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Mg-based implants are used in biomedical applications predominantly because of their degradable prop-
erty. In this paper, the effect of local misorientations (intragranular misorientation) on the corrosion be-
havior of high-purity Mg (HPM) was systematically investigated according to microstructure characteri-
zation and corrosion measurements. The results showed that local misorientation introduced into grains
by deformation could result in corrosion around the grain boundary (GB), which ultimately reduces the
corrosion resistance of HPM. After removing the local misorientation by annealing, the corrosion around
GB could be eliminated. This work is expected to inspire better control over the degradation behaviors of
biomedical Mg through microstructure design to be used for various biomedical applications.

Microstructure
Local misorientation
Grain boundary (GB)

Statement of significance

1. Fine grains, fine grains with large local misorientation, and coarse grains could be obtained, respec-
tively, in high-purity Mg by sequential hot rolling, compression deformation, and annealing treatments.

2. Large local misorientation introduced into grains could lead to corrosion around the grain boundary
and ultimately reduce corrosion resistance.

3. In the absence of local misorientation, refining grain size could improve the corrosion resistance of

Mg.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Biodegradable metals including Mg, Zn, and Fe are receiving
increasing attention because of the imperative clinical demands for
temporary implantation [1-6]. Among them, Mg has been proven
to have bio-functions such as good cytocompatibility, antibacterial
properties, and superior performance of osseointegration [7-13].
On the basis of the results of research on high-purity Mg [13-15],
many kinds of novel Mg-based implants such as cardiovascular
stent, bone screw, and vascular clip have entered clinical trials
[16-18]. Nevertheless, the fast degradation rate of the Mg implant,
which can largely affect its mechanical performance and bio-
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compatibility, is still a bottleneck for restraining their application
[19,20]. For example, formation of gas cavities around the Mg
implant and fracture caused by the fast decay of strength has
been reported in the past [16]. Therefore, achieving control over
the corrosion resistance of biodegradable Mg remains a crucial
challenge for its biomedical applications.

In addition to external environmental factors, the corrosion re-
sistance of Mg can also be influenced by its intrinsic microstruc-
tural features such as grain boundary (GB) [21-23], precipitates
[24-26], grain orientation [27-30], solute atom [31-33], and dis-
location [34]. Presently, most biodegradable Mg alloys are the
wrought alloys, which exhibit much better mechanical properties
than the cast alloys, because of the fine-grained strengthening ef-
fect produced by plastic deformation [35,36]. Moreover, many re-
searchers have also confirmed that the corrosion resistance of Mg
could be improved with the decrease in grain size (increase in the
density of GB), which generates a more stable corrosion product
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Table 1

Chemical compositions of HPM as analyzed by ICP-AES.
Element Mg Si Fe Ni Al Mn Ti Pb Sn Zn
ppmw Bal. 20 20 5 20 20 10 10 5 20

Compression

Mg-R
(Low &, small d)

ND I

RD

/g »

Mg-C
(High &, small d)

Mg-A
(Low &, large d)

Fig. 1. Mechanical processing and heat treatment of high-purity magnesium (HPM) to obtain grains with different residual strain (&) and size (d).

layer [37-41]. Here, GB is actually a misorientation between two
adjacent grains with different crystal orientation (this misorien-
tation is also called GB misorientation). However, there are also
some intragranular misorientations, that is, the local misorienta-
tion within the grain. The local misorientation within the grain is
normally less stable and contains higher residual stress/strain than
that in GB. Unfortunately, thus far, only few studies have focused
on the effect of local misorientation on the corrosion of Mg. The
strain-induced grain refinement of Mg also produces local misori-
entation after plastic deformation, which may have an important
influence on the corrosion resistance [42]. For example, Song et al.
reported that the corrosion resistance of pure Mg and AZ91D de-
creased in the case of significant reduction in grain size after me-
chanical processing [43,44]. Other researchers have also reported
that the corrosion current increased with increase in the strain
during tensile and compression deformation processes [34,45]. In
these studies, the local misorientation is prone to be produced by
plastic deformation. Therefore, the effect of local misorientation on
the corrosion behavior of biodegradable Mg should be considered,
which can potentially provide information for wrought Mg alloy.
Thus, we have attempted to reveal the effect of local misorien-
tation on the corrosion behavior of Mg and want to gain attention
of other researchers about this work. Because of the geometrically
necessary dislocations (GNDs) formed in the material after plas-
tic deformation, the residual strain was stored as local variations
in lattice orientation [46]. Hence, local misorientation and strain
distribution could be characterized by electron backscatter diffrac-
tion (EBSD) [47]. Here, a high level of local misorientation (mis-
orientation angle 0.5°-3°) was produced in HPM through compres-
sion deformation at room temperature. The corrosion behavior of
compressive HPM was studied using electrochemical and immer-
sion measurements, and then it was also compared with that of
an original hot rolling sample and an annealed sample. The distri-
bution of local misorientation and the corroded micro-morphology
of all samples were characterized ex situ, respectively, to directly
reveal the relationship between local misorientation and corrosion

Table 2
Strength, modulus, and hardness of HPM sheets.

YS/UTS (MPa)  Modulus (GPa)  Hardness (HV)

Mg-R  105/142 45 423
Mg-C  118/157 45 46.7
Mg-A  73/108 45 37.6

behavior. We found that both the content and the distribution of
local misorientation have high influence on corrosion. The main
mechanism is that the region with large local misorientation con-
tains the high stored energy and residual stress, which can increase
the dissolution rate of the Mg substrate. These findings can assist
us to better understand the relationship between the microstruc-
ture and the degradation behavior of biomedical Mg from the per-
spective of materials.

2. Materials and methods
2.1. Material processing

The as-casted ingots of Mg with a high purity of 99.98% were
selected for research, provided by Suzhou Origin Medical Technol-
ogy Co. Ltd., China. The chemical compositions of HPM were ana-
lyzed using a plasma-atomic emission spectrometer (ICP-AES), and
the results are listed in Table 1. As shown in Fig. 1, first, a rectan-
gular plate of size 50 (RD) x 50 (TD) x 30 (ND) mm3 was cut from
the ingot for hot rolling at 400 °C, and then the resultant sample
with a total rolling thickness reduction of 80% through eight passes
was named as Mg-R. Following the rolling plane of the sheet, Mg-
R compressed by a strain of 5% at room temperature was named
as Mg-C. Finally, after further annealing at 400 °C for 1 h, the re-
sulting sample was named as Mg-A. The strength, modulus, and
hardness of these samples are shown in Table 2.
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2.2. Microstructural analysis

The microstructure features including GB, grain orientation, tex-
ture, and residual strain were characterized by EBSD measure-
ments performed with a scanning electron microscope (Mira3
(SEM) & AZtec Nordlys Max3 (EBSD)). The data of EBSD results
were analyzed using Channel 5 analysis software. Specimens for
EBSD measurements were prepared by conventional grinding and
diamond polishing (down to 0.5 um), followed by Ar* ion milling
in a precision ion polishing system (PIPS, Gatan). The accelerat-
ing voltage in operation was 0.5 kV, and the incident angle was
set at 3° under a liquid nitrogen cooling system. The morphol-
ogy of the corroded surfaces after 30 min and 168 h immersion
without corrosion products was studied by scanning electron mi-
croscopy in the secondary electron mode. For transmission electron
microscopy (TEM) analysis, thin foil specimens were prepared by
punching 3 mm diameter discs, followed by dimple grinding and
Art ion milling in a precision ion polishing system. The accelerat-
ing voltage in operation was 4.5 kV, and the incident angle was set
at 6°. TEM operation was performed in a FEI Talos-F200X (200 kV)

equipped with a field-emission gun. The Super-EDS X-ray detection
system combined with the high current density electron beam in
the scanning mode (STEM) was also utilized to analyze the corro-
sion morphology.

2.3. Corrosion resistance testing

Electrochemical corrosion tests were performed using the PAR-
STAT 2273 electrochemical system in a simulated body fluid solu-
tion (m-SBF [48]) with a pH value of 7.4 at 37 °C. A conventional
three-electrode system was used in our tests. The specimen, a plat-
inum electrode, and a saturated calomel electrode (SCE) served
as the working electrode, counter electrode, and reference elec-
trode, respectively. The specimen was cold mounted using epoxy
resin, with an exposed surface area of 0.5 cm?2. Electrochemical
impedance spectroscopy (EIS) measurements were taken at open
circuit over a frequency ranging from 100 kHz to 0.01 Hz after
1 h of stabilization at the open-circuit potential (OCP). The ampli-
tude of the applied perturbation was 5 mV. Potentiodynamic po-
larization tests were performed by applying a potential from OCP
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Fig. 2. EBSD inverse pole figure maps of Mg-R (a), Mg-C (c), and Mg-A (e) (the color map representing the grain orientation of each sample is indicated in the inserted
crystallographic axes); (b) the distribution of grain size; (d) the distribution of grain boundary misorientation; (f) (0002) pole figures. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Local misorientation maps (0°-3°) and the corrosion morphology of Mg-R with 30 min immersion in m-SBF at 37 °C. (a) KAM maps of EBSD-containing grains
showing the distribution of local misorientation (For the indexed areas, a higher degree of micro-strain is seen in the area with brighter green color.); (b-d) SEM (secondary
electron mode) images of corrosion morphology without corrosion products (selected high-angle GBs are marked (b)). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

—500 mV to +500 mV at a scan rate of 2 mV/s, respectively. The
immersion test, which can measure continuous hydrogen evolution
and the weight loss of the sample, lasted for 168 h in m-SBF at
37 °C. The ratio of the m-SBF solution (ml) to the volume of the
sample surface area (cm?2) was 200 ml/cm?. Before weighing, the
corroded sample was cleaned by washing with 180 g L-! CrO; so-
lution.

2.4. Statistical methods

The values (mean values, standard deviation) determined in the
present study were calculated using Microsoft Excel 2016 software
(Microsoft Office, Microsoft Corporation, USA). Statistical analysis
was performed with SPSS (SPSS 16.0 Inc., Chicago, USA). One-way
ANOVA and Student-Newman-Keuls post hoc tests were used to
determine the level of significance. p values less than 0.05 were
considered to be significant.

3. Experimental results
3.1. Microstructural characterization

The microstructure of HPM with different processing is demon-
strated in Fig. 2 (Mg-R (Fig. 2(a)), Mg-C (Fig. 2(c)), and Mg-A
(Fig. 2(e)). After hot rolling at 400 °C, the Mg-R shows a mi-
crostructure of dynamical recrystallization, but the grain size is
not homogeneous as shown in Fig. 2(a). The average grain size of
Mg-R is approximately 11.6 pm. The grains of Mg-C are deformed,
and the average size is approximately 14.2 pm after compression at
room temperature. The distribution of grain size and the GB mis-
orientation of Mg-R and Mg-C are still similar (Fig. 2(b) and (d)).
In addition, the content of low-angle grain boundaries (LAGBs) has
also not changed too much: 8.8% and 7.8% in Mg-R and Mg-C, re-
spectively. After annealing treatment at 400 °C for 1 h, the mi-

crostructure of the resulting Mg-A has changed and the average
grain size increases rapidly to approximately 71.2 pm because of
static recrystallization as shown in Fig. 2(e). All three samples ex-
hibit a similar basal texture as shown in Fig. 2(f). The grains are
mainly oriented to (0001) and the maximum intensity of texture
is 20, 17, and 22 for HPM-R, Mg-C, and Mg-A, respectively, indi-
cating that the c-axis of the grains is nearly perpendicular to the
rolled surface. The magnified corrosion morphology of the rectan-
gle regions in Fig. 2(a), (c), and (e) is exhibited in the subsequent
part.

To determine the different corrosion behavior caused by mi-
crostructural factors in the three HPM samples, we examined GBs,
local misorientation, and early corrosion morphology (30 min im-
mersion in m-SBF solution at 37 °C) of the corroded surface with-
out corrosion products by combining EBSD and SEM. By using
EBSD, the local misorientation can be expressed by kernel aver-
age misorientation (KAM) parameters. The KAM parameter is de-
lineated as that for a given data point, and the average misori-
entation between the data point and all of its neighbors is cal-
culated [46,47]. The white areas in the KAM map, which are the
nonindexed regions, represent the greatest lattice distortion, im-
plying a higher level of residual strain. Although the dynamic re-
crystallization effect occurs during hot processing, some grains in
HPM-R still have more or less local misorientation as shown in
Fig. 3(a). The local misorientation has sparse distribution and at
a low level. Most of them are located around GBs. From the initial
corrosion morphology of Mg-R, we can observe the different corro-
sion around GBs as shown in Fig. 3(b)-(d). Some GBs have a corro-
sion gap (Fig. 3(b)), while some GBs are only slightly corroded. In
addition, the twin boundaries of Mg-R also have a prior corrosion,
but the corrosion of two boundaries is not the same (Fig. 3(c)).
One is with a typical width of 1-2 pm, and another just looks like
a corroded line. On the basis of these results of the Mg-R sample,
if just considering the grain orientation, then the difference in cor-



W. Wang, H. Wu and Y. Sun et al./Acta Biomaterialia 101 (2020) 575-585 579

@)

Grain A

10 Hm

Fig. 4. Local misorientation maps (0°-3°) and the corrosion morphology of Mg-C with 30 min immersion in m-SBF at 37 °C. (a) KAM maps of EBSD-containing grains showing
the distribution of local misorientation. The nonindexed regions have the highest local strain; (b-e) SEM (secondary electron mode) images of corrosion morphology without

corrosion products (selected high-angle GBs are marked (b, c)).

rosion morphology around GBs seems likely to be caused by low-
angle GBs because low-angle GB has a better corrosion resistance
than high-angle GB [49].

The local misorientation in Mg-C is much higher than that in
Mg-R as shown in Fig. 4, and it is enriched around GBs to some
extent. We can observe severe localized corrosion around the GBs
despite a low-angle or a high-angle boundary after 30 min of im-
mersion in m-SBF at 37 °C as shown in Fig. 4(b)-(d), although
a high-angle boundary is supposed to corrode faster because of
the higher interface energy [50]. This result of Mg-C indicates a
stronger correlation between local misorientation and corrosion, as
these regions of prior corrosion (Fig. 4(b)-(d)) are almost the same
as the distribution of local misorientation (Fig. 4(a)). In addition,
as shown in Fig. 3(b) and (c), the twins in Mg-R are totally cor-
roded because of the large residual strain caused by deformation.
Fig. 4(d) and (e) further shows that the serious corrosion damage
propagates along the direction of slip band, resulting in serration-
shaped corrosion morphology on both sides of a GB (Fig. 4(d)). Ac-
cordingly, local misorientation within grains can lead to a higher
corrosion rate, and the GB corrosion should be caused by the large
residual strain with the high level of local misorientation.

To further consider the effect of residual strain on corrosion,
we removed the local misorientation through annealing treatment
to observe the corrosion characteristics. As shown in Fig. 5(a), Mg-
A has less local misorientation attributed to the recrystallization of
grains during the annealing treatment. More uniform corroded sur-
face is observed in Mg-A after the same immersion test as shown
in Fig. 5(b). As the local misorientation almost diminishes, corro-
sion at the GB indeed becomes trivial regardless (Fig. 5(c)). The
GBs can be distinguished only depending on the difference in the
corrosion morphology of two grains in some regions as shown in
Fig. 5(d). Therefore, the corrosion behavior around GBs without lo-
cal misorientation is similar to that in the inner grain of HPM,
comparing results from Figs. 4 and 5.

The corrosion morphologies of these samples are shown in
Fig. 6 to reveal the corrosion propagations after 7 days of immer-
sion. The corroded surface of Mg-R (Fig. 6(a)) and Mg-A (Fig. 6(c))
remains uniform corrosion relative to that in Mg-C (Fig. 6(b)).
Again, Mg-C with the largest residual strain has localized attack.
Its corroded surface is very inhomogeneous as shown in Fig. 6(b).
Comparing Mg-R and Mg-C, a dim GB starts to appear on the
surface of Mg-A, suggesting the grain orientation has limited im-
pact on the corrosion rate in the absence of local misorientation
[51,52].

3.2. Corrosion measurement

The corrosion resistance of these samples was evaluated by po-
larization curves, EIS, and immersion tests in m-SBF solution at
37 °C to understand how much corrosion rate can be influenced
by the above microstructural difference. Fig. 7 shows the polar-
ization curves of the HPM samples. In polarization curves, the ca-
thodic sides are controlled by hydrogen evolution reaction in aque-
ous solution, and the other sides are the anodic dissolution reac-
tion, which is dissolution of Mg, and abnormal anodic hydrogen
evolution called negative difference effect [40,53]. It is obvious that
the cathodic behavior of the three samples is similar. In addition,
the anodic sides of all samples have a passivation tendency below
the breakdown potential, which implies the presence of oxide films
on the surface [54]. The current densities obtained from the polar-
ization curves in the anodic range at +100 mV vs. Ecor (before the
breakdown potential) for the three samples are 1.8 x 10~ mA/cm?
(HPM-R), 1 x 1074 mA/cm? (Mg-C), 2 x 10~> mA/cm? (Mg-A),
respectively. This result suggests that the Mg-C with the highest
value of current density exhibits the highest anodic dissolution
rate [55]. The corrosion potential (Ecorr) and the corrosion current
density (Icorr) derived from these curves are shown in Table 3.
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Fig. 5. Local misorientation maps (0°-3°) and corrosion morphology of Mg-A with 30 min immersion in m-SBF at 37 °C. (a) KAM maps of EBSD; (b-d) SEM (Secondary
electron mode) images of corrosion morphology without corrosion products (selected high-angle GBs are marked (c)).
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Fig. 6. SEM (secondary electron mode) images of corrosion morphologies without corrosion products of Mg-R (a), Mg-C (b), and Mg-A (c) after 7 days of immersion in

m-SBF solution at 37 °C.

Table 3

Ecorr and I values for different HPM samples in m-SBF solution at 37 °C.

Sample  Ecorr (V vs. Hg/HgCl)  Icorr (MA cm—2) -b. (mV/decade) b, (mV/decade)
Mg-R —1.49 + 0.03 32+ 04 x 107 -163 211
Mg-C —1.49 + 0.04 7.4 + 0.7 x 105 -171 180
Mg-A -1.47 + 0.03 3.8 +0.3 x 10°° —-157 224

Fig. 8 shows the EIS spectra of these samples in m-SBF solution
after 1 h immersion at 37 °C. The Nyquist spectra of the three sam-
ples display a similar electrochemical behavior with a large high-
to-medium frequency capacitance loop and one low-frequency ca-
pacitance loop. The large capacitive loop is attributed to the charge
transfer process of Mg — Mg?* at the double layer formed at the
surface film [40]. The small capacitive loop is caused by the pro-
cess in which a corrosion product film is formed on the surface
relax [31,56]. The Mg-R and Mg-A have similar impedances, but
both loops manifest the Mg-C with the worst corrosion passivity.
In the case of Bode plots of Z* vs. Frequency as shown in Fig. 8(b),

the impedance values always rise from high frequency to low fre-
quency for all samples. Two wave crests can be found in the Bode
plots of Phase vs. Frequency, meaning the presence of two capaci-
tance loops.

To further study the corrosion difference of these HPM sam-
ples, the equivalent circuit was used to quantitatively analyze the
EIS spectra as shown in Fig. 8(a). Ry represents the solution re-
sistance. Ry and CPE; in parallel connection represent the charge
transfer resistance and capacitance of electrical double layer at the
interface, respectively, which describe the first capacitance loop
in high frequency. Normally, the higher charge transfer resistance
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Fig. 7. The potentiodynamic polarization curves of HPM in m-SBF solution at 37 °C.

value implies the lower dissolution rate of the Mg substrate [31].
The constant phase element CPE;, which represents the capaci-
tive elements associated with nonideal capacitive behavior, is used
instead of a capacitor to compensate the nonhomogeneity in the
system. CPE impedance is related to the frequency as follows:
Zcpe=1/T(iw)", where T is the CPE magnitude and n is the CPE ex-
ponent [40,57]. R, and C, in parallel connection represent the re-
sistance and capacity of the corrosion film, respectively, which are
used to describe the second capacitance loop in low frequency. The
fitting results by Zview2 software are summarized in Table 4, and
the fitted curves are presented in Fig. 8 with solid lines. According
to the fitting results, Mg-C has the minimal value of 2021 Q cm?
of Ry, implying the highest dissolution rate of the Mg substrate.

(a) 5000
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The values of corrosion film resistance R,, which is mainly related
to the corrosion product formed on the surface in different rolled
samples, are in the following order: Mg-R (1838 Q cm?) > Mg-A
(1358 Q cm?) > Mg-C (952 © cm?). Thus, the corrosion product
for Mg-R and Mg-A is more protective than that in Mg-C.

The hydrogen evolution method is adopted to study the time-
dependent corrosion behavior of Mg [58] as shown in Fig. 9(a). The
collected volume of the hydrogen gas, which quantifies the total
amount of corrosion at a specific time point, shows a nonlinear
relationship with immersion time, suggesting that the corrosion
rates of all three samples decrease with time. After 1 week’s test,
the total hydrogen released increases to 7.8 + 0.6 ml/cm? (Mg-
C), 6.3 + 0.4 ml/cm? (Mg-A), and 5.4 + 0.3 ml/cm? (HPM-R). As
the amount of hydrogen gas derived from the cathodic reaction is
equivalent to the amount of Mg dissolved in the anodic reaction,
this observation suggests their corrosion rate also follows the or-
der: Mg-C > Mg-A > HPM-R. Similar results are further confirmed
by measuring the mass loss after 1 week of immersion in m-SBF at
37 °C as shown in Fig. 9(b). The average corrosion rates of HPM-R,
Mg-C, and Mg-A in a week were 1.10, 1.37, and 1.19 mg/cm?-day,
respectively. By combining with the results of electrochemical test,
hydrogen evolution, and mass loss measurement, it can be con-
firmed that the deformed sample Mg-C with high content of lo-
cal misorientation has the fastest corrosion rate in m-SBF solu-
tion.

4. Discussion

The corrosion rates of HPM show the same following order:
Mg-C > Mg-A > HPM-R through different test methods. Mg-R and
Mg-C have a similar average grain size and texture, but the cor-
rosion resistance of Mg-C is worse. Thus, we propose that the
local misorientation plays a significant role in deteriorating the
corrosion resistance of HPM, especially causing GB corrosion. As
pure magnesium almost does not contain precipitates, the dislo-
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6000 | gl 1
. 7 « MgC - -70
= s MgA 1
5000 | . i o
e, -1“!‘ -~ Fitted carvg
A"' w . L
N Aoy j
4000 B 4 W 5
“ale, e o 1 =
“‘:‘lz. - B g »40%:
3000 U Y { =
LY/ (o N 4 330%™
i 2 | ]
2000 | ot 4 J.as
o ey : 1
5’ : : 4
1000 | ‘W (A ) 410
A “M ]
s
X o0 40
0
PRI BEEETRTTTT BEEEERTTIT BEATTTTT B AR BEARTITT BATARTITTT B wrrrT By 10
1E-3 001 0.1 1 10 100 1000 10000 100000 1000000

Frequency (Hz)

Fig. 8. EIS spectra of HPM with different microstructural factors in m-SBF solution at 37 °C: (a) Nyquist spectral curves; (b) bode plots.

Table 4
Fitting resulting from EIS spectra.
Rs CPE; Ry G R, Chi-
Q cm? Q cm? F cm—2 Q cm? square
( ) T (2 am2s ) n ( ) (n ) ( ) q
Mg-R 152 £ 0.8 6.8 £ 0.1 0.92 3339 + 23 928 + 43 1838 + 44 4 x 1073
Mg-C 150 + 0.7 9+02 0.88 2021 £ 13 1114 + 51 952 + 20 4 x 1073
Mg-A 155 + 0.6 5.7 £ 0.1 0.93 3166 + 16 1063 + 45 1358 + 29 2 x 1073
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Fig. 10. (a) TEM bright-field image of GBs in Mg-C; (b) a schematic diagram showing corrosion origin at the GB.

cation in the Mg-C sample induced by plastic deformation can
move along the slip planes until it meets the GB and eventually
piled as shown in the TEM bright-field image of Fig. 10(a). Un-
der this condition, local misorientation within the grain is easily
formed. Some dislocations will transform into so-called “extrinsic
GB dislocations” [59]. The stress concentration at GB can also acti-
vate a new resource of dislocation in the adjacent grain as shown
in Fig. 10(b), which may correspond to the corrosion morphology
shown in Fig. 4(e). As a net effect, GBs with high densities of such
extrinsic GB dislocations would contain increased energy and con-
siderable local misorientation [60]. Therefore, after deformation at
room temperature, the regions around GBs with high content of lo-
cal misorientation are more reactive. This is similar to the result of
strain hardening, increasing the corrosion of Mg [45]. In addition,
as stated in Zheng’s report [34], the corrosion rate of the Mg-Zn
alloy increases distinctly after tensile or compressive deformation.
The intergranular corrosion is also observed, which provide fur-
ther certainty for local misorientation-induced GB corrosion of our
finding. Thus, at the starting stage of corrosion in Mg-C, the re-
gions around GBs with high local misorientation accompanied by
high stored energy and elastic stress are first corroded and then
spread along the transverse and longitudinal directions to GB. This
characteristic causes corrosion initiating from the GB rather than
from the center of the grain as shown in Fig. 10(b). The corrosion
product layer during the corrosion origin of Mg-C with immersion
30 min in m-SFB solution was still not homogeneous as shown in
Fig. 11(a). On the basis of the segregation of chemical elements in-
cluding Ca, P, O, and C in the layer of corrosion products as ob-

tained by energy spectrum analysis (Fig. 11(b)-(d)), it could be ob-
served that the layer was porous. When the corrosion propagates,
this kind of rough corrosion morphology (Figs. 10(b) and 11(a))
can also increase the contact area of Mg with the corrosive envi-
ronment, resulting in loss of the stability of the corrosion product
layer. From the anodic behavior of polarization curve in Mg-C, the
high anodic current density also indicates that the films formed
on its surface are less protective than the one formed on the
Mg-R and Mg-A. As a comprehensive result, both immersion test
and electrochemical testing show that Mg-C has the worst corro-
sion resistance. The high dissolution rate of the substrate in Mg-C
also corresponds to its low charge transfer resistance R; value as
shown in Fig. 8(a).

The above argument is also supported by the corrosion mor-
phology in Mg-A. The Mg-A corrodes in a homogeneous manner.
No obvious corrosion around GBs can be observed after the an-
nealing treatment because lattice defects within grains are recov-
ered with the decrease in local misorientation and even disap-
pear during the annealing process. At the same time, the GB struc-
ture recovery consists in bringing GB parameters to normal, which
is accompanied by a GB energy decrease [61,62]. Thus, in Mg-A,
we cannot observe any local misorientation and local corrosion as
shown in Fig. 5(a). The corrosion around GBs is as similar as that
in the inner grain as shown in Fig. 5(d). The dissolution rate of the
Mg substrate in Mg-A and Mg-R expresses a similar charge trans-
fer resistance R; value of EIS spectra as shown in Fig. 8(a) and
Table 4 (3126 Q cm? and 3336 2 cm?, respectively). Therefore, GB
without residual strain is intrinsically nonreactive and less likely
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Fig. 11. Bright-field (BF) STEM image of the corroded surface of Mg-C with 30 min immersion in m-SBF solution (a); corresponding EDS elemental maps (b, c) and EDS

results (d).

to be an origin of corrosion in HPM. Accordingly, in Song’s report
[44], grain refinement by ECPE accelerates the corrosion of pure
Mg and also causes GB corrosion. With the increase in subsequent
annealing time, the corrosion rate can be decreased. For these phe-
nomena, the present study on the local misorientation effect can
also give a good explanation.

Except for the effect of local misorientation, it seems that the
corrosion rate can be also influenced by grain size (GB density)
in our results. Although Mg-R has a little local misorientation and
a slight GB corrosion, it has smaller gain size than Mg-A and
corrodes more slowly, suggesting the corrosion resistance can be
enhanced by refining the grain size. As shown in Fig. 8(a) and
Table 4, the value of corrosion film resistance R, in Mg-R is evi-
dently higher than that in others, which mainly indicates the cor-
rosion product layer formed on the surface of Mg-R is more pro-
tective than that on Mg-A. As suggested in recent studies, refine-
ment of grain size can prove the stability of the corrosion film or
enhance their attachment with the Mg substrate [21,23,38,39]. If
the fine grains have a weak corrosion resistance, then the possi-
ble reason would be that high content of local misorientation is
induced during grain refinement. Now, we consider the effect of
both local misorientation and GBs during the grain refinement pro-
cess. The local misorientation can increase corrosion rate as men-

tioned in our above results and discussion. Grain refinement im-
proving corrosion resistance is based on the mechanism reported
by Orlov et al. [38]. We propose a diagram illustrating the pos-
sible effects on the whole process of corrosion in three kinds of
HPM samples as shown in Fig. 12. For a sample with local misori-
entation, the corrosion initiates from GB (I in Fig. 12(a)), and the
corrosion subsequently propagates into the interior grains through
the corroded boundary. For a sample with a little and without
local misorientation, a uniform corrosion proceeds until a bilayer
structured corrosion products are formed, including a porous outer
Mg(OH),-rich layer on top of an inner MgO-rich layer [63-65] (II
and III in Fig. 12(a)). Because of the mismatch in lattice between
MgO and Mg(OH), an internal stress that is generated between
the bilayer structures may lead to a porous, cracked, and less pro-
tective corrosion film. For samples with a high GB density, the
stress between two corrosion layers is likely relieved from the
mismatched GB as shown in Fig. 12(b). Consequently, the sam-
ple with less local misorientation and fine grain will have good
corrosion resistance. On the basis of the above finding, associat-
ing with the clinical application of biomedical Mg, a high local
degradation rate could result in the release of a high concentra-
tion of degradable products and may also lead to an excessively
alkaline environment [18,66]. Moreover, this nonuniform corrosion
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Fig. 12. Schematic diagrams showing the effect of GBs and local misorientation on corrosion origin (a) and corrosion propagation (b).

is likely to cause a stress concentration when the implant is under
stress as a structure. Thus, local misorientation can further influ-
ence both biological and mechanical performances of biomedical
Mg. Therefore, as biodegradable implants, some wrought Mg and
its alloys, which are prone to have local misorientation, need at-
tention.

5. Conclusions

In this study, the effect of GB on the corrosion of HPM was
examined, and whether the local misorientation accelerates corro-
sion was investigated systematically by ex situ observation, elec-
trochemistry analysis, and immersion tests. The main conclusions
are summarized as follows:

(1) The local misorientation induced by deformation tends to
concentrate on the region around GBs and can cause prior
corrosion, which leads to GB corrosion and thus deteriorates
the corrosion resistance of HPM. After eliminating local mis-
orientation, the corrosion at GB can be diminished. In the
annealed HPM, the corrosion activity around GB is similar
to that of the inner grain.

(2) In the absence of local misorientation, refining grain size can
improve the corrosion resistance of HPM. Therefore, the pro-
cess of refining grain size and diminishing residual strain
offers a promising approach to improve the corrosion resis-
tance of biomedical Mg.
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