L 4

& slles Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 31(2021) 1612—-1627

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

In-situ layered double hydroxides on Mg—Ca alloy:
Role of calcium in magnesium alloy

Yu XIA', Liang WU'?, Wen-hui YAO'?, Meng HAO', Jing CHEN', Cheng ZHANG’,
Tao WU, Zhi-hui XIE*, Jiang-feng SONG'?, Bin JIANG'?, Yan-long MA®, Fu-sheng PAN'?

1. State Key Laboratory of Mechanical Transmission, College of Materials Science and Engineering,

Chongqing University, Chongqing 400044, China;

2. National Engineering Research Center for Magnesium Alloys, Chongqing University, Chongqing 400044, China;

3. The Key Laboratory of Chongqing Inorganic Special Functional Materials,

School of Materials Science and Engineering, Yangtze Normal University, Chongqing 408100, China;

4. Chemical Synthesis and Pollution Control Key Laboratory of Sichuan Province,

College of Chemistry and Chemical Engineering, China West Normal University, Nanchong 637002, China;

5. College of Materials Science and Engineering, Chongqing University of Technology, Chongqing 400054, China

Received 23 May 2020; accepted 28 January 2021

Abstract: Mg—Al layered double hydroxides (LDHs), produced on cast Mg—xCa (x=0.5, 0.8, 2.0, wt.%) alloys by an
in-situ growth method, showed good corrosion resistance compared to the bare magnesium substrate. The influence
mechanism of the second phase (Mg,Ca) on LDHs production was investigated. Increasing Ca content increased the
amount of Mg,Ca, decreasing the grain size and the corrosion rate of the alloys. The increased amount of the second
phase particles and the grain refinement promoted the growth of LDHs, and thus led to the decreasing of corrosion rate
of the Mg—xCa alloys with LDHs. A higher Mg,Ca amount resulted in forming fluffy LDHs. Due to the dual effects of
the second phase (Mg,Ca) for LDHs growth and microgalvanic corrosion, LDHs/Mg—0.8Ca showed the lowest

corrosion rate.
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1 Introduction

Magnesium alloys have significant
applications in the automotive and aerospace
industries, and for electronic products, aerospace,
implant applications and other fields because of
their advantages of low density, high specific
strength, high thermal conductivity, bio-
compatibility, biodegradability, and environmental
friendliness [1—5]. However, their poor corrosion
performance limits their more widespread
applications [6—10].

Currently, there are two primary research
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directions to improve the corrosion performance of
Mg alloys. One method is by alloying [5] with
elements, such as Ca, Mn and Zn elements [11—13].
Alloying with Ca is of particular interest for the
corrosion of magnesium alloys [14]. Ca with a low
density (1.55 g/cm’), is a crucial factor for human
bone, and hydroxyapatite (HA) produced during
corrosion of Mg—Ca alloys in the body accelerates
bone healing [13,15], which enables applications of
Mg—xCa alloys in bio-materials [16]. Nevertheless,
there has been exceedingly few Mg alloys that have
a corrosion rate lower than the intrinsic corrosion
rate by mass loss of 0.3 mm/a in a technically
relevant solution such as a concentrated chloride
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solution. The second research direction is surface
treatment. There are many kinds of common anti-
corrosion coatings, including chemical conversion
coatings [17], micro-arc oxidation (MAO) [18,19],
anodic oxidation [20—22], polymer films [23,24],
silane films [25] and electroless coatings [26].
However, in practice, if the coating is damaged, the
substrate corrosion is locally accelerated due to the
effect of the large cathode and small anode,
potentially causing the corrosion protection failure.
Consequently, coatings with active corrosion
inhibition have attracted great attention [27].

Layered double hydroxides (LDHs), widely
researched for corrosion protection coatings, can
carry active corrosion inhibitors because of their
ability of ion exchange [28,29]. Recently, some
LDHs produced on magnesium alloys demonstrated
unique corrosion resistance [30—34]. LI et al [30]
and KUZNETSOV et al [31] prepared ZnAl-LDHs
with vanadate anions via ion-exchange on an anodic
layer and achieved active corrosion protection.
SERDECHNOVA et al [32] and DOU et al [33]
found good corrosion resistance for LDHs on a
ceramic-like coating. Moreover, MOHEDANO
et al [34] found that PEO/LDHs composite coatings
provided good corrosion protection. Furthermore,
CHEN et al [35] found that corrosion performance
was improved by the faster growth by optimized
casting processes. ZHANG et al [36] found that the
LDH film growth could be influenced by
dislocations, twins, grain boundaries and grains
with high electrochemical activity, and the micro-
cathode effect of the f-Mg;;Al;, phase on the alloy
surface caused the formation of the LDHs coating
preferentially on the a-Mg phase and then on the
[-Mg;Al, phase.

The corrosion resistance of magnesium alloys
was studied and improved by different methods and
processes. However, it is not well understood why
the second phase is generally important for the
good performance of LDHs. Therefore, further
study needs to be conducted to understand how the
second phase and grain size of magnesium alloys
affect the growth and corrosion resistance of LDHs.

In this work, Mg—Al LDHs were produced on
Mg—xCa alloys by the in-situ growth method. The
effects of the Ca content on the surface structure
and corrosion behavior of LDHs were studied, and
the effect of the second phase on the growth of

LDHs was explored. The corrosion performance
was evaluated using hydrogen evolution test [37],
electrochemical impedance spectroscopy (EIS),
polarization curves, and immersion tests. The
growth mechanism of LDHs on Mg—xCa alloys was
clarified.

2 Experimental

2.1 Material preparation

The cast Mg—0.5Ca, Mg—0.8Ca and
Mg—2.0Ca alloys were made by induction melting
and casting under the protective gas of SF¢ (as
shown in Fig. 1). Commercially pure magnesium
ingots (99.9 wt.%) and Mg—30Ca master alloys
were melted at 740 °C in mild steel crucible using
an induction furnace. The molten metal was poured
into a low carbon steel die preheated at 200 °C. The
chemical composition of the as-cast Mg—xCa alloy
was analyzed by energy dispersive spectrometer
(EDS, JSM-7800F, FE-SEM) at three different
positions and X-ray fluorescence spectrometry
(XRF, ARL perform’X, China) [16].

(a) Alloy melting (b) In-situ growth of

Mg-Al LDHs
Melt in SF; atmosphere NH4NO\i
Pure Mg-30Ca NH3'H20>
magnesium * alloys AI(NO,);
@ ‘ Mg alloy
Mg—xCa alloys '
"m jt398.171<, 12h
Induction furnace (1013.15 K) LgHs
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Fig. 1 Schematic diagrams illustrating alloy melting (a)
and preparation of LDHs by in-situ growth method (b)

The Mg—Ca alloys were cut into specimens
with size of 10 mm x 10 mm x 3 mm and 20 mm %
20 mm x 3 mm. Each specimen was ground using
sandpapers to 2000”, ultrasonically washed using
ethanol, and dried with cold air. For cross-sectional
examinations, samples with size of 8 mm X 5 mm x
3mm were generated with ultramicrotomy (UC;
EM UC7, Leica, Germany) using a diamond knife.

2.2 Synthesis of Mg—Al LDH
Figure 1 illustrates the preparation of the
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Mg—Al LDHs. The Mg—xCa specimens were
immersed in a solution containing 0.05 mol/L
AI(NO3); and 0.3 mol/L NHy4NO;, with a pH
adjusted to 10.7 by adding strong ammonia water,
were transferred to a Teflon-lined autoclave, and
kept at 398 K for 12 h. Then, the samples were
cleaned with pure water and alcohol, and dried at
room temperature.

2.3 Characterization

The microstructure, chemical compositions
and thickness of the films were evaluated by field
emission scanning electron microscope (FE-SEM,
JSM-7800 F, JEOL, Japan) equipped with energy
dispersive X-ray spectrometer (EDS, INCA Energy
350, Oxford, UK). The acceleration voltage of the
SEM was 10 kV. The sample was coated with gold
(Au) to ensure good electrical conductivity. The
crystal structure was evaluated using X-ray
diffraction (XRD, D/Max 2500X, Rigaku, Japan)
with a Cu target (40kV, 150mA) at a glancing
range of 1.5°, within the range of 26=5°-80° and at
a scanning rate of 4 (°)/min. Fourier transform
infrared spectroscopy ((FT-IR; Nicolet IS5, Thermo
Scientific, US) was performed in the range of
4000400 cm .

The corrosion resistance in 3.5 wt.% sodium
chloride using
electrochemical polarization curves and electro-
chemical impedance spectroscopy (EIS, CIMPS—2—
Zahner, Germany). A three-electrode cell was used.
The saturated calomel reference electrode (SCE),
platinum foil, and the sample were respectively the
reference, counter, and working electrodes. The test
area was 1 cm’. The samples were immersed in
solution for 5 min prior to the electrochemical test.
The amplitude of sinusoidal disturbance was 5 mV
(compared with @), and the polarization curve
was recorded at scanning rate of 2mV/s. EIS
measurements were obtained with a frequency
range from 0.001 Hz to 100 kHz. Three parallel
samples in each case were tested to ensure the
repeatability of the results.

The hydrogen evolution of the magnesium
alloy specimens with a size of 20 mmx 20 mm was
measured at room temperature in 3.5 wt.% NaCl
solution [37]. Hydrogen generated by corrosion
was collected every 12h, and the volume and
evolution rate were evaluated to determine the
corrosion rate.

solution was characterized

3 Results

3.1 Characteristics of Mg—xCa alloys

Figure 2 presents the optical microstructures of
the cast Mg—0.5Ca, Mg—0.8Ca and Mg—2.0Ca
alloys, showing precipitations of intermetallic
compounds around the boundaries. With increasing
Ca content, the grain shape changed from dendritic
to cellular, accompanied with a modest refinement
to the microstructures. The grain sizes of the
Mg—0.5Ca, Mg—0.8Ca and Mg—2.0Ca alloys were
70—100, 50—70 and 20—50 pum, respectively. The
grain size decreased gradually from Mg—0.5Ca to
Mg—2.0Ca. The Mg alloys with higher Ca content
were expected to possess lower corrosion rates due
to the grain refinement [38].
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Fig. 2 Optical microstructures of Mg—xCa alloys:
(a) Mg—0.5Ca; (b) Mg—0.8Ca; (c) Mg—2.0Ca
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Fig. 3 SEM images at low and high magnifications and EDS spectra of Mg—xCa alloys: (a) Mg—0.5Ca; (b) Mg—0.8Ca;

(c) Mg—2.0Ca

Figure 3 shows the SEM images of the cast
Mg—xCa alloys. The pS-Mg,Ca particles were
distributed along the grain boundaries. The wider
interface (Fig. 3(c)) indicated an increased amount
of f-Mg,Ca particles. The XRD patterns in Fig. 4
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Fig. 4 XRD patterns of Mg—xCa alloys

indicated that all the alloys were composed of
the f-Mg,Ca phase and the a-Mg substrate [39].
Figure 5 shows the TEM images of the as-cast
Mg—0.8Ca alloy along the [0015] zone. The second
phase was confirmed as Mg,Ca. In addition, since
Mg—xCa alloys were smelted in a protective
atmosphere, most of the oxygen in alloys came
from the air oxidation. Points 1, 2 and 3 in Fig. 3
showed that the higher-calcium-content alloys had
lower oxygen contents, reflecting the higher Ca
content decreased the oxidation tendency. LEE
et al [40] found that increasing calcium content in
the Mg—xCa alloys could be correlated with a
weakening of the texture, indicating that calcium is
an element that weakens the texture of Mg alloys.
In particular, the effect of Ca on texture weakening
is attributed mainly to the presence of Ca atoms in
the a-Mg solid solution rather than the f-Mg,Ca
particles formed during solidification.
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Fig. 5 TEM images of as-cast Mg—0.8Ca alloy along [0015] zone: (a) Bright field image; (b, c) Bright field images of
Mg,Ca phase and corresponding EDS spectra; (d) SAED pattern

3.2 Characteristics of MgAl-LDHs

Figure 6 shows the surface morphology of the
LDHs prepared on the Mg—xCa alloys with
different Ca contents. The EDS spectra show the
presence of the elements of oxygen (O), magnesium
(Mg), aluminum (Al) and carbon (C). Because C
was not contained in the reaction solution and
substrate, it was concluded that the detected carbon
mainly came from the dissolution of carbon dioxide
in the air. The SEM images indicate that the LDHs
prepared on Mg—xCa alloys with different Ca
contents had some abnormal bulges with different
sizes, which were unevenly distributed on the
surface. These petal-shaped bumps with typical
LDHs structure were larger in size, sparsely
arranged and their vertical orientation to the
substrate was reduced compared with conventional
LDHs. The amount of these bulges increased with
increasing Ca content, showing that the growth rate
of the LDHs was faster at these points than on the

surrounding substrate. Since Mg ions in this study
came from the dissolution of the substrate, the
growth rate of LDHs located in these locations
would be accelerated only by the fast dissolution.
More specifically, a large number of corrosion
micro-galvanic cells were most probably formed by
the potential difference (PD) between the second
phase and the alloy substrate. The potential of the
second phase was negative as the cathode, and that
of the magnesium alloy substrate was positive as
the anode [41], causing the substrate to dissolve
faster than the Mg,Ca. Simultaneously, compared to
relative normal regions, the surrounding substrate
of the second phase with more numerous crystal
defects caused by the presence of Mg,Ca resulted in
the heterogeneity of electrochemical composition
and higher energy, and thus led to the fastest
dissolution rate of the three (the second phase, the
magnesium substrate and the surrounding substrate
of the second phase). Finally, the regions with the
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Fig. 6 SEM images and EDS spectra of LDHs prepared on Mg—xCa alloy surface: (a—c) LDHs/Mg—0.5Ca;
(d—f) LDHs/Mg—0.8Ca; (g—1) LDHs/Mg—2.0Ca
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fastest dissolution rate interacted with the second
phase with the slowest dissolution rate to produce
the bulge. Therefore, these bulges may be at
Mg,Ca-rich particles in these rather impure alloys,
which was consistent with the results in Fig. 6.
Moreover, the above also indicates that the second
phase promoted the growth of LDHs by making the
substrate dissolve faster.

In the normal regions, the LDHs of the three
samples were continuous and complete without
obvious cracks and holes, and the density of
nanosheets was almost the same. Figures 6(c, f, 1)
indicate that the regular nanosheets were compactly
arranged without obvious pores, presenting the
typical lamellar structure of LDHs and growing
perpendicularly to the substrate surface. The EDS
spectra indicate that the LDHs in normal region
were composed of O, Mg and Al, and their molar
ratio was about 8.5:4:1. The protrusions were also
composed of these three elements. Compared with
normal region, their compositions were almost the
same. Therefore, the Ca content did not change the
chemical composition of the LDHs.

Figure 7 shows SEM images of the sectional
morphology of LDHs prepared on Mg—0.5Ca,
Mg—0.8Ca and Mg—2.0Ca alloys, indicating that the

(@

Thickness=1.5 um
(b)

Thickness=1.8 um

Fig. 7 Cross-sectional morphologies of LDHs prepared on Mg—xCa alloy surface: (a) LDHs/Mg—0.5Ca; (b) LDHs/Mg—
0.8Ca; (c) LDHs/Mg—2.0Ca

film thickness was relatively uniform for all
specimens. However, there were some anomalous
areas with large fluctuations, indicating that the
growth rate of LDHs in such locations was faster.
The EDS spectra indicate that the concentration of
Ca was larger than that of Mg, and these locations
corresponded to the second phase of the magnesium
alloy. Since LDHs prepared by an in-situ growth
depended on the dissolution of substrate [3], due to
the micro-galvanic corrosion [41], the dissolution
rate of substrate next to the second phase was faster,
so the thickness of the second phase region was
larger. Therefore, the second phase (Mg,Ca) was
favorable for the growth of LDH film, consistent
with previous observations. Increasing Ca content
increased the number of the second phase particles,
and the interface between the film and the substrate
was much more uniform.

The thickness of LDH films on the Mg—0.5Ca
alloy surface was about 1.5 um (Fig. 7(a)), and the
interface between the LDH films and the substrate
was smooth, which indicated that the second phase
was tiny and dispersedly distributed. When the
content of Ca was 0.8%, the thickness of LDH
films was about 1.7 um (Fig. 7(b)). The unevenness
of the interface between the film and the substrate
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increased slightly, and the thickness was increased
as well. Figures 7(b, d, ) showed that the content
of the second phase increased and the substrate
dissolved quickly, promoting the growth of LDHs,
which was consistent with previous observations.
When the Ca content was 2.0%, the thickness of the
films increased further to 1.8 um (Fig. 7(c)),
indicating that the increase of the second phase
increased the fluffy growth of LDHs. Namely, the
second phase promoted the growth of LDHs but did
not favor its densification.

Figure 8 shows the XRD patterns of the LDHs
prepared on the Mg—Ca alloys with different Ca
contents. The characteristic reflections of (003) and
(006) (at 26 around 11.7° and 23.3°, respectively)
show that the LDHs had been synthesized on the
Mg—xCa alloys. The presence of magnesium
hydroxide (Mg(OH),) indicated the presence of
magnesium hydroxide in the films. In addition, the
typical diffraction peaks of (003) and (006) indicate
that the LDHs had a complete layered structure and
good crystal structure [42].

e —MgAl LDHs |
+ —Mg(OH),
v — Mg

LDHs/Mg-2.0Ca

* O . *

*

LDHs/Mg-0.8Ca
1 *

LDHs/Mg-0.5Ca
* *

10 20 30 40 50 60 70 80
200(°)

Fig. 8 XRD patterns of LDHs on Mg—xCa Alloys

The most intensive peak was from Mg. With
increasing Ca content, the intensity of the
characteristic peaks of MgAl LDHs and Mg(OH),
increased, indicating that increasing Ca content
promoted the formation of the LDHs, which was
also consistent with the results in Fig. 7. The Ca
content in the Mg alloy had an important influence
on the formation of LDHs. In addition, increasing
Ca content did not cause any significant shift in the
position of the characteristic peaks of MgAl LDHs,
indicating that the spacing between crystal planes
was approximately the same.

Figure 9 shows FT-IR spectra corresponding to

the coating on the Mg—Ca alloys with different Ca
contents. The absorption peaks at 3693, 3460 and
1640 cm ™" corresponded to H—O—H stretching
vibration, O—H symmetric vibration, and bending
vibration of water molecules in the LDHs,
respectively. These weak peaks were due to the
stretching vibration of hydroxyl groups in water
molecules, meaning that there were some water
molecules in the LDHs or on the surface. The
absorption peaks around 1380 cm™' originated from
the presence of interlayer nitrate. The asymmetric
stretching peaks of NO; in three kinds of samples
were obvious and wide. When the Ca content was
0.5%, the asymmetric stretching peak of NO; near
1380 cm™' was the narrowest of the three. When Ca
content was 2.0%, the asymmetric stretching peak
of NO; became sharp and strong, which
corresponded to the increase of the thickness
of LDH films. The characteristic peaks at
450751 cm™" originated from the absorption peaks
caused by lattice vibration of AI—0O, Mg—O—Al
and Mg—O bonds. When the Ca content was
2.0%, the obvious Al—OH peak indicated the
crystallization of LDHs.

3693 .3460 1640 1380

LDHs/Mg-0.5Ca

LDHs/Mg-0.8Ca

Al—OHY

. . . NO; . /;l - oﬁ
4000 3500 3000 1500 1000 500
Wavenumber/cm™

Fig. 9 FT-IR spectra of LDHs on Mg—xCa alloys

3.3 Corrosion performance
3.3.1 Electrochemical tests

Figure 10 shows typically potentiodynamic
polarization curves of the LDHs prepared on
Mg—0.5Ca, Mg—0.8Ca and Mg—2.0Ca alloys in
3.5wt.% NaCl aqueous solution. The corrosion
parameters of the LDHs prepared on Mg—xCa
alloys are summarized in Table 1. The corrosion
potentials of LDHs prepared on Mg—0.5Ca,
Mg—-0.8Ca and Mg—2.0Ca alloys were —18,
—167 and —347 mV (vs SCE), respectively, and the
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Fig. 10 Polarization potentiodynamic curves recorded in

3.5 wt.% NaCl solution of various samples

Table 1 Corrosion parameters of LDHs prepared on
Mg—xCa alloy

@corr(Vs SCE)/ Jeor! Py
Sample s 1
mV (LA-cm ) (mm-a )
LDHs/Mg—0.5Ca  —18.16 86.21 1.97
LDHs/Mg—0.8Ca  —167.30 12.46 0.28
LDHs/Mg—2.0Ca  —346.82 58.28 1.33

corrosion current densities were 86.21, 12.46 and
58.28 pA/cm’, respectively. The corrosion rate was
evaluated using

3.27x107 AJ,,

Pi:
np

(1)

where A is the relative atomic mass of magnesium
(4=24.305), n is the valence of Mg cation (»=2) and
p represents the density of magnesium (p=
1.738 g/em’).

The corrosion rates for LDHs prepared on
Mg—0.5Ca, Mg—0.8Ca and Mg—2.0Ca alloys
covered with LDHs were 1.97, 0.28 and 1.33 mm/a,
respectively, indicating that the Ca content
influenced the corrosion rate of the Mg—xCa alloys
coated with the LDHs. Increasing Ca content
increased the amount of second phase particles,
causing the formation of thicker more-corrosion-
resistant LDHs and fluffy LDHs (as shown in

Fig. 7), and increasing the micro-galvanic corrosion.

Due to these factors, the Mg—0.8Ca/LDHs showed
the lowest corrosion rate.

Figure 11 shows EIS spectra obtained for the
different samples in 3.5 wt.% NaCl solution. The
frequency—impedance Bode diagram (Fig. 11(b))

indicates that the impedance increased with
decreasing frequency. The impedance values at high
frequency terminal capacitive reactance arc were
similar, and all exceeded 1000 cm’ showing that
LDHs had good dielectric properties and high
charge flow resistance, which can protect the
substrate. Moreover, the curve of LDHs/Mg—2.0Ca
was lower than that of other samples, although the
difference was not large. The LDHs/Mg—0.8Ca had
the lowest corrosion rate.
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Fig. 11 EIS spectra obtained for different samples

in 3.5 wt.% NaCl solution: (a) Bode phase of angle;

(b) Bode impedance

Typical Bode plots after immersion for 7 d in
3.5 wt.% NaCl solution are presented in Fig. 12.
The impedance values at 1x107* Hz decreased,
indicating that the corrosion rate increased. The
impedance values of LDHs/Mg—0.5Ca and LDHs/
Mg—0.8Ca decreased greatly at low frequency,
indicating that their corrosion rate greatly increased.
Compared with other samples, LDHs/Mg—2.0Ca
was more corrosion resistant.

The equivalent circuit of LDHs on the sample
is given in Fig. 13. R represents electrolyte
resistance, CPE py and Ry py represent capacitance
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Fig. 12 Impedance spectra of LDHs prepared on

Mg—xCa alloys surface after 7 d immersion in 3.5 wt.%

NaCl solution: (a) Bode phase of angle; (b) Bode

impedance

and resistance of external films layer, respectively.
CPEmMgxca and Rwgca refer to capacitance and
charge transfer resistance between the substrate and
the films, respectively. Tables 2 and 3 indicate that

1621
R, CPE,
Ry py CPEyg-vca
1
| |
R Mg-xCa

Fig. 13 Equivalent circuits used to fit spectra in Figs. 11
and 12

the LDHs grown on Mg—xCa alloy had high Ryig-vca
and Ripy values. The higher Ry .ca and Ripu
values can be attributed to the sealing effect of
LDHs and the compact internal structure. Therefore,
the corrosion rate of the Mg—xCa alloy was
effectively decreased by the in-situ growth of
LDHs.

Figure 14 shows the polarization curves of
the LDHs/Mg—Ca alloys immersed in 3.5 wt.%
NaCl solution for 7 d. Table 4 shows their corrosion
potential @..; and corrosion current density Jeo.
The polarization potential of the samples after
immersion decreased, and the corrosion current
density of LDHs/Mg—0.5Ca and LDHs/Mg—0.8Ca
alloys increased, while the corrosion current density
of LDHs/Mg—2.0Ca decreased slightly. This is
because the produced thicker corrosion products
adhered to the surface to provide some
protection, but their corrosion resistance was poor.
The corrosion potentials of LDHs/Mg—0.5Ca,
LDHs/Mg—0.8Ca and LDHs/Mg—2.0Ca were
—425.77, —110.05 and —464.71 mV (vs SCE), the
corrosion current densities were 141.54, 294.56 and

Table 2 Fitted parameters for EIS spectrum depicted in Fig. 11

Sample R/ X CPEI:DH RLDH/2 CPEMjg—xCa RMg—ng/ 2
(Q-em’)  Q/(S-s"cm?) n (Qem’)  Q/(Ss"em?)  n (Q-em’)
LDHs/Mg—0.5Ca  22.07 1.88x107° 0.76  1.34x10°  2.00x10° 1 2.41x10*  6.50x10°°
LDHs/Mg—0.8Ca  31.26 3.83x10°° 0.64 1.95x10°  3.96x10° 126 2.38x10° 3.61x10°
LDHs/Mg—2.0Ca  22.27 3.33x10°° 0.74  1.16x10° 1.19x10°° 1 3.33x10°  9.87x10°°
Table 3 Fitted parameters for EIS spectrum depicted in Fig. 12
Sample Ry i CPEi‘DH RLDH/2 CPEA{g—xCa RMg—xc;/ E
(Q-em)  Q/(Ss"cm?) n (Qem’)  Q/(Ss"em?)  n (Q-cm”)
LDHs/Mg—0.5Ca  30.5 4.77x107* 0.60 56.33 3.57x107°  0.44  7.37x10*  6.04x107°
LDHs/Mg—0.8Ca  41.06 1.24x107* 0.61  1.42x107 1.41x107%  0.81 1.33x10* 6.58x107°
LDHs/Mg—2.0Ca 2227 1.85x107° 0.50  1.94x10*°  9.98x10°* 094 1.13x10° 5.42x10°°
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Fig. 14 Tafel polarization curves of LDHs/Mg—xCa alloy
after 7 d immersion in 3.5 wt.% NaCl solution

Table 4 Corrosion potential and current density of
LDHs/Mg—xCa alloy after 7 d immersion in 3.5 wt.%
NaCl solution

Sample Peon (V\SZSCE)/ W Ajfocr;:fz) (mrﬁ;l)
LDHs/Mg—0.5Ca  —425.77 141.54 3.24
LDHs/Mg—0.8Ca —110.05 294.56 6.73
LDHs/Mg—2.0Ca  —464.71 41.28 0.94

41.28 uA/cmz, and the corrosion rates were 3.24,
6.73 and 0.94 mm/a, respectively. The corrosion
current densities of LDHs/Mg—0.5Ca and
LDHs/Mg—0.8Ca increased by one order of
magnitude, indicating that the corrosion rates of
LDHs/Mg—0.8Ca increased significantly after
immersion for 7 d. The reason is that the LDHs had
been destroyed, and the active corrosion inhibition
ability had declined or even disappeared, so that
they could not prevent the penetration of corrosive
media to contact with the substrate. The corrosion
current of LDHs/Mg—2.0Ca decreased, probably
because the corrosion products blocked the pores of
fluffy LDHs, combined with the thickest LDHs in
three kinds of alloys, thus leading to the reduction
of corrosion rate. In addition, a higher Ca content in
Mg—2.0Ca alloy refined the grain, so the Mg—2.0Ca
alloy showed better corrosion resistance.
3.3.2 Hydrogen evolution results

The hydrogen evolution results show that the
hydrogen gas volume increased with increasing
immersion time. Figure 15(a) shows that no
hydrogen was released in a short time, indicating
that the films provided the protection for substrate.
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Fig. 15 Hydrogen evolution volume (a) and hydrogen
evolution rate (b) of LDHs/Mg—xCa in 3.5wt.% NaCl
with soaking time

After that, the film lost some corrosion protection,
and the hydrogen release rate increased. The
hydrogen evolution of LDHs/Mg—2.0Ca was the
lowest, while that of Mg—0.5Ca was the largest. In
comparison, the LDHs on Mg—2.0Ca alloy
presented a more durable corrosion protection as a
result of grain refinement associated with the
increase of Ca content. The rate of hydrogen
evolution in Fig. 15(b) indicates that for 100 h of
immersion, initially the rate of hydrogen evolution
for all samples increased rapidly, and reached a
steady state rate of 3.24 (Mg-0.5Ca), 6.73
(Mg—0.8Ca) and 0.94 mm/a (Mg—2.0Ca). With
increasing immersion time, some
products generated later adhered to the alloy
substrate, providing some protection. However, the
volume of hydrogen release and the rate of
hydrogen evolution of LDHs/Mg—2.0Ca were
somewhat less than those of the other two alloys,
which may indicate that LDHs/Mg—2.0Ca had
better corrosion resistance, which was consistent

corrosion
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with the Tafel results, or may indicate that the
purity of this alloy was better than that of the other
alloys.
3.3.3 Corrosion morphologies

Figure 16 shows the SEM images and EDS
spectra of LDH films on Mg—xCa alloys after
immersion in 3.5 wt.% NaCl solution for 7d.
Figure 16(a) shows that there was no hexagonal
nanosheets on the surface, but a large number of
white and flocculent corrosion products, with the
main elements of O, Mg and C. A small amount of
Cl was detected, indicating that the LDHs film had
lost its barrier to corrosive ions. The basic
morphology of LDHs was clear in Fig. 16(b), but
after immersion, the hexagonal lamellar structure of
LDHs deformed, the density decreased greatly, and
the vertical orientation with the substrate was also
decreased. Figure 16(c) shows that the corrosion
products were spherical, with many pores of
different sizes. Generally speaking, the corrosion of
Mg—-0.2Ca alloy was slight, showing good
durability and corrosion resistance.

4 Discussion

Mg—xCa alloys consisted of a-Mg phase and
S-Mg,Ca phase (Fig. 4). Due to the difference of the
potential of a-Mg and f-Mg,Ca phases, f-Mg,Ca
phase was a cathode and accelerated the dissolution
of a-Mg phase, generating a wide range of
micro-currents on the surface of Mg—xCa alloys.
The dissolution rate of the a-Mg phase was faster
than that of the f-Mg,Ca phase, so that the pH
value for the LDHs deposition was more easily
reached. However, the diffusion rate of the solution
in the a-Mg phase was slow, especially far away
from the f-Mg,Ca phase, resulting in relatively
difficult coating in these places. The LDHs were
formed in the surrounding area of the second phase
first, then on «a-Mg phase, and finally on the
p-Mg,Ca phase, which was consistent with the
previous theoretical analysis results (Fig. 3). When
there were more -Mg,Ca phases, the size of LDHs
conversion film changed greatly (Fig. 6).

Mg -
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Mg 25.1
C 16.2
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Al J‘ Cl ) . )
2 4 6 8
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Mg —_—
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Fig. 16 Morphologies and EDS spectra of LDHs prepared on surface of Mg—xCa alloy after 7 d immersion in 3.5 wt.%
NaCl solution: (a) LDHs/Mg—0.5Ca; (b) LDHs/Mg—0.8Ca; (¢) LDHs/Mg—2.0Ca
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With increasing calcium content, the amount
of the second phase increased, and the grains were
refined. In the process of grain refinement, due to
the increase of the amount of the second phase and
the existence of stress, many crystal defects like
dislocations, twins and textures were produced,
resulting in the inhomogeneity of electrochemical
composition and high energy. Due to different
microstructures, the electrochemical activity of the
alloys showed an obvious difference. For regions
with high electrochemical activity, the film was
easier to form, because these regions are those with
the fastest alloy dissolution [43]. At the same time,
these high electrochemical active regions can easily
reach the pH value needed for LDHs growth,
meaning that the grain boundaries, dislocations,
twins and textures make the growth of LDHs easier.
Namely, the second phase can promote the growth
of LDHs.

Under self-corrosion, on the account of the
potential difference between the phase of the
magnesium alloy and the impurity, the second phase
and the rich magnesium phase were the cathode and
anode of micro-galvanic corrosion, respectively.
Because of the potential of Mg—xCa alloys, the
[-Mg,Ca phase as cathode accelerated the
dissolution of the a-Mg phase in alkaline solution,
forming LDHs on the surface of the Mg—Ca alloys.

Since the magnesium ions in the LDHs
prepared in this study come from the dissolution of
the substrate, the formation mechanism of LDHs
film on the Mg—xCa alloys with different Ca
contents was as follows: (1) The substrate provided
metal cation of Mg”" for the formation of LDHs,
and the reaction solution provided metal cation of
AP*". The surface undulation due to the second
phase (Mg,Ca) increased the contact area between
substrate and solution, facilitating the reaction.
(2) The surface of the magnesium alloy was
corroded, releasing Mg®" which reacted with OH™
to form Mg(OH),, deposited on the surface.
This entire process is shown as the following
reactions [44]:

Mg+H +H,0—»Mg*+OH +H,?1 ()
Mg*"+20H — Mg(OH), | 3)

In this process, some magnesium ions were
replaced by aluminum ions to form Mg,Al(OH),
and other compounds, so that the surface of the
magnesium substrate became more uneven and

undulating. MORIDI et al [45] showed that an
uneven surface facilitated film formation. Therefore,
the surface undulations caused by the second phase
and reactive corrosion were beneficial to the growth
of LDHs. (3) Compounds containing more Al such
as Mg,Al(OH); could combine with AI*" in solution
to form MgeAl,(OH);5-4.5H,0. (4) NO;  was
inserted between layers as an anion to form
MgAI-LDH structure.

LDHs can sense the appearance of corrosive
ions in the surrounding environment [41,46], such
as chloride ions, and then the interlayer anions are
released to absorb corrosive ions (Fig. 17).
Therefore, LDHs can decrease the corrosion rate.
Since the second phase and the substrate formed
corrosive microcells and accelerated the dissolution
of the substrate, the LDHs at the second phase were
thicker and more nitrate ions were inserted into the
interlayer so that the anti-corrosion property was
improved by effectively absorbing the corrosive
ions. After the film was destroyed, the corrosion
resistance of LDHs/Mg—2.0Ca was obviously better
than that of the other two systems.

T

LDHS: [M?, M3 (OH), ] [(A™),.,-H,0]~

@ Intermetallic
phases
Gl

Mg-AILDHs _~ Mg-Al LDHs

Fig. 17 Schematic diagram corrosion

mechanism of MgAl LDHs

illustrating

5 Conclusions

(1) LDHs, growing directly on the Mg—xCa
alloys by the in-situ growth method, were vertically
grown and compactly arranged without obvious
pores.

(2) The LDHs prepared by the in-situ growth
depended on the dissolution of the Mg—xCa alloy
substrate, especially the surrounding area of Mg,Ca
phase. Increasing the amount of second phase
particles increased the dissolution rate, resulting in
forming thicker and fluffy LDHs. However, the
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LDHs nanocrystals were sparsely arranged and
petal-shaped, and their vertical orientation on the
substrate was lost.

(3) The thickness of the LDHs was affected by
the content of Ca element in the Mg—xCa alloys.
Increasing Ca content increased the film thickness.

(4) The Mg—xCa alloys coated with LDHs
exhibited different corrosion rates. LDHs/Mg—
0.8Ca showed the lowest corrosion rate on account
of the dual effects of Mg,Ca, but after 7d of
immersion, the LDHs/Mg—2.0Ca showed the lowest
corrosion rate.
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