications. The optimum design of alloy
composition, vacuum melting, heat-treatment, integrated plastic
deformation and micro-tube forward extrusion are included in
the processing technique. Significant improvements in mechanical
properties and better corrosion resistance were achieved through
this processing sequence. This work aims to determine whether the
grain size or plastic deformation during the forming processes of
implant stent are the predominant factors controlling the degrada-
tion response, and to what extent the mechanical properties and
corrosion resistance of Mg-2.5Zn-1Ca alloy can be altered simulta-
neously by the processes imparted, when taking into account that
both of them would influence each other during the degradation
process for a implant stent.

2. Experimental procedures
2.1. Preparation of materials and heat-treatment

The composition of the experimental alloy was Mg-2.5wt
%Zn-1wt%Ca. Commercially pure Mg (99.99 wt%), Zn (99.99 wt%)
and Mg-10wt%Ca intermediate alloy powders were melted and
cast in vacuum induction melting furnace (Institute of Vacuum
Technology, Shenyang, China) in a high purity argon atmosphere.
Differential scanning calorimetry (DSC) was performed (Netzsch -
400, Germany) at constant heating and cooling rates of 10 K/min
between 20 and 600°C to evaluate the thermal properties of the
cast samples. The results of analysis were used for selecting the
temperature for heat-treatment and subsequent plastic deforma-
tion. The cast ingots were subjected to solution heat-treatment
and homogenizing annealing. The solution heat-treatment temper-
atures were 390 +5°C, 410+ 5°C and 430 + 5 °C; the holding time
was 24 h. The annealing temperatures were 390+ 5°C, 400+ 5°C
and 410 4 5 °C; the holding time was also 24 h. All treated samples
were ultrasonically cleaned in distilled water and dried in air before
further characterization.

2.2. Hot extrusion

A cast ingot was machined into cylinders with a diameter of
72 mm after the oxide skin was removed. The extrusion equipment
was a 3150 kN hydraulic pressure machine (Tianduan Press Co. Ltd.

China). The extrusion die temperature was set at 300+ 5°C, and
the sample was heated in a muffle furnace (SRJX-4-13, Shanghai
Zhongheng Instrument Co. Ltd. China) prior to extrusion. The extru-
sion speed was set at 4 mm/s. The extruded rod diameter is 12 mm,
representing an extrusion ratio of 36:1. The extruded rods were
machined into tubular billets with outer diameter of 10 mm and
inner diameter of 3 mm. These tubular billets were subjected to
conventional tube extrusion at 360 &5 °C. The sample was put in
the die and the two were heated together to ensure an accurate
pressing temperature. Tubes with outer diameter of 3.0 mm and
wall thickness less than 0.16 mm were obtained; this is close to the
desired size of micro-tubes for stent implants. Further processing
steps are needed to manufacture microtubes with precise size.
These steps include slight drawing, straightening and polishing,
which have negligible influence on the properties of material. Even-
tually, we got a micro-tube with outer diameter of ~2.0 mm that
satisfied for an implant stent manufacture.

2.3. Microstructural characterization

First, the cast and extruded samples were polished and etched
with a mixture of 2ml of acetic acid (36%), 2ml of nitric acid
(68%), and 196 ml of water. Microstructures of all the samples were
then observed in a MeF3 optical microscope (Reickert-Jung Co.
Austria) after mechanical polishing and etching with Nital. Scan-
ning electron microscope (JSM-5600LV, JEOL Ltd. Japan)-energy
dispersive spectrometer (Kevex-7000, USA) (SEM-EDS) analysis
was performed to investigate the elemental distribution. X-ray
diffractometry (D/max-yB rotating anode XRD, Rigaku Co. Japan)
using Cu K, radiation was employed for the identification of
the constituent phases in the cast, heat-treated, and extruded
samples.

2.4. Mechanical testing

Standard surface-smooth tensile samples were machined
according to American Society of Testing Materials (ASTM) interna-
tional standards ESM-93. The length and cross-sectional diameter
of the specimens were 17 mm and 4 mm respectively. The tensile
tests were carried out in a universal material testing machine (AG-
10TA, Shimadzu Co. Japan) with a strain rate of 0.05 mm/s, at 20°C.
To control the precision, 3 samples were tested as a group for each
tensile test. Tensile strengths, yield strengths and elongations of
Mg-2.5Zn-1Ca were established from the stress—strain curves.

2.5. Corrosion testing

The preparation, cleaning, and evaluation of corrosion testing
were carried out according to ASTM G1-1999; the immersion
test was conducted according to ASTM G31-72 (2004) in Hank’s
solution, one of the most commonly used balanced salt solutions
in biomedical experiments. The cylindrical corrosion test sample
size is 20 mm diameter and 3 mm height. In particular, because of
the relative bulk of the micro-tube, immersion test was conducted
with a surrogate sample processed according to the same method-
ology, maintaining the same extrusion ratio. Experimental samples
were immersed in a 50 ml solution for 8 days at a temperature of
37°C. Three samples were tested in parallel for each group. The
samples were removed from Hank’s Balanced Salt Solution, rinsed
with distilled water, dried at room temperature, and subsequently
ultrasonically cleaned in a solution of 200 g/L CrO5; + 10 g/L AgNO;
(Sinopharm Chemical Reagent Co. Ltd. China) at room temper-
ature for 10 min. Corrosion resistance variation of samples was
monitored by the pH value of the corrosion media. The corrosion
weight loss rate was used for calculating the average corrosion
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Fig.1. DSC curves for the cast alloy at constant heating and cooling rates of 10 K/min.

rate. Corrosion morphologies of Mg alloy after immersion in Hank’s
solution for 8 days were characterized by SEM.

2.6. Statistical analysis

To investigate the results of mechanical and immersion test,
Student’s t-test of significance was executed by SPSS (statistical
product and service solutions) 13.0 for statistical analysis. The test
is applied to analyze the significance of difference between two
average values, when the sample size is under 30. T distribution
theory is used to infer differences in the probability of occurrence,
thereby determining whether the differences of the two are mean-
ingful.

3. Experimental results
3.1. Processing temperature

Cast samples were tested by DSC to establish their potential
phase transitions and processing temperatures, as shown in Fig. 1.
Both heating and cooling curves show that there are no obvious
endothermic or exothermic peaks from 340 to 370°C. Reactions
are observed between 390 and 420°C, and are marked in Fig. 1.
Therefore, taking into account poor ductility due to thermal loss
and possible grain growth due to overheating, hot extrusion was
conducted at approximately 360 °C to keep material deformation
at a stable microstructural state. The subsequent heat-treatment
procedures were conducted within this temperature range for this
reason.

3.2. Microstructure evolution

The evolution of the distribution of intermetallic particles
and the compositional distribution imparted by processing are
illustrated in Fig. 2. Fig. 2(a) illustrates the initial structure, char-
acterized by a large average grain size of ~180 pm. The cast alloy
is composed of large irregular cellular grains; there is some pre-
cipitation along grain boundaries, which is distributed in spotty
or intermittent shapes. The microstructure characteristic of large
grains leads to poor plasticity. As shown in Figs. 3(a) and 4, the X~
ray diffraction spectrum as well as EDS results indicate that the
alloy is mainly composed of a-Mg phase and Ca;MggZns inter-
metallic, present as a precipitate. Fig. 2(b) shows the grain structure
of the alloy processed by homogenizing annealing and solution
treatment. The microstructure tends to be uniform and dendritic
segregation is reduced or eliminated. Fig. 5(a) shows the back-
scattering topography for samples after a series of heat treatment.
White spots dispersed in matrix and along the grain boundary rep-
resent the precipitates we mentioned above. Element contents of
those precipitates were tested by EDS and the results indicated that
composition of them are still Ca,MggZn3 intermetallic. Fig. 2(c)
shows the grain structure of the alloy extruded with a ratio of 36:1

and Fig. 2(d) shows the grain structure of the alloy extruded to
a micro-tube based on the extruded rod. The eutectic structure
in grain boundaries broke down and dissolved into the alpha-
Mg matrix. The foregoing illustrated Ca;MggZns phase was not
detected by XRD, as shown in Fig. 3(b), however, traces of it was
detected by back-scattering test, as shown in Fig. 5(b). It means
that remarkable grain refinement took place along with precipitate
fragmentation. The extruded alloy is composed of smaller and com-
paratively regular grains. The cellular grains disappear and large
numbers of fine equiaxed grains appear. A small amount of den-
drites can also be observed. The average grain size of the extruded
rod is ~26 pm. This grain size is reduced to 10 wm for the micro-
tube extrusion.

The distribution of intermetallic particles in cast alloys is illus-
trated in the SEM micrograph and EDS images in Fig. 4. Fig. 4(a)
shows 2-3 pm granular precipitates distributed in the matrix and
bands of precipitates distributed along the grain boundary. Fig. 4(b)
indicates that the weight percentage of Zn (1.20wt%) and Ca
(0.44 wt%) are lower than the original alloying composition. This
is likely due to the low solid solubility of Zn and Ca in the Mg
matrix. As shown in Fig. 4(c) and (d), the mole fractions of Mg,
Zn and Ca in granular precipitation are 73.20%, 16.24% and 10.56%
respectively; the corresponding values in the grain-boundary pre-
cipitation bands are 94.32%, 3.51% and 2.17%. EDS data analysis
revealed that the atomic ratio for Ca:Zn is about 2:3 both in gran-
ular and band precipitates. One can establish that the precipitates
are CapMggZns [26], which could also be verified by XRD results, as
shown in Fig. 3(a).

3.3. Mechanical characterization

The addition of Zn is known to strengthen Mg alloys. However,
it can also reduce the corrosion resistance when it is higher than
2.5%. It may also have potential toxic influence on the biological
environment [28]. Therefore, the Zn content was fixed at 2.5 wt¥%.
The addition of Ca was adopted because of its excellent biocompati-
bility and potential to influence the mechanical properties. Fig. 6(a)
shows the mechanical properties of specimens with Ca content
ranging from 0.3 wt% to 1.5 wt%. It is clear from Fig. 6(a) that the
alloy has the highest yield strength and elongation when the Ca
content is 1wt%. Therefore, a Mg alloy with a nominal composi-
tion Mg-2.5Zn-1Ca (wt%) was selected for further investigation
because of its higher yield strength and elongation. The mechanical
properties were evaluated by tensile tests at room temperature fol-
lowing four processing procedures. The yield and tensile strengths
of original alloy are 125 and 216 MPa, respectively, with 15% tensile
elongation. Fig. 6(b) shows that the overall mechanical properties
of specimens improve significantly after processing. The tensile
strength of specimen increased from 216 MPa to 309 MPa after it
was processed with heat-treatment and hot extrusion. The yield
strength also increased from 125 MPa to 192 MPa. The extruded
rod has improved ductility, as its elongation increased significantly
from its initial value of 15-34%. It is very important for the sam-
ples to achieve better ductility through processing to satisfy the
demands of a precision implant stent. The relative standard devia-
tion (RSD) values for the extruded rod are as high as 20.9%, implying
that samples with a high extrusion ratio are not homogeneous. The
Young’'s moduli of cast alloy and extruded rod are 41.4 GPa and
42.9 GPa respectively, which is of the same order as the reported
value of 20 GPa for human bone [29].

Student’s t-test of significance was applied to do statistical anal-
ysis. The results indicated that there are no significant differences
among most of the values for samples with different Ca content, as
showninFig. 6(a). However, there are significant differences among
most values for samples produced by the processing procedures
mentioned above, as shown in Fig. 6(b). This significance shows
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Fig. 2. Mechanical properties (yield strength, tensile strength and elongation) of different specimens: (a) Mg-2.5Zn-xCa with different Ca contents ranging from 0.3 wt% to

1.5wt%; (b) Mg-2.5Zn-1Ca tested in different conditions.

that the procedures are effective to improve the alloy’s mechanical
properties.

3.4. Tensile fracture surface

The evolution of the tensile fracture surface as a function of
processing is presented in the SEM fractographs in Fig. 7. Fig. 7(a)
shows the morphology of the tensile fracture surface for the cast
sample. Cleavage planes and tearing ridges, which are typical of
brittle fracture, can be seen on the tensile fracture surfaces of
the cast alloy. It is a mixed type with cleavage fracture, quasi-
cleavage fracture and intergranular fracture. As shown in Fig. 7(b),
the heat-treated condition has a fracture composed of cleavage
planes, tearing ridges and dimples. This observation implies that
the heat-treated sample shows mixed ductile and brittle fracture
features. Fig. 7(c) presents the extruded rod with an extrusion ratio
of 36:1. Fracture features indicative of improved toughness can be
observed. The tearing ridge and a large amount of dimples with
different sizes are clear. Dispersed cleavage steps imply that the
fracture mode of the alloy is based mainly on quasi-cleavage ductile
fracture. Fig. 7(d) presents the tensile fracture surface of extruded
micro-tube. It is entirely composed of dimples with varying sizes,
indicative of significant plastic deformation prior to failure.

3.5. Corrosion resistance with grain refinement

Fig. 8(a) displayed the corrosion rate of samples immersed in
Hank’s solution for 8 days, and the results of the first 7 days were
analyzed. The average corrosion rate was calculated based on the
corrosion weight loss rate. It is observed that the corrosion rate
of cast alloy tends to have large fluctuations. This unpredictabil-
ity may be attributed to microstructural defects. The corrosion
rate was not significantly improved by heat-treatment, but the
structural homogeneity caused by the heat treatment eliminated
the rate fluctuations experienced by the cast alloy. The lower

corrosion rates experienced by the extruded alloys indicate that
hot extrusion has an influence on corrosion properties. The RSD
of corrosion rate for cast alloy are much larger than that of alloys
processed according to the methodology above. Intrinsic factors
such as microstructure and solution influence and extrinsic factors
such as immersion period, experimental error and calculation error
influence the statistical results.

The corresponding pH value variation is presented in Fig. 8(b). It
can be seen that pH values of solutions clearly decreased after dou-
ble extrusion was performed on the alloy; they are shifted toward
a neutral value of 7. That shows clearly that the microstructure
evolution caused by solid solution strengthening and fine grain
strengthening influence the corrosion properties the alloy. The RSD
of pH value for all the samples are smaller than 2.0%, indicating that
the pH value variation curves are convinced for the immersion tests.

Student’s t-test of significance was also performed to provide
statistical analysis for the 4 groups of values for corrosion rate
and pH value. Although there were no significant differences
between cast alloys and heat treated alloys, as well as rod and tube,
there were significant differences for most of the values between
cast alloys and extruded alloys (P<0.01). This suggests that the
processing procedures do enhance the Mg alloys’ corrosion prop-
erties.

Fig. 9 shows the corrosion surface morphologies of cast alloy
with heat-treatment and extruded micro-tube immersed in Hank’s
solution for 8 days. It can be seen that the cast alloy shows severe
non-uniform corrosion features. A number of large corrosion pits
with varying depths can be seen in the surface of the specimen. In
contrast, the corrosion surface of the extruded micro-tube exhibits
more even and planar features with a large concentration and uni-
form distribution with and uniform distribution of small corrosion
pits. This explains why the Mg alloy processed by hot extrusion
shows a reduced corrosion rate. The introduction of impurities
and alloying elements to a Mg alloy leads to galvanic corrosion.
Corrosion damage in a biologically representative solution of the
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Fig. 3. SEM micrographs of: (a) as-cast Mg-2.5Zn-1Ca alloy; (b) EDS spectrum of area b in (a); (¢) EDS spectrum of area c in (a); (d) EDS spectrum of area d in (a).

corrosion product film in the solution containing chlorine-ion is
based on a pitting mechanism. The enhanced corrosion resistance
of extruded Mg alloy indicates that the properties of surface pas-
sivation film can be improved by grain refinement.

4. Discussion

It is apparent from Fig. 6 that the best overall mechanical
properties were obtained in the Mg-2.5 wt%Zn-1 wt%Ca after heat-
treatment and hot extrusion. The enhanced yield and tensile
strengths satisfy the mechanical requirements of implant stents
working in a biological environment. On the one hand, mechani-
cal properties could have significant influence on degradation as
demonstrated above. An implant stent would benefit from the

higher material strength to match the healing and regenerative
processes. On the other hand, further processing procedures would
profit from the enhanced elongation [30,31]. Both heat-treatment
and hot extrusion improve the properties toward the requirements
for stents. Mechanical properties are crucial for the stent to main-
tain mechanical integrity as it degrades in a biological environment.

Changes in mechanical properties have been previously
reported for extruded Mg alloys with different extrusion rates
and temperatures. Most of the results show increased mechani-
cal properties, while some other results indicate a slight strength
decrease in favor of increased elongation [32]. The thermal stabil-
ity of the microstructure is an important factor for processing at
appropriate temperatures. In this work, the hot extrusion temper-
ature is slightly higher than ~0.5 Ty, [31], where Ty, is the absolute
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Fig. 4. X-ray diffraction patterns of: (a) cast alloys with different Ca contents ranging from 0.3 wt% to 1.5 wt%; (b) alloy processed by heat-treatment and hot extrusion.

melting temperature. It must be less than the temperature at
which the grains grow, which is determined by the endother-
mic peak in the DSC test to be 411°C. DSC heating-cooling
curves also provide essential information on the phase transi-
tion characteristics as phase transition is usually an endothermic
or exothermic processes [33]. Without precise temperature and
strain rate control, it is difficult to enhance the elongation and
strength.

Processing routes and the phase transition play an important
role in processing procedures. The addition of Zn provides a rel-
atively good solid solution strengthening effect since its solid
solubility is 6.2 wt% [34]. The enhancement of mechanical prop-
erties can be attributed to both the solution strengthening and
fine-grain strengthening resulting from the processing sequence
applied to these alloys. The grain-size strengthening as a result
of hot extrusion plays a critical role in increases in yield strength,
which can be explained partially by the Hall-Petch equation:

oy = 0o + kd~1/?

where k is the Hall-Petch slope, which has been reported within
the range of 5-10 MPamm!/2 [35]. For the high-strength magne-
sium alloys, the reported value for the Hall-Petch coefficient lies in
the range 280-320 MPa wm/2 [36]. Using a value of 300 MPa p.m /2
we determine of o for a grain size of 180 wm and yield stress of
125MPa: 103 MPa. Using this o value and a grain size of 26 wm,
corresponding to the grain size as after double extrusion, a yield
strength of 162 MPa can be estimated. The yield stress experimen-
tally measured is higher: 192 MPa. That means not only fine grain
strengthening but solid solution strengthening as well as other
strengthening achieved through the whole procedures. Neverthe-
less, the above calculationillustrates the Hall-Petch grain size effect
only on the yield stress.

The larger elongation obtained for the grain size of 10 wm can
be explained in terms of the superplastic effect. Although the effect
requires higher temperature and lower strain rates to reach its max-
imum potential [37], the increased ductility can be attributed to
grain-boundary sliding, which increases in significance as the grain
size is decreased.

Fig. 5. Microstructure of Mg-2.5Zn-1Ca: (a) cast sample; (b) after heat-treatment; (c) extruded rod; (d) extruded micro-tube.
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It has been previously reported that the following two factors
will have a significant influence on mechanical properties, elec-
trochemical response and corrosion reactivity: (i) changes in the
overall grain structure, including grain shape, character of grain
boundaries and misorientation, especially reduction in the average
grain size; and (ii) redistribution of solute atoms due to second-
phase particle break-up and/or re-solutionizing [38,39].

The electrochemical corrosion mechanisms and pH value vari-
ation can be explained by the following chemical reaction:

At the anode:

Mg + H,0 — Mg?t +OH™ +1/2H, + e~
At the cathode:

H,O0 + e~ — OH™ +1/2H,
The possible total reaction is:

Mg + H,0 — Mg(OH); + H;

For the cast alloy, the sharp increase of pH may be attributed
to serious component segregation within the grain as well as the
accumulation of non-equilibrium phases in grain boundary. When
the pHvalue is higher than 10.5, created Mg(OH), film at the surface
of the ‘anode’ became stable to a large extent and its film become
compact and protective. It can be seen that the corresponding pH
curve are flattened at the later period of test.

For the double extruded alloys, the results reveal that the above-
mentioned reaction was yield after fine grain strengthening. On
the one hand, the reaction could be accelerated at the beginning of
the immersion test. Accordingly, the formation of contact Mg(OH),
film would bring protective effect earlier than in the cast alloy. On
the other hand, depending on specific elements, material state and
environment combinations, the redistribution and possible resolu-
tionizing of intermetallic particles plays a vital role in the corrosion
and passivation processes [40].

It is also reported that increased grain boundary density could
either increase or decrease the corrosion rate depending on envi-
ronment and material factors. Moreover, the influence cannot be

Fig. 7. Immersion test results: (a) corrosion rate of different samples as function of immersion time; (b) pH value variation as function of immersion time.
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Fig. 8. Immersion test results: (a) corrosion rate of different samples as function of
immersion time; (b) pH value variation as function of immersion time.

attributed exclusively to grain size because the whole processing
simultaneously induces a reorganization of the solute distribution
throughout the microstructure. Disordered non-crystalline films
have been noted to be more protective than ordered crystalline
films by restricting ion movement and increasing the breakdown
and repassivation rates [41]. The fine-grained structure of the bulk
material produced by the processing mentioned above promotes
the formation of a more protective surface film.

The protective film formation attributed to grain refinement
could be explained from the perspective of a decreased degree of
mismatch between MgO and the underlying Mg matrix. The free
volume mismatch between the oxide and the metallic substrate
gives rise to tensile stresses in the oxide, thereby increasing its
propensity for dissolution [40]. This mismatch in the unit volume
element is especially effective in generating tensile stress in oxides
on Mg alloys with coarse grain size. A fine-grained microstruc-
ture achieved as a result of comprehensive processing procedures
induces porosity with the increased grain boundary density, likely
providing a means for relieving the tensile stress and thus reducing
the propensity of oxide cracking [40]. The film formed on Mg matrix
is composed of a thin inner MgO layer covered with Mg(OH),. The
cubic MgO may also transform to hexagonal Mg(OH), upon hydra-
tion [42-44]. Thus, a protective MgO layer would provide better
surface coverage for Mg matrix and inhibit subsequent rupture of

Fig. 9. Corrosion morphologies of Mg alloy in Hank’s solution for 8 days: (a) cast
alloy with heat-treatment; (b) double extruded micro-tube.

the exterior Mg(OH), layer by providing a better matched transi-
tion. This would explain the slower corrosion rates observed in the
processed samples after fine-grain and solid solution strengthen-
ing.

The degradation process of Mg alloy in vivo could be viewed
as a result of mechanical failure and material corrosion. From the
perspective of mechanical properties, hot extrusion may impart a
significant influence on the precise deformation of an implant and
its corrosion fatigue in special biologically stressed environment.
Although hot extrusion cannot eliminate the high corrosion rate of
Mg alloy completely, the degradation will be yielded to some extent
to match the healing and regenerating processes, in which implants
are demanded for maintaining more than 3 months in body.

5. Summary and conclusions

(1) An optimized choice of alloy composition, vacuum melting,
heat-treatment, integrated plastic deformation and micro-tube
forward extrusion parameters were developed for a compre-
hensive processing technique to form Mg alloy into micro-tubes
for degradable implant stents.

(2) Compared to the original cast alloy, the overall mechanical
properties of extruded micro-tube are significantly improved
due to fine-grain strengthening and solid solution strengthen-
ing.

(3) Mg alloy processed by the procedures shows better corro-
sion resistance. There appears to be a correlation between
corrosion resistance and grain size connected with micro-
structure evolution caused by multiple hot extrusions.
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