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Abstract

With the help of supersonic fine particle bombardment technology, a gradient nanostruc-
ture with a certain layer depth was constructed on the surface of an Mg-1.8Zn-0.5Zr-1.5Gd
biological magnesium alloy. The effects of bombardment time on the microstructure, mecha-
nical properties, and corrosion resistance of the gradient nanostructure were investigated.
The results showed that the layer depth and surface roughness of the gradient nanostruc-
tures increased with an increase in the bombardment time, and the corresponding mecha-
nical properties and corrosion resistance first increased and then decreased with an exten-
sion of the bombardment time. When the bombardment time was 30 s, the alloy had good
mechanical properties and corrosion resistance. Its tensile strength, yield strength, elonga-
tion, and static corrosion rate were 299.1 ± 2.2 MPa, 264.4 ± 1.5 MPa, 36.8 ± 1.3 %, and
0.307 ± 0.015 mm y−1, respectively. The results of the 120-h immersion experiment in simu-
lated human body fluids showed that the average corrosion rate of the alloy first decreased,
then increased, and finally decreased with an extension of the immersion time and finally
tended to stabilize.

K e y w o r d s: biological magnesium alloy, supersonic fine particle bombardment, microstruc-
tures, corrosion resistance

1. Introduction

As a biodegradable implant material, magnesium
alloys have good biocompatibility with the human
body, and their mechanical properties are close to
those of human bone (the elastic modulus of magne-
sium alloys is 41–45GPa, and the elastic modulus of
human bone is 3–20GPa). This effectively avoids the
stress shielding effect caused by the large differences
in their mechanical properties. The magnesium ions
released by the biological magnesium alloy used as a
graft material can promote the formation of calcium
deposits and phosphate substances around the dam-
aged tissue. Therefore, it also accelerates the genera-
tion of osteoblasts and new bone around the damaged
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tissue, thus promoting the healing of the damaged tis-
sue. As a result, in the field of medical biomaterials,
magnesium alloys have attracted the attention of re-
searchers [1–3].
Although magnesium alloys have many advan-

tages, they are challenging in clinical applications as
medical implant materials. Because of the stress of
action, the degradation rate of magnesium alloys in
the human environment will be faster [4]. This faster
degradation rate will easily lead to the loss of the in-
tegrity of the mechanical properties of the graft mate-
rial before the damaged tissue heals. At the same time,
it will also lead to an increase in the surrounding pH
value of the graft material, which, in turn, affects the
healing of the tissue to be repaired [5]. Therefore, bi-
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ological magnesium alloy graft materials must meet
certain criteria regarding mechanical properties and
corrosion resistance. Magnesium alloy materials used
in cardiovascular stents must meet two prerequisites:
the yield strength (YS) must be greater than 200MPa,
and the elongation (EL) must be over 20%. For mag-
nesium alloy materials used for the internal fixation
of fractures, the YS and EL must be greater than
200MPa and 10%, respectively. At the same time,
when these alloys are immersed in simulated body
fluid (SBF) at 37◦C for 120 h, the mode of corrosion
must be uniform, and the average corrosion rate must
be less than 0.5 mm y−1 [6]. An ideal magnesium alloy
graft material should have a slow degradation rate in
the early stage to provide sufficient strength to achieve
fixed support. In the later stage, the mechanical prop-
erties of the implant material should be gradually re-
duced, and the load should be transferred to the new
bone tissue, followed by complete degradation. Cur-
rently, most magnesium alloys cannot achieve these
goals [7]. Insufficient strength and toughness, localized
corrosion, high degradation rates, and uncontrollable
degradation are the main challenges to the develop-
ment and application of medical magnesium alloys.
Refining the grain of magnesium alloys and con-

structing gradient nanocrystalline layers on the sur-
face can improve the corrosion resistance and mecha-
nical properties of magnesium alloys. At the same
time, the degradation rate can also be controlled by
changing the thickness of the nanocrystalline layers [8,
9]. The grain size of an Mg-2.0Zn-0.5Zr-3.0Gd mag-
nesium alloy was reduced from 150 to about 5 µm
by hot extrusion deformation. The YS and EL were
increased by 32.6 and 138.4%, respectively, and the
corrosion rate decreased by 23.2 % after hot extru-
sion deformation [10]. The grain size of the Mg-1.0Zn-
-0.6Zr-5.0Gd magnesium alloy decreased from 50µm
before extrusion to about 5 µm; its YS and EL in-
creased by 100 and 108.9%, respectively, and the
corrosion rate decreased by 59.3% [11]. A gradient
nanostructure was constructed on the surface of an
Mg-4%Y-3.3%RE(Nd,Gd)-0.5%Zr magnesium alloy
by supersonic fine particle bombardment (SFPB)
technology, which improved compressive and bending
properties of the alloy by 18.2 and 23.1%, respecti-
vely, and the corrosion rate decreased by 29.2%, in-
dicating that the mechanical properties and corrosion
resistance were significantly improved [12]. Through
the SFPB treatment of the surface of AZ31 and AZ91
alloys, nanocrystalline layers of about 103 and 120 nm
were obtained on the surface of the alloys, and their
hardness and corrosion resistance were greatly im-
proved [13]. These research results show that grain
refinement and surface nano treatment can improve
the mechanical properties and corrosion resistance of
magnesium alloys.
According to the principle of biosafety [14], based

on previous work, the author developed an Mg-1.8Zn-
-0.5Zr-1.5Gd alloy with a low Gd content and im-
proved its mechanical properties and corrosion resis-
tance by reverse extrusion technology. However, the
corrosion resistance of the as-extruded alloy decreased
with an increase in the immersion time. In order to
overcome these shortcomings, this study intended to
use the SFPB technology as a surface nano treatment
of the as-extruded alloy. The influence of the bombard-
ment time on the microstructure, mechanical prop-
erties, and corrosion resistance of the extruded alloy
was studied. The change law of the degradation rate
and the corrosion mechanism of different immersion
times are discussed, to provide experimental and tech-
nical support for developing a medical magnesium al-
loy that meets the mechanical properties and corrosion
resistance and a controllable corrosion rate.

2. Experimental procedure

The raw materials used for smelting the alloys
were magnesium ingots with a purity greater than
99.9%, zinc ingots, Mg-20%Gd, and Mg-25%Zr mas-
ter alloys. The alloy was smelted in a ZGJL0.01-40-4
intermediate frequency induction furnace. The melt-
ing temperature and holding time were 780 ± 5◦C
and 20min, respectively, and the casting tempera-
ture was 720 ± 5◦C. The molten alloy was solution-
treated at 470◦C for 10 h and then processed into a ø
50mm × 35mm ingot for extrusion. Before extrusion,
the extrusion die and the ingot to be extruded were
kept at 350◦C for 2 h, and the extrusion ratio and ex-
trusion rate were 7.7 and 5 mm s−1, respectively. The
annealing treatment was carried out at a temperature
of 200◦C for 4 h. We cut a thin plate sample with
a size of 210mm × 160mm × 4mm parallel to the
direction of extrusion, and ground and polished the
plate sample. These samples were then subjected to
SFPB for 0, 10, 20, 30, 40, and 50 s, designated as
E0, E10, E30, E40, and E50, respectively. The bom-
bardment distance was 10mm, the gas pressure was
0.5MPa, and the size of the hard Al2O3 particles used
was 50 µm.
We used a metallographic microscope, a JSM-

-5610LV electron microscope and its accompanying
energy-dispersive spectrometer (EDAX), and a JEM-
-2100 transmission electron microscope to observe the
microstructure of the sample and the composition of
the micro-area, and to analyze the phase structure.
TEM specimens were prepared using a dual-beam
FIB-SEM (FEI Scios 2). The distance between the
TEM specimen and the nano treatment surface was
measured using an SEM image. A Nanovea HS1000P
three-dimensional surface topography instrument was
used to test the three-dimensional topography of the
samples’ surface, and the three-dimensional surface
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Fig. 1. Optical microstructures of the cross-section of the Mg-1.8Zn-0.5Zr-1.5Gd alloys before and after SFPB: (a) E0, (b)
E10, (c) E20, (d) E30, (e) E40, and (f) E50.

roughness Sa was calculated. The wire-cutting method
was used to cut the tensile specimen parallel to the di-
rection of the extrusion. The size of the length gauge
was 40mm (length) × 4.5mm (width) × 2.0 mm
(height). Tensile tests were performed based on the
ASTM E8M-09 standard at a crosshead speed of
1 mmmin−1 using an Instron 5587 testing machine.
An average of at least three measurements was taken
for each group.

A corrosion test was carried out in SBF at 37◦C
[15]. The samples with a dimension of ø 18 mm× 5mm
were immersed in 180mL SBF. The SBF solution was
refilled every 8 h to keep a constant pH value. After
the corrosion experiments, the corrosion products of
the sample surface were removed using a solution of
20 % CrO3 + 1% AgNO3. The methods of calculating
the corrosion rate of mass loss (mm y−1) and the cor-
rosion rate of hydrogen evolution (mm y−1) are shown
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Fig. 2. The three-dimensional morphology of the Mg-1.8Zn-0.5Zr-1.5Gd alloy’s surface subjected to SFPB: (a) E0,
(b) E10, (c) E20, (d)E30, (e) E40, and (f) E50.

in Eqs. (1) and (2) [16, 17]:

νw = 87.6Δm/(ρAt), (1)

νH = 95.36VH/(ρAt), (2)

where Δm represents the mass loss of the test sam-
ple (mg), ρ represents the density of the test sam-
ple (g cm−3), A represents the surface area of the test
sample (cm2), t represents the soaking time (h), and
VH represents the volume of hydrogen collected (mL).
An electrochemical workstation (Autolab PG-

STAT128N) and a three-electrode system were used
to test the polarization curve of the alloy. The samples
to be tested (ø 11.3mm × 5mm), graphite, and sat-
urated calomel electrodes were the working, auxiliary,
and reference electrodes, respectively. After immersion
of the samples in SBF at 37◦C for 1 h, the polarization
curve was tested at the open-circuit potential of –0.25
to 0.45 V at a test rate of 1 mV s−1.

3. Results

3.1. Microstructure

Figure 1 shows the metallographic microstructure
of the extruded Mg-1.8Zn-0.5Zr-1.5Gd alloy before

and after SFPB. It can be seen from Fig. 1a that
the as-extruded Mg-1.8Zn-0.5Zr-1.5Gd alloy under-
went complete dynamic recrystallization, and the al-
loy’s structure was obviously refined. The average
grain size was about 7.3 µm. Figures 1b–f show the
metallographic structure of the alloy’s cross-section
after bombardment at different times. It can be seen
from the figure that the SFPB caused serious plastic
deformation in the surface layer of the alloy, and the
thickness of the serious plastic deformation layer in-
creased with an increase in the bombardment time.
The equiaxed grains disappeared completely, and the
thickness of the corresponding moderate plastic defor-
mation layer also increased, and the equiaxed grains
showed the characteristics of elongated deformation.
When the bombardment time was longer than 30 s,
obvious microcracks began to appear on the surface
of the alloy, and the depth of the surface cracks grad-
ually increased with an increase in the bombardment
time.
The three-dimensional morphology and surface

roughness of the as-extruded Mg-1.8Zn-0.5Zr-1.5Gd
alloy’s surface after SFPB for different times are
shown in Fig. 2. Different colors represent the depth of
the three-dimensional morphology, and a greater color
span indicates that the surface roughness was greater.
As shown in Fig. 2a, the surface of the alloy without
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Fig. 3. TEM images and the corresponding SAED patterns
and EDS of the second phase of the E30 alloy at 100 µm

below the surface.

SFPB was relatively flat, with only small scratches
remaining after surface burnishing, and its three-
dimensional surface roughness Sa was only 1.389µm.
After different bombardment times, the alloy’s sur-
face underwent different degrees of plastic deforma-
tion under the bombardment by high-energy parti-
cles, resulting in a certain number of impact craters.
As shown in Figs. 2b–f, the surface roughness grad-
ually increased with an increase in the bombardment
time, and the surface roughness Sa reached 8.389µm
after 50 s of SFPB. Usually, when magnesium alloys
undergo SFPB for a long time, micro-cracks will ap-
pear as the surface roughness of the alloys increases
[18].
Figure 3 shows the transmission electron mi-

croscopy (TEM) images, the selected area elec-
tron diffraction (SAED) patterns, and the energy-
dispersive spectrometry (EDS) spectrum at 100µm
below the surface of the E30 alloy. It can be seen
from Fig. 3a that a small number of nanoscale second-
phase particles are distributed in the alloy. SAED spot
(Fig. 3a) calibration and EDS (Fig. 3b) analysis were
performed on the nano-sized particles at Point A in

Fig. 4. TEM images and the corresponding SAED pat-
terns of the E30 (a) and E50 (b) alloys at 20 µm below the

surface.

Fig. 3a, confirming that the second phase particles be-
longed to the face-centered cubic structure. The SAED
patterns had an interplanar spacing of 0.4214, 0.2193,
and 0.2576 nm, respectively, with standard Mg3Gd in
the (11̄1), (113), and (022) crystal planes. The spac-
ing had a good corresponding relationship with the
zone axis [211̄]. In addition, the particles were mainly
composed of elemental Mg, Zn, and Gd. Therefore, it
is inferred that the nano-sized second-phase particles
are (Mg, Zn)3Gd phase particles [19].
It can also be seen from Fig. 3a that the alloy’s

structure was not deformed, and the second-phase par-
ticles were not broken. At the same time, there were no
dislocations in the alloy’s matrix. Usually, after a mag-
nesium alloy pass undergoes SFPB, the energy gener-
ated by the bombardment with high-energy particles
will be continuously absorbed and attenuated in the
process of passing through the surface and sub-surface
of the alloy. Therefore, it can be assumed that when
the bombardment time was 30 s, the energy was trans-
mitted to the bottom of the surface, and the bombard-
ment energy at 100 µm was small.
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Fig. 5. TEM images of the (a), (b) E30 and (c), (d) E50 alloys at 35 µm below surface.

Figure 4 shows the TEM images and correspond-
ing SAED spectra at 20 µm below the surface of the
E30 and E50 alloys. As shown in Figs. 4a,b, at 20µm
below the surface of the E30 and E50 alloys, randomly
oriented nanograin regions appeared, and there were
a large number of high-density dislocations in the al-
loys. Meanwhile, the SAED spectra in Areas A and
B showed diffraction rings with different degrees of
completeness, proving that both regions consisted of
nanocrystals with random grain orientation. The in-
tegrity of the diffraction ring in Area B is higher, indi-
cating that the degree of nanometerization was higher.
After SFPB, the microstructural changes in the

Mg-1.8Zn-0.5Zr-1.5Gd alloy can be considered to be as
described by [20–22]. First, the surface area of the al-
loy will undergo preliminary plastic deformation, and
deformation twinning will start under the action of
compressive stress, forming twins. At the same time,
the lattice distortion intensifies, resulting in an in-
crease in the amount of nucleation and refinement of
the grains.With the continuous impact of Al2O3 parti-
cles, serious plastic deformation occurs on the surface
of the alloy, and high-density dislocation networks,
dislocation tangles, dislocation cells, and dislocation

arrays are generated in the deformed structure. Fi-
nally, with the aggravation of the distortion, the de-
formation caused by energy storage increases, which is
conducive to the slips, plug products, and reorganiza-
tion of the dislocation. This leads to the accumulation,
annihilation, appreciation, and rearrangement of the
dislocations, which gradually evolve into small-angle
grain boundaries and transform into large-angle grain
boundaries by constantly absorbing a moving dislo-
cation. The formation process is shown in Fig. 4. The
new nanocrystals had a random orientation, a uniform
distribution, and clear crystal boundaries, and no ab-
sorbed dislocations remained in the alloy matrix. Be-
cause of the long bombardment time of the E50 alloy,
the nanostructure at 20µm below the surface of the
alloy was higher.
Figure 5 shows the TEM images at 35 µm below

the surface of the E30 and E50 alloys. It can be seen
from Figs. 5a,c that the grains at 35 µm below the
surface of E30 alloy are regularly shaped micron-scale
dynamic recrystallization grains, whereas the dynamic
recrystallization grains at 35 µm below the surface
layer of the E50 alloy were less deformed by the influ-
ence of SFPB. At the same time, a large number of dis-
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Fig. 6. Typical TEM and HRTEM images of E30 alloys at 35 µm below the surface.

locations accumulated in some regions at 35 µm below
the surface of both the E30 and E50 alloys (Figs. 5b,d).
However, compared with dislocations at 20 µm below
the surface (Fig. 4), both the dislocation density and
the area of the dislocation region are reduced signifi-
cantly. This showed that after the absorption, trans-
fer, and accumulation of the alloy’s surface layer, the
energy of the bombardment energy could not break
the original grain at 35µm below the alloy surface
layer, but it caused high-density dislocations in some

regions. When the bombardment time lengthened, the
deformation energy on the alloy’s surface increased,
and the deformation layer was deeper. Therefore, com-
pared with the E30 alloy, the grain at 35µm below the
surface layer of the E50 alloy had a larger deformation,
and the area and density of the dislocation zone were
also higher.
Figure 6 shows the TEM image and high-resolution

TEM (HRTEM) images of a part of the area 35µm
below the surface of the E30 alloy. Figures 6b,c show
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Ta b l e 1. Ecorr, Icorr, and Pi of alloys subjected to SFPB for different times, derived from the polarization curves

Material E0 E10 E20 E30 E40 E50

Ecorr V vs. SCE –1.275 ± 0.005 –1.265 ± 0.005 –1.258 ± 0.005 –1.251 ± 0.005 –1.281 ± 0.005 –1.289 ± 0.005
Icorr (µA cm−2) 2.478 ± 0.005 2.471 ± 0.005 2.467 ± 0.005 2.462 ± 0.005 2.487 ± 0.005 2.495 ± 0.004
Pi (mm y−1) 0.085 ± 0.003 0.081 ± 0.003 0.076 ± 0.003 0.071 ± 0.003 0.090 ± 0.003 0.094 ± 0.003

the HRTEM images of Areas A and B in Fig. 6a,
respectively. It can be seen from Area C in Fig. 6b
that when the alloy was impacted by Al2O3 parti-
cles, through the effects of force, the arrangement of
atoms in this area became relatively disordered, and
a banded area with a weakened lattice appeared. The
disordered arrangement belonged to the high-energy
dislocation region, which was conducive to local lat-
tice torsion, which may develop further into disloca-
tion walls or subgrain boundaries [23, 24]. It can be
seen from Areas D and E in Fig. 6c that there are
high-density dislocation arrays and dislocation entan-
glements in different orientations in these two regions.
In the deformation process, this area was subjected
to concentrated stress, forming deformation twins and
substructures, taking advantage of the deformation.
It can be seen from Fig. 6d that there are nanocrys-

talline grains in Area F. Figure 6e is an enlarged image
of Area F in Fig. 6d. The nanocrystalline grain bound-
ary (Area G) and center (Area H) are enlarged, as
shown in Fig. 6f, where Area I corresponds to Area G
in Fig. 6e. In Area I, the nanocrystalline grain bound-
ary area has no clear boundaries, but there are a large
number of dislocation slips in the fuzzy area. Area J
corresponds to Area H in Fig. 6e. As can be seen from
the figure, Area J has a large number of striped stress-
derivative images in the central area of the nanocrys-
talline grains, indicating that there is still stress con-
centrated in the newly formed nanocrystalline grains
in the deformation layer. This provided the deforma-
tion driving force for the subsequent segmentation and
refinement of the grains.
It can be seen from Figs. 5, 6 that at 35µm below

the surface of the E30 alloy, there are micro-deformed
micron grains, dislocations, nanocrystals, and striped
substructures in the deformed region, indicating that
the layer is still in a state of continuous refinement.

3.2. Mechanical properties

The mechanical properties of the as-extruded Mg-
-1.8Zn-0.5Zr-1.5Gd alloy subjected to SFPB for dif-
ferent times are shown in Fig. 7. As the bombardment
time increased from 0 to 50 s, the mechanical prop-
erties of the alloy first increased and then decreased.
When the bombardment time was 30 s, the alloy had
better mechanical properties, and its tensile strength,
YS, and EL were 299.1 ± 2.2MPa, 264.4 ± 1.5MPa,
and 36.8 ± 1.3 %, respectively.

Fig. 7. Tensile properties of the Mg-1.8Zn-0.5Zr-1.5Gd al-
loy subjected to SFPB.

The tensile fracture morphologies of the as-extrud-
ed Mg-1.8Zn-0.5Zr-1.5Gd alloys subjected to SFPB
for different times are shown in Fig. 8. It can be seen
from Fig. 8 that the tensile fractures of all samples
were mainly composed of torn edges, dimples, and
cleavage planes. The proportion of these three changed
with an increase in the bombardment time. At the
same time, they all showed obvious features of ductile
fractures. It can be seen from Figs. 8a–d that with
the prolongation of the bombardment time, the pro-
portion of dimples increased gradually, and the size
of the dimples also increased significantly. When the
bombardment time was 30 s, uniform and equiaxed
dimples were distributed throughout the fracture, and
the corresponding mechanical properties also reached
the maximum value. With a further extension of the
bombardment time, the proportion and size of the
cleavage planes in the fracture gradually increased,
while the proportion and size of dimples gradually de-
creased, and the corresponding mechanical properties
gradually decreased.

3.3. Corrosion resistance

Figure 9 shows the polarization curves of the al-
loys after immersion in SBF for 1 h (Fig. 9a) and
νw and νH in the alloys after 120 h of immersion
(Fig. 9b). Table 1 shows the self-corrosion potential
(Ecorr), self-corrosion current density (Icorr), and self-
corrosion rate (Pi) obtained from Fig. 9a by Tafel ex-
trapolating. As can be seen from Fig. 9 and Table 1,
when the bombardment time was less than 30 s, with
an increase in the bombardment time, Ecorr gradu-
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Fig. 8. Tensile fracture morphology of Mg-1.8Zn-0.5Zr-1.5Gd alloys subjected to SFPB: (a) E0, (b) E10, (c) E20, (d) E30,
(e) E40, and (f) E50.

ally moved in the positive direction, Icorr, Pi, νw, and
νH decreased gradually, and the corrosion resistance
gradually increased. When the bombardment time was
greater than 30 s, Ecorr gradually moved in the neg-
ative direction with an increase in the bombardment
time; Icorr, Pi, νw, and νH gradually increased, and
the corrosion resistance gradually weakened. When
the bombardment time was 30 s, the alloy had bet-

ter corrosion resistance.
Figure 10 and Table 2 show the corrosion mor-

phologies and the results of the EDS analysis for al-
loys immersed in SBF for 120 h after being subjected
to SFPB at different times. It can be seen from Fig. 10
that the corrosion products on the alloy’s surface were
mainly composed of dense gray corrosion products and
loose white corrosion products. As shown in Fig. 10d,
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Fig. 9. Polarization curves for alloys subjected to SFPB
after immersion in SBF for 1 h, and νw and νH after im-

mersion in SBF for 120 h.

Ta b l e 2. EDS analyses of the E30 alloy after immersion
in SBF for 120 h

Mass fraction (%)
Position

C O Mg P Ca

A 16.24 37.89 4.07 17.73 24.07
B 16.47 37.95 9.21 16.58 19.78

EDS analysis was performed on the dense black corro-
sion products (Area A) and the loose white corrosion
products (Area B) in the E30 alloy’s corrosion layer.
As shown in Table 2, the corrosion products in Areas
A and B are mainly composed of the elements C, O,
Mg, P, and Ca, and the corrosion products in Areas
A and B only have different proportions of these dif-
ferent elements. At the same time, it can be seen that
the elements in the corrosion layer are also the main
elements of Ca10(PO4)6(OH)2. Ca10(PO4)6(OH)2 can
induce the formation and growth of new bone tissue
and is often used as a modification material for bio-
logical surfaces [25, 26].
It can also be seen from Figs. 10e,f that there

are local raised areas in the corrosion layer, and the
raised areas also have wide cracks caused by mois-
ture loss in the corrosion layer. This indicates that
the degradation rate in this local area was high dur-
ing the degradation process and that pitting corrosion
occurred [27].
Figure 11 shows the corrosion morphology of the

alloy’s surface after removing the corrosion products.
It can be seen from Fig. 11a that the morphology of
the E0 alloy after corrosion was relatively uniform,
but a very small amount of corrosion pores with a
size of about 3 µm can be seen on the surface. The
appearance of the corrosion pores can be considered
to be caused by the nanoscale second-phase particles
(Fig. 3) in the alloy matrix, which act as cathodes dur-
ing the corrosion process, accelerating the corrosion of
the surrounding alloy matrix. The rapid corrosion of
the matrix around the nanoscale second-phase parti-
cles and their own shedding result in a small amount
of corrosion pores on the surface of the alloy after
corrosion [28]. When the bombardment time was 0–
30 s, as shown in Figs. 11b–d, with an increase in the
SFPB treatment time, the number and size of the cor-
rosion holes on the surface of the alloy after corrosion
gradually increased. The surface roughness of the al-
loy (Fig. 2) increased slowly with an increase in the
bombardment time. It can be inferred that the degree
of deformation, and the size and number of microc-
racks in the local area of the alloy’s surface will also
gradually increase. The faster corrosion rate in the
local area produced more serious deformation and mi-
crocracks, leading to corrosion holes in this area [29].
As a result, after the alloy corroded, the number and
size of the surface corrosion holes gradually increased
with increased bombardment time. When the bom-
bardment time was 40–50 s, as shown in Figs. 11e,f,
the number and size of the corrosion holes on the sur-
face of the alloy after corrosion increased rapidly with
an increase in the bombardment time. At the same
time, Areas A and B in Figs. 10e,f were enlarged,
it was seen that the corrosion holes (Area A) devel-
oped from an isolated distribution state to a state of
a mutual contact or a merger (Area B), and the di-
ameter of the larger corrosion holes reached about
20 µm. When the bombardment time reached 40 s,
the surface roughness of the alloy increased rapidly to
8.207 µm; at the same time, the size of the microcracks
on the alloy’s surface (Fig. 1) also increased rapidly.
The increase in the roughness indicated the increase
in the degree of local deformation, which will also
produce more high-density dislocation regions. Dur-
ing the corrosion process, the areas with local high-
density dislocation and microcracks regions that have
poor thermal stability will act as anodes to acceler-
ate their own corrosion and generate more large-sized
corrosion pores [30]. When the bombardment time in-
creased to 50 s, the surface roughness of the alloy in-
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Fig. 10. SEM morphology and EDS analysis of a Mg-1.8Zn-0.5Zr-1.5Gd alloy subjected to SFPB then immersed in SBF
for 120 h: (a) E0, (b) E10, (c) E20, (d) E30, (e) E40, and (f) E50.

creased further, resulting in a further increase in lo-
cal high-density dislocation regions and microcrack re-
gions. During the corrosion process, more corrosion
holes were generated, and, at the same time, the ex-
pansion and merger of corrosion holes also occurred,
forming a larger corrosion hole, as shown in Area B in
Fig. 11f.

Figure 12 shows the average degradation rate (νw)
of the E30 alloy every 8 h after immersion in SBF for
120 h. The νw of the alloy gradually decreased with an
increase in the immersion time within the first 24 h,
then the νw of the alloy gradually increased with an
increase in the immersion time from 24 to 64 h. The
νw then decreased gradually with an increase in the
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Fig. 11. SEM images of the morphology of a Mg-1.8Zn-0.5Zr-1.5Gd alloy subjected to SFPB and immersed in SBF for
120 h after removing the corrosion products: (a) E0, (b) E10, (c) E20, (d) E30, (e) E40, and (f) E50.

immersion time from 64 to 104 h, finally reaching a
plateau after 104 h.

4. Discussion

According to the Hall-Petch equation [31], grain re-
finement is one of the main means used to improve the
mechanical properties of magnesium alloys. Through
grain refinement, the density of grain boundary per
unit of volume in the alloy can be increased, and the

resistance of the dislocation network that needs to
be overcome during the movement of dislocations can
be increased. In addition, grain refinement can also
shorten the length of the accumulated dislocations per
unit of volume in the alloy and makes it harder to con-
centrate the stress. It requires a large external force
to activate dislocations in the adjacent grains, which
usually means that the strength of the alloy increases
with a decrease in the grain size [32]. Therefore, the
E0 alloy with a fine grain size had higher mechani-
cal properties. In extruded magnesium alloys with fine
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Fig. 12. Average νw corrosion rates for the E30 alloy as
measured by weight loss every 8 h.

grains, the internal microstructure will gradually sep-
arate and form microscopic voids through the action
of tensile stress. At the same time, the number and
size of the microscopic voids will also gradually in-
crease under the action of slippage. When many voids
begin to aggregate and connect with each other, they
will lead to fractures, forming a dimple-like fracture
morphology with ductile fracture properties [33, 34].
Therefore, as shown in Fig. 7a, the tensile fractures
of the E0 alloy were mainly composed of uniform and
equiaxed dimples and a very small amount of quasi-
cleavage planes, showing typical characteristics of duc-
tile fractures.
When the bombardment time was between 10 and

30 s, with an increase in the bombardment time, as
shown in Figs. 1b–d, the surface grains of the al-
loy were refined to a certain extent under the bom-
bardment of high-energy particles. The depth of grain
refinement from the surface layer to the core in-
creased further. This grain refinement can improve
the strength of the alloy; at the same time, it can also
prevent the concentration of stress and improve the al-
loy’s ductility [35]. After the alloy has been subjected
to SFPB, a residual compressive stress field will be
formed on the surface of the alloy, and its strength
will increase with an increase in the bombardment
time. During the process of stretching the material,
the residual compressive stress on the surface of the
material can balance part of the tensile stress during
the process of the material bearing the tensile stress,
so that the actual tensile stress suffered by the mate-
rial is reduced, which is beneficial for reducing the
speed of crack initiation and expansion, thus improv-
ing the strength and elongation of the material [36].
Therefore, with an increase in the bombardment time,
the mechanical properties and elongation of the al-
loy gradually increased. From a macroscopic point of
view, the increase in elongation will lead to an increase
in the size of microscopic voids formed during the

stretching process. Therefore, as shown in Figs. 7b–
d, the size and depth of the dimples in the fractures
of the alloy increased the time of bombardment.
When the bombardment time was greater than

30 s, as shown in Fig. 2, the surface roughness of the al-
loy increased further with an increase in the bombard-
ment time. At the same time, as shown in Fig. 1, a cer-
tain number of microcracks also appeared on the sur-
face of the alloy, and the size of the microcracks grad-
ually increased with an increase in the bombardment
time. During the stretching process, the stress concen-
tration phenomenon generated at the tip of the micro-
crack caused the actual stress in the microcrack to be
much higher than the apparent stress [37], causing the
microcrack to become a channel for crack propagation
and causing the instability to extend. The extended
instability led to a fracturing of the alloy and a de-
crease in the tensile strength. Therefore, the strength
and elongation of the alloy gradually decreased with
an increase in the bombardment time. At the same
time, because of the severe plastic deformation on the
surface of the alloy, the significant increase in the dis-
location density and the increase in the size of micro-
cracks, the plasticity of the surface layer of the alloy
reduced, and a large area of cleavage surfaces was gen-
erated in the tensile fracture morphology. The fracture
mode was characterized by a mixture of ductile and
brittle fractures. Therefore, as shown in Figs. 7e,f, the
proportion of cleavage planes in the fractures of the
alloy increased with an increase in the bombardment
time.
SFPB can form a nanocrystalline layer on the sur-

face of the extruded Mg-1.8Zn-0.5Zr-1.5Gd alloy. The
nanocrystalline structure usually has high surface ac-
tivity and a high specific surface area. In an inert
SBF solution, the nanocrystalline structure can pro-
mote the passivation effect of the alloy surface, pre-
venting the progress of corrosion and improving the
corrosion resistance of the alloy [38]. Mg and MgO
have different crystal structures. The larger the grain
size of the alloy, the easier it is to cause a discontinu-
ity in the two-phase interface between the matrix Mg
and the surface MgO film. Nanometering the surface
of the magnesium alloy can reduce the difference be-
tween the matrix Mg and the surface MgO film. The
discontinuity of the phase interface reduces the ten-
sile stress or compressive stress between the interfaces
and reduces the tendency of the MgO film to rupture
[39]. During the SFPB process, a dense MgO film will
be formed on the surface of the nanocrystalline layer.
During the corrosion process, the dense MgO film can
better protect the substrate Mg; at the same time, the
dense MgO film can reduce the surface Mg(OH)2 layer,
which is prone to cracking, and improve the corrosion
resistance of the alloy [40]. After SFPB, the density
of the alloy surface structure is improved, which can
eliminate the adverse effects of microscopic pores and



334 Y. Huai et al. / Kovove Mater. 61 2023 321–337

other defects on the corrosion resistance and enhance
the corrosion resistance of the alloy’s surface [41, 42].
During the corrosion process of magnesium alloys, the
corrosion products will generate a certain amount of
tensile stress on the surface of the alloy. After SFPB,
the residual compressive stress on the surface of the
alloy can offset part of the tensile stress and reduce
the cracking tendency of the MgO film on the surface
of the alloy, thereby enhancing the stability and anti-
corrosion protective effects of MgO films [43]. When
the bombardment time was 0–30 s, the thickness of
the nanocrystalline layer on the surface of the alloy,
the density of the surface layer structure, and the sur-
face residual compressive stress, all increased with an
increase in the bombardment time. Therefore, the cor-
rosion resistance of the alloy increased with the bom-
bardment time.
When the bombardment time was longer than 30 s,

larger cracks began to appear on the surface of the al-
loy. Therefore, the size and number of cracks on the
surface of the alloy played a leading role in the corro-
sion resistance of the alloy. There was a large difference
in the grain size and dislocation density between the
crack tip area on the surface of the alloy and the bot-
tom area of the adjacent crack. During the corrosion
process, galvanic corrosion of the crack tip area and
the bottom area of the adjacent crack formed, which
will accelerate the alloy’s corrosion. At the same time,
an increase in the cracks’ size also led to an increase
in the contact area between the SBF solution and the
alloy, which also accelerated the corrosion of the al-
loy. When the bombardment time was greater than
30 s, the size and number of the surface cracks in the
alloy increased rapidly with an increase in the bom-
bardment time. Therefore, the corrosion resistance of
the alloy gradually decreased with an increase in the
bombardment time.
According to the changes in the νw of the E30 al-

loy within 120 h of immersion in SBF, the corrosion
process of the alloy could be divided into four stages:
In the first stage (0–24 h), it can be considered that in
the first 8 h of immersion, the surface of the alloy was
completely exposed to the SBF solution and the alloy
had a high corrosion rate; at the same time, a layer
of loose Mg(OH)2 corrosion products rapidly formed
on the surface of the alloy [44]. With a further in-
crease in the immersion time, the increased amount of
Mg(OH)2 corrosion products on the alloy surface re-
duced the effective contact area between the alloy ma-
trix and the SBF solution and hindered the progress
of the reaction. Therefore, the corrosion rate of the
alloy decreases with an increase in immersion time.
At the same time, the nanocrystals on the surface of
the alloy were continuously dissolved by the progress
of the corrosion reaction, and their thickness was re-
duced continuously. In the second stage (24–64 h), the
alloy’s area of surface roughness and the microcrack

area had a higher corrosion rate. Therefore, as the cor-
rosion reaction continued, the areas with larger rough-
ness and microcracks were the first to expose large
grains unaffected by SFPB. There was a difference
in the thermodynamic stability between the exposed
large grains and their adjacent nanograins. During the
corrosion process, the large grains and the surround-
ing nanograins will form a galvanic cell and accelerate
the dissolution of the large grains, which act as the
anodes. As a result, the corrosion rate gradually in-
creased with an increase in the immersion time [45].
The corrosion rate of Mg alloys in the SBF solution
with a passivation environment increased with an in-
crease in grain size [46]. Therefore, within 24–64 h, the
corrosion rate of the alloy gradually increased with
an increase in the immersion time. In the third stage
(64–104 h), with the continuation of the corrosion re-
action, the thickness of the loose Mg(OH)2 corrosion
layer on the surface of the alloy continued to increase.
There were also higher concentrations of free Mg2+

in the adjacent region. Inside the Mg(OH)2 corrosion
layer and the adjacent areas, the higher concentra-
tion of Mg2+ will react with the Ca2+, H2PO4− and
HPO2−4 in the solution to generate (Ca,Mg)3(PO4)2
and Ca10(PO4)6(OH)2 corrosion products, and con-
tinuously consume the Mg(OH)2 corrosion products
in the corrosion layer. With an increase in the im-
mersion time, the corrosion layer gradually changed
from the initial loose Mg(OH)2 corrosion products to a
combination of dense Mg(OH)2, (Ca,Mg)3(PO4)2 and
Ca10(PO4)6(OH)2 corrosion products [47]. Within 64–
104 h, the thickness of the dense corrosion products
increased with an increase in the immersion time, and
the thickening of the dense corrosion products hin-
dered the progress of the corrosion reaction. Therefore,
the corrosion rate of the alloy at this stage decreased
continuously with an increase in the immersion time.
In the fourth stage (104–120 h), the formation and dis-
solution of corrosion products on the surface of the
alloy during the immersion process in SBF was a dy-
namic process [48]. It can be considered that when the
immersion time was longer than 104 h, the formation
and dissolution of corrosion products on the surface
of the alloy reached a dynamic equilibrium during the
renewal process of SBF every 8 h, so the corrosion rate
of the alloy gradually tended to become stable.
These experimental results show that the thick-

ness of the nanocrystalline layer on the surface of the
medical magnesium alloy can be adjusted by chang-
ing the bombardment time; in other words, the change
law of its corrosion rate in SBF can be adjusted. It
meets the requirements of medical magnesium alloy
implant materials of having a low corrosion rate in
the early stage and ensures that it can provide suffi-
cient strength to function as a fixed support for a long
period of time. In addition, as an implant material,
a magnesium alloy must have a high corrosion rate
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in the later period of retention in the human body,
so that its strength will decrease rapidly, thus trans-
ferring more load to the new bone tissue, and finally
achieving complete degradation.

5. Conclusions

1. SFPB can be used to form a nanostructure with
a certain depth gradient on the surface of a magnesium
alloy, and its depth and surface roughness increase
with an increase in the bombardment time. When the
bombardment time is 30 s, microcracks begin to ap-
pear on the alloy’s surface; with the prolongation of
the bombardment time, the number of microcracks
gradually increases, and their depth also increases sig-
nificantly.
2. When the bombardment time is between 0 and

30 s, the thickness of the nanocrystalline layer on the
surface of the alloy increases with an increase in the
bombardment time, which leads to the gradual en-
hancement of the mechanical properties of the alloy
with an increase in the bombardment time. When the
bombardment time was between 30 and 50 s, the size
of the microcracks that are prone to stress concentra-
tions increases with an increase in the bombardment
time, resulting in a continuous decrease in the mecha-
nical properties of the alloy.
3. When the bombardment time is between 0 and

30 s, with an increase in the bombardment time, the
thickness of the nanocrystalline layer that promotes
the passivation effect on the surface of the alloy grad-
ually increases, and the corrosion resistance of the al-
loy gradually increases. When the bombardment time
is 30–50 s, the galvanic corrosion of the microcrack tip
area on the surface of the alloy and its adjacent areas
accelerates the corrosion of the alloy, and the corrosion
resistance of the alloy gradually decreases. During im-
mersion of the E30 alloy for 120 h, the corrosion rate
of the alloy first decreases, then increases, and then
decreases with an increase in the immersion time, and
finally tends to become stable.
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