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The microstructure and corrosion resistance of biological Mg-Zn-Ca
alloy processed by high-pressure torsion and subsequently annealing
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Magnesium alloy has great potential for bone implantation. However, its corrosion rate is fast in
physiological environment. In this paper, biological Mg—Zn—Ca alloy was processed by high
pressure torsion (HPT) and subsequently annealed at 90-270 °C for 30 min. The microstructure
and corrosion resistance in simulated body fluid were investigated. The results revealed that with
the rise of the annealing temperature, the grain size of the HPT alloy gradually increased and the
relative diffraction peak intensity of (0002) grain orientation decreased. The amount of second

phases increased first and then decreased, while the surface stress decreased first and then
increased. All of these changes affected the corrosion rate simultaneously. The corrosion
resistance of the HPT alloy increased first and then decreased with the rise of annealing
temperature. After annealing at 210 °C for 30 min, the corrosion resistance was the best.
Therefore, it was feasible to control the corrosion rate via annealing treatment.

. INTRODUCTION

As a new type of orthopedic biomaterials, magnesium
alloy is degradable and prevents patients from secondary
surgeries.l_3 In addition, the elastic modulus of a magne-
sium alloy is similar to that of human bone which could
inhibit the stress-shielding effect.* However, the corro-
sion rate of a magnesium alloy in physiological environ-
ment is relatively fast.” ™ Furthermore, the degradation of
a magnesium alloy is not controllable and the mechanical
properties may be lost untimely. Therefore, the poor
corrosion resistance of a biological magnesium alloy is an
obstacle in clinical applications.

Severe plastic deformation (SPD) has been widely
investigated because it can prepare bulk materials with
ultra fine grain (UFG) structure and produce large strain
without a significant change of the shape and size.'*™"”
High-pressure torsion (HPT) is the most effective method
to refine grains in SPD techniques.lg’22 Compared with
other SPD techniques, HPT samples are affected by the
mold and shear deformation will occur in the samples
under similar hydrostatic pressure.”*** During the HPT
process, the samples are difficult to rupture, even though
the deformation degree is extremely large at room
temperature (RT). Therefore, HPT is suitable for a HCP
magnesium alloy at RT.>>*® As a research hotspot, the
technical parameters of HPT and microstructural evolu-
tion have been already studied in recent years.?’>°
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The microstructure of HPT-treated materials may not be
homogenous. After 5 revolutions, the homogeneity of the
microstructure is improved in the AZ31 alloy.®'=? It is
reported that the grain size of a magnesium alloy
processed by HPT was refined to 200 nm after 5
revolutions.* F.Q. Meng et al. reported that the grain-
refinement mechanism of the Mg—Zn alloy processed by
HPT was the dynamic recrystallization induced by ultra-
high strain.>* However, HPT samples have not been
taken into practical application so far due to the small
sample sizes.

To reduce the corrosion rate of a magnesium alloy, we
select HPT to prepare bulk UFG magnesium alloy. It was
reported that the HPT-treated magnesium alloy degraded
in uniform model in physiological environment.>>~’
Because the size of the sample prepared by HPT is
small, the HPT alloy can be made into miniature bone
plate implants, which may be suitable for the clinical
treatment of skull, phalanx, phalange, etc. The bone plate
needs excellent microstructural stability and mechanical
properties in the early stage of implantation. The corro-
sion rate of the Mg bone plate should not be too much
fast, or it will lead to a quick loss of mechanical
properties. When a bone callus is calcified continually
and its strength gradually increases, the bone plate starts
to degrade gradually and its strength decreases slowly.
Thus, it will reduce the stress-shielding effect and prevent
the occurrence of refracture and osteoporosis at the
position of fracture healing. Due to the differences of
the extents of bone injuries, bone injury sites, patient
ages, etc, the dwell time of the Mg bone plate in human
body is different. Therefore, the corrosion rate of bone
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materials in the body should be slow and controlled
according to the actual clinical conditions.*®

In this paper, Mg—2.0 wt% Zn—0.24 wt% Ca alloy is
used as the research object. This alloy has good bi-
ological safety and biocompatibility because all the
alloying elements are non-toxic to humans. Zinc is the
most commonly used alloying element in magnesium
alloys, effectively improving their yield strength.***
Moreover, zinc can increase the tolerance limits and
reduce the effect of impurities once the tolerance limit has
been exceeded.*! Calcium is the most abundant mineral
and is mainly stored in bones and teeth.* Besides, the
element of calcium could facilitate the formation of new
bone and accelerate bone growth rate.* When zinc
content exceeded 3 wt%, (Mg—Zn) rich particles act as
the crack initiation sites.*? Like 7Zn, excessive amounts of
Ca have the potential to be corrosive in nature.** In
addition, from the previous study, the microstructure and
microhardness distributions of Mg-Zn-Ca alloy are
relatively homogenous after 5 revolutions.’®* So the
UFG materials are prepared by HPT after 5 revolutions in
this study. The corrosion resistance of the HPT magne-
sium alloy has been further improved by annealing
treatment. The effects of annealing temperature on the
microstructure and corrosion resistance of the HPT alloy
are studied. The key factors for the influence on the
corrosion rate are investigated. The feasibility of the
controlled degradation of the HPT magnesium alloy in
simulated body fluid (SBF) is also discussed.

Il. EXPERIMENTAL PROCEDURES

Mg-7Zn—Ca ingots were prepared by semi-continuous
casting. After solution treatment at 420 °C x 48 h, disk
samples with 10 mm in diameter and 1.1 mm in thickness
were processed by turning machining and wire cutting.
Subsequently, samples were ground and polished to
remove the oxide layer on the sample surface which
was produced during wire cutting. The final thickness of
the samples was 0.85 = 0.01 mm. Then the samples were
processed by HPT up to 5 revolutions at 0.5 rpm under
7.5 GPa at RT. In the end, HPT samples were heat treated
at 90-270 °C for 30 min, and then cooled at RT to avoid
the further grain growth.

The microstructure of the HPT magnesium alloy was
observed by scanning electronic microscopy (SEM;
Quanta-2000, FEI Company, Hillsboro, Oregon) and
transmission electron microscopy (TEM; JEM2010,
JEOL Ltd., Tokyo, Japan). HPT samples were ground
with abrasive paper and polished with polishing paste.
After etching the polishing surfaces, the HPT samples
can be observed by SEM. The number of second phases
was studied. TEM samples were prepared by punching
a 3 mm diameter disk from HPT samples at a distance of
2.5 mm from the center, mechanically ground to

thicknesses of less than 40 pum followed by dimpling
from one side to a thickness of about 20 um. Finally the
thin disk samples were subjected to ion-thinning with
Ar™" at an accelerating voltage of 4.2 kV. The grain size
was measured in bright field images and the average
grain size was calculated. What is more, the samples were
tested by X-ray diffraction (XRD; Ultima IV, Rigaku
Corporation, Tokyo, Japan) to analyze the change of
grain orientation in HPT process and heat treatment. The
target material was Cu K,. The scanning range was 20—
80° and the scanning speed was 2°/min. The voltage was
40 kV and the current was 40 mA. The grain orientation
was analyzed by the changes of relative peak intensity.

The surface stress of the HPT samples was measured
by a residual stress analysis system (LXRD MG2000,
Proto, Ontario, Canada). The samples need to be
mechanically polished and electrolytically polished. In
this experiment, the target material was Cu. The size of
the focal spot was ¢1 mm. The exposure time was 3 s.
The Bragg angle was 138°. The current was 30 mA and
voltage was 25 kV. The spots were measured every 1| mm
in radial direction, and then the average value of surface
stress was calculated.

The simulated body fluid (SBF) was prepared based on
Table 1.*° To prepare 1000 mL of SBF, put 900 mL of
distilled water into 1000 mL plastic beaker. Heat the water
t0 36.5 = 1.5 °C and then dissolve only the reagents of 1st
to 8th order into the solution one by one in the order given
in Table I. It was important to dissolve a reagent only after
the preceding one dissolved completely. After inserting the
electrode of the pH meter into the solution, dissolve the
reagent Tris into the solution little by little. Add distilled
water up to the marked line. Adjust the pH of the solution
by dropping 1.0-HCl little by little and then finally adjust
it to 7.40 exactly at 36.5 °C.

The corrosion resistance of the HPT magnesium alloy
was evaluated by an electrochemical test and hydrogen
evolution test in SBF. Electrochemical impendence
spectrum (EIS) tests were conducted using electrochem-
ical work station (RST5200, Risetest, Suzhou, China).
One side of the disk sample was covered by silica gel,

TABLE L. Order, reagent, amount, and purities for preparing 1000 mL
of SBF.*

Order Reagent Amount Purity (%)
1 NaCl 8.035g 99.5
2 NaHCO; 0355 ¢ 99.5
3 KCl1 0225 ¢ 99.5
4 K,HPO,-3H,0 0231 g 99.0
5 MgCl,-6H,O 0311 g 98.0
6 1.0p-HCl 39 mL ..
7 CaCl, 0292 g 95.0
8 Na,SO4 0.072 g 99.0
9 Tris 6.118 g 99.0
10 1.0p-HCl 0-5 mL
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and the other side was exposed to test. Meanwhile,
a conventional three-electrode cell system comprising
the sample with an exposed area of 0.785 cm’ as
a working electrode, Hg/Hg,Cl, electrode as a reference
electrode, and platinum plate as a counter electrode was
used in this study. To characterize the corrosion re-
sistance more directly, EIS was transformed by an
equivalent circuit. Then the polarization resistance was
obtained by fitting calculation. The selected equivalent
circuit was as shown in Fig. 1. R, represents the solution
resistance, CPEy, represents the double layer capacitance,
R, represents the charge transfer resistance. Ry and CPEg
represent the effect of the film. The polarization re-
sistance R, is the addition of R, and R The samples
were also coated with silica in hydrogen evolution test.
The exposed area was 0.785 cm?® too. The volume of
hydrogen evolution was recorded every hour. The varia-
tion curve of the volume of hydrogen was plotted, and the
corrosion rate was calculated by Formula (1).%3759 In the
formula, AV was the volume of hydrogen in mL. S was the
contact area (sz) between the sample and SBF. Ar was
the immersing time in days. After being immersed in SBF
at 37 °C for 48 h, the HPT alloys were treated by spray-
gold and then the corrosion product layer was observed by
SEM,

AV
C i te =2.088 - — . 1
orrosion rate S A (1)

lll. RESULTS
A. Microstructure

The SEM morphology of the HPT alloy is as shown in
Fig. 2. The second phases can be clearly observed, and no
grain or grain boundary (GB) is detected. According to
Refs. 51-56, the second phases were Ca,Mg¢Zn3 phases
which were commonly observed in Mg—Zn—Ca ternary

Rs

4/\/\/7 CPEd| |
Rf

Rt
FIG. 1. The diagram of the equivalent circuit.

alloys. The fine second phases are precipitated from a solid
solution alloy during the HPT process, and the results are
similar to that of Al-Si alloy’’ and Mg—Zn alloy’®
processed by HPT. With the rise of the annealing temper-
ature, the number of the second phases increases first and
then decreases. The number of the second phase increases
slightly when the temperature is low (90-120 °C), and
improves significantly as the rise of annealing temperature
(150-210 °C). For a magnesium alloy treated by a solid
solution, the annealing treatment in such temperature range
actually plays the role of artificial aging. The diffusion of
the atoms is accelerated due to the abundance of lattice
defects in the HPT alloy. Besides, these defects can provide
nucleation sites for the precipitated second phases. As
a result, a lot of second phases precipitate from the solid
solutions. When the annealing temperature continually
increased to 240-300 °C, the number of the second phases
starts to decrease, and even the second phase almost
disappears. The above phenomenon is mainly because the
second phases are solid dissolved into the matrix again
when the annealing temperature is high.

The TEM morphologies of HPT alloys are shown in
Fig. 3. There are many fine grains in Mg-Zn—Ca alloy
processed by HPT after 5 revolutions in Fig. 3(a). With
the increase of annealing temperature, the grain size of
the HPT alloy trends to increase gradually. The sizes of
all grains in the morphologies are measured and counted.
Then the average grain sizes are calculated as shown in
Fig. 4. The average grain size of the as-HPT alloy is
95 nm. When the annealing temperature is relatively low,
the grain size increases slowly. However, when the
annealing temperature exceeds 210 °C, the grain sizes
begin to increase significantly.

HPT alloys were tested by XRD and then the relative
diffraction peak intensity was calculated. The result is as
shown in Fig. 5. The diffraction peak of only a-Mg can
be seen. The diffraction peak of the second phase cannot
be detected because the addition of alloying elements is
low. The dashed lines in Fig. 5(b) are the relative
diffraction peak intensities of a magnesium alloy with
random texture which is obtained from the Standard
Powder Diffraction Files.>* After HPT, the grain orien-
tation is changed obviously, which was transformed from
(1010) and (1011) to (0002). There are only three active
slip systems on the basal plane when the magnesium
alloy is processed by traditional plastic deformation at
RT. In this case, plastic deformation is difficult.’® During
HPT processing, the change of grain orientation can
provide an advantage for dislocation slip, and then
improve the capacity of plastic deformation at room
temperature. With the rise of the annealing temperature,
the relative diffraction peak intensity of (0002) grain
orientation decreases and gradually closes to that of
a solid solution alloy. The grain growth in the HPT alloy
is random and non-directional during annealing, so the
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(d)

(9) (h)

(i)

FIG. 2. SEM morphology of the HPT alloy before and after annealing: (a) as-HPT, (b) 90 °C, (c) 120 °C, (d) 150 °C, (e) 180 °C, (f) 210 °C,

(g) 240 °C, (h) 270 °C, (i) 300 °C.

HPT texture weakens gradually and the grain orientation
tends to be randomly distributed.

B. Surface stress

The surface stress of the HPT alloy is shown in Fig. 6(a).
Before annealing, the distribution of the surface stress in the
HPT alloy is non-uniform. The stress in the edge region is
higher than that in the central region. The reason may be
that the shear strain in the edge region is larger than that
in the center region. After annealing, the distribution of
the surface stress became uniform gradually and the value

of the surface stress decreased. Figure 6(b) shows the
average value of surface stress of HPT alloys. It can be
seen that the average surface stress of the as-HPT alloy is
much larger than that of the HPT alloy processed by
annealing. When the annealing temperature is low
(90-120 °C), the surface stress slightly decreases. When
the annealing temperature is medium (150-180 °C), the
surface stress of the alloy obviously decreases. When the
annealing temperature is high (above 210 °C), the surface
stress is increasing remarkably. It shows that the anneal-
ing treatment at an appropriate temperature can not only
reduce the residual stress of the HPT alloy but also
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FIG. 3. TEM morphology of the HPT alloy before and after annealing: (a) as-HPT, (b) 90 °C, (c) 120 °C, (d) 150 °C, (e) 180 °C, (f) 210 °C,
(g) 240 °C, (h) 270 °C.

1000 ~ HPT-treated Mg-Zn-Ca alloy
N=5 t=30min .
800 '3 e '
E /|
= /4
g 600 '
3
E
o
O 400 T/

200 4 " T :

b T . T i T 3 T v T . T . T
T 90 120 150 180 210 240 270
Temperature / T

FIG. 4. The grain size of the HPT alloy before and after annealing.

improve the homogeneity. However, if the temperature is
too high, the stress increases rapidly due to the thermal
stress.

C. Corrosion resistance

Figure 7 shows the EIS of Mg—Zn—Ca alloys. Accord-
ing to the equivalent circuit in Fig. 1, the polarization
resistance was obtained by fitting and calculating. The
variation of polarization resistance at different annealing
temperatures is shown in Fig. 7(b). The polarization
resistance of the HPT alloy is much larger than that of

the solid solution alloy. After annealing, the polarization
resistance is further improved. With the rise of annealing
temperature, the polarization resistance is increasing first.
When the annealing temperature rises to 210 °C, the
polarization resistance reaches a maximum. With the rise
of temperature, the polarization resistance starts to de-
crease. It reveals that the corrosion resistance increases
initially and then declines with the rise of temperature.
Figure 7(c) shows the evolved hydrogen volume of Mg—
Zn—Ca alloys. The corrosion rate is calculated by
Formula (1) as shown in Fig. 7(d). The corrosion rate
of the solid solution alloy is the largest. After HPT, the
corrosion rate is obviously decreased. With the annealing
temperature rising, the corrosion rate decreases initially
and bottoms out at 210 °C. Then, the corrosion rate starts
to increase. The hydrogen evolution test shows that the
tendency of corrosion resistance is consistent with the
results of the electrochemical test. In summary, the HPT
alloy has the best corrosion resistance after heat treatment
at 210 °C x 30 min.

The corrosion products of HPT alloys immersed in SBF
at 37 °C for 48 h are shown in Fig. 8. It can be seen that
there are many cracks in the corrosion product layer.
The width of the cracks in the as-HPT alloy is large in
Fig. 8(a). It indicates that the corrosion products are loose.
After annealing at 90-150 °C, the width of the cracks
becomes smaller and smaller as shown in Figs. 8(b)-8(d).
When the annealing temperature increases to 180-210 °C,
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FIG. 6. The surface stress of the HPT alloy before and after annealing: (a) the distribution of the stress and (b) the average stress.

the width of the cracks is small in Figs. 8(e) and 8(f). It
reveals that the corrosion products are relatively dense. As
shown in Figs. 8(g) and 8(h), the width of the cracks has
a tendency to become larger when the annealing temper-
ature is above 210 °C.

IV. DISCUSSION

The corrosion rate of miniature bone plates in human
body needs to be set according to the actual situation. The
corrosion rate of the HPT magnesium alloy is not as
small as possible. The corrosion rate should be control-
lable and degrade completely in a given time. Thus, the
controlled degradation of the HPT magnesium alloy in
human body is essential. It is necessary to research and
analyze the factors that affect the corrosion rate.

In case of magnesium, unlike aluminum and steels, the
passive layer is crystalline in nature.®® The microstructure
is discontinuous between the oxide layer and the matrix
with HCP lattice, leading to a high compressive stress in
the layer.®' Birbilis et al. reported that the increase of
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GBs density can reduce the mismatch and disorder
between the magnesium surface and the oxide layer.®?
The higher GBs density in UFG microstructure resulted
in a more tenacious and adherent passive layer. The UFG
microstructure can change the characteristics of the
passive layer. It is suggested that the smaller the grain
size is, the better the corrosion resistance of AZ31B
alloy® and ZK60 alloy®* will be. However, GB is an
enriched area of crystal defects. The atoms in this area are
in half-activation state of energy instability and divorce
easily from the matrix. GBs are easily corroded.*® When
the magnesium alloy is in contact with SBF, the corrosion
occurs preferentially at GBs. For the alloy with coarse
grains, the corrosion rate at GBs is faster than that in the
interior of the grains, so the corrosion rates on the alloy
surface are not the same. The corrosion product layer is
loose because corrosion pits are easy to form near GBs
and the smoothness of the alloy surface is poor.*® For the
UFG alloy, the density of GBs increases and the
preferential corrosion area on the alloy surface is enlarged
and the corrosion rates of the entire alloy surface are
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FIG. 7. The corrosion resistance of Mg—Zn—Ca alloy: (a) EIS pattern, (b) polarization resistance, (c) the evolved hydrogen volume, and (d) the

corrosion rate.

basically the same. In addition, the high density of GBs
can change the structure discontinuity between the layer
and the matrix. These are beneficial to the formation of
the dense product layers as shown in Figs. 8(e) and 8(f).
Hence, with the increase of grain size, the corrosion
resistance decreases in a nano-scale or micron-scale
magnesium alloy.

The self-corrosion potential of the second phase is
higher than that of the magnesium matrix. When the HPT
alloy comes in contact with SBF, the galvanic action is
generated between the second phases and the matrix. The
corrosion rate near the second phase is accelerated.
The corrosion rates in the whole alloy surface are nearly
the same if the number of the second phase is very large
and its distribution is uniform. It is beneficial for the
corrosion products to accumulate densely in Figs. 8(e)
and 8(f). In this way, the corrosion product layer is
compact and protects the matrix from further corrosion.
M. Laleh et al. reported that the dissolution of
B-Mg,;Al;, would transform AZ91D alloy from local-
ized corrosion to uniform corrosion after surface me-
chanical attrition treatment.®® If the number of the second

J. Mater. Res., Vol. 32, No. 6, Mar 28, 2017

phases is small and the distribution is non-uniform, the
corrosion rates on the alloy surface are inconsistent and
the corrosion product layer is loose, which cannot pro-
vide sufficient protection for the matrix. In summary,
when there are a large number of second phases which
are densely and uniformly distributed on the magnesium
alloy, the corrosion rate is small. From the observation of
the microstructure, some second phases are precipitated
from the matrix because of the large stress induced during
the HPT process. After annealing (90-210 °C), more and
more second phases are precipitated as a result of
artificial aging. This phenomenon is helpful to the
improvement of corrosion resistance. When the annealing
temperature is above 210 °C, the corrosion resistance will
be worse because the second phases are gradually
dissolved into the matrix.

A lot of defects are formed easily in the Mg—Zn—Ca
alloy processed by HPT at room temperature, which
causes a large residual stress. Generally, the trend of
stress corrosion cracking (SCC) becomes large with the
increase of residual stress.®®%” Besides, Zn element can
increase the sensitivity of SCC in the magnesium
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FIG. 8. The corrosion morphology of the HPT alloy immersed in SBF for 48 h: (a) as-HPT, (b) 90 °C, (c) 120 °C, (d) 150 °C, (e) 180 °C,
(f) 210 °C, (g) 240 °C, and (h) 270 °C.
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alloy.68’69 Therefore, as shown in Fig. 9(a), there are
corrosion cracks on the corrosion interface. There is no
obvious crack on the corrosion interface after annealing
treatment at low-medium temperature. Based on the
result of the surface stress, the decrease of the surface
stress can reduce the trend of SCC in magnesium alloy
and is beneficial to the improvement of corrosion
resistance. But when the annealing temperature is too
high, the corrosion cracks can be observed again as
shown in Fig. 9(b). The sensitivity of SCC in magnesium
alloy increases because the new thermal stress is induced,
which has a negative effect on the corrosion resistance in
the HPT magnesium alloy.

In a previous study, the corrosion rate of many alloys
had been correlated to surface energy.m_74 The activation
energy for the dissolution of a densely packed surface is
higher than that of a loosely packed surface.”” The
surface energy inversed with the atomic packing density,
so the atoms in lower surface energy planes are solved
slower.” Fu et al. reported that the (0002) surface is the
lowest energy.76 In the references, the theoretical disso-
lution rates of crystallographic planes (1010) and (1120)
are about 18-20 times higher than that of the basal
plane.”’ G.L. Song et al. reported that the grain with
a basal orientation was more stable and corrosion
resistant because the basal plane is stable enough to
resist the corrosion attack and the film formed on the
basal plane surface was more protective.”’ ° After HPT,
the grain orientation in the biological magnesium alloy
tends to transform into (0002). The increase of (0002)
oriented grains is helpful to the improvement of corrosion
resistance. It is because the basal plane or (0002) oriented
grain is more stable than other planes or non-basal
oriented grains.”” After annealing, (0002) oriented grains
declined, leading to the disorientation of corrosion
resistance. However, when the annealing temperature is
low, the relative diffraction peak intensity of (0002)
decreases a little and this small change has little effect
on the corrosion resistance of the HPT alloy.

(a)

In summary, the corrosion resistance of traditional
magnesium alloys is poor due to pitting corrosion. The
cause of pitting corrosion is mainly the galvanic accel-
eration effect between the magnesium matrix and the
second phases. Meanwhile, as an enrichment area of
lattice defects, GBs are easy to be corroded. According to
the results of the microstructure observation, the distri-
butions of the second phases are not uniform, so are the
distributions of the GBs. The area with large corrosion
rate is easy to form a corrosion pit. After HPT processing
of 5 revolutions and subsequently annealing at appropri-
ate temperature, the number of second phases increases
because of the precipitation phases induced by stress and
temperature. Meanwhile, the GB density is increased due
to the significant grain refinement. According to the
microstructure observation, the second phases and GBs
distribute uniformly and dispersedly. The corrosion mode
of the alloys is uniform corrosion instead of pitting
corrosion. In addition, the matrices are more stable and
corrosion resistant due to the enhancement of (0002)
grain orientation after HPT, and the tendency of SSC in
HPT alloys decreases because of the reduction of the
surface stress after appropriate annealing treatment.
Therefore, Mg—Zn—Ca alloy processed by HPT followed
by annealing at 210 °C has the best corrosion resistance
in SBF.

Figure 10 shows the effect laws of the grain size, the
second phase, the surface stress, and the grain orientation
on the corrosion resistance of the HPT alloy with the rise
of annealing temperature. When the annealing tempera-
ture is low (90-150 °C), the morphology and microstruc-
ture of the HPT alloy change a little, and the corrosion
resistance is improved slightly. When annealing treat-
ment is at medium temperature (180-210 °C), the grain
size increases slightly and the number of (0002) oriented
grains decreases a little. These changes can somewhat
deteriorate the corrosion resistance. However, the number
of the second phases reaches to a maximum value and the
surface stress is reduced to a minimum value. These

(b)

FIG. 9. The corrosion crack on the corrosion interface (arrow): (a) as-HPT, (b) after annealing at 270 °C.
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FIG. 10. The effect laws of the factors on the corrosion resistance with the annealing temperature rising from 90 °C to 270 °C: (a) the grain size,

(b) the second phase, (c) the surface stress, and (d) the grain orientation.

changes can improve the corrosion resistance obviously.
Therefore, the polarization resistance is the largest, and
the hydrogen evolution rate is the lowest. The alloy
presents an excellent corrosion resistance. When the
annealing temperature is high (above 210 °C), the
increase of grain size, the decrease of the number of
second phases, the weakening of (0002) grain orientation,
and the enlargement of surface stress are all detrimental
to the corrosion resistance. The results show that the
annealing temperature indirectly affects the corrosion
resistance of the HPT alloy by directly affecting grain
size, the second phases, surface stress, and the grain
orientation. It can be considered by adjusting the anneal-
ing temperature, to achieve the controllable degradation
of the HPT magnesium alloy.

V. SUMMARY AND CONCLUSION

(1) Biological Mg—Zn—Ca alloy was processed by HPT
at RT for up to 5 revolutions, and then treated for
annealing at 90-270 °C for 30 min. The microstructure
and corrosion resistance of HPT-treated alloy before and
after annealing treatment were investigated. In addition,
factors affecting corrosion were researched and analyzed.

(2) With the annealing temperature rising, the grain
size of the HPT alloy gradually increases slowly at first

1070

and then increases rapidly; the number of (0002) oriented
grains reduces slightly at the beginning, and then reduces
significantly; the number of second phases rises first then
reduces; the surface stress decreases first then increases.
(3) When the HPT alloy is annealing at 210 °C x 30 min,
the polarization resistance reaches the maximum value and
hydrogen evolution rate reaches the minimum value. The
corrosion resistance is the best. The reasons for this result are
as follows: the increase of grain size and the reduction of
(0002) oriented grains number will worsen the corrosion
resistance; the uniform dense distribution of second phases
and low surface stress will improve the corrosion resistance.
(4) All of these four factors (grain size, the second
phase, the second phase, (0002) oriented grains, and the
surface stress) affect the corrosion resistance simulta-
neously. Hence, the corrosion rate can be controlled by
changing the annealing temperature and the controllable
degradation of the HPT magnesium alloy is feasible.
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