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A one-step hydrothermal method is employed to produce protective magnesium hydroxide films on ZK60mag-
nesium alloy samples. Samples with morphologies resembling small flakes, strips, and hexagonal flakes are pro-
duced depending on the preparation temperature and time. A higher temperature accelerates nucleation and
growth of Mg(OH)2 and the morphology of Mg(OH)2 depends on the treatment time. The sample prepared at
120 °C for 24 h is covered by a 1.78 μm thick magnesium hydroxide film with the preferred (101) orientation
and exhibits the best corrosion resistance. The results disclose a simple and environmental friendly method to
protect the magnesium alloy by forming a self-sacrificing layer of Mg(OH)2.
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1. Introduction

Bone replacements are required to treat orthopedic diseases, inju-
ries, and aging [1,2] and there are nearly 9 million annual fractures [3].
Commercial implants made of ceramics, metals, or polymers have
some clinical limitations such as unsatisfactory mechanical properties
and biocompatibility. Biodegradable materials have recently attracted
considerable interests because they offer the necessarymechanical sup-
port before natural degradation inside the body thus obviating the need
for a second surgery after healing. Owing to the excellent mechanical
properties, biodegradability, and biocompatibility, magnesium and its
alloys have been studied as potential biomaterials [4,5]. However, appli-
cation ofmagnesium alloys have been plagued by the fast corrosion rate
especially in the physiological environment [6]. To improve the corro-
sion resistance of magnesium alloys, some techniques such as chemical
conversion [7,8], alloying [9], plasma immersion ion implantation and
deposition (PIII&D) [10,11], electrochemical method [12], and coating
deposition [13] have been studied. Among them, the hydrothermal
(HT)method [14–16] is quite attractive due to the simple one-step pro-
cess, environmental friendliness, and easy design of the reaction
conditions.

The corrosion properties of magnesium alloys can be enhanced by
the formation of oxide and/or hydroxide films [15]. MgO and
Mg(OH)2 constitute good protective films on account of the nontoxic
and biocompatible properties. Zhang et al. and Ou et al. synthesized
microstructured oxide or hydroxide layers by HT using water [17,18].
In addition, Ishizaki et al. coatedMg(OH)2 on AZ31 by HT in an aqueous
ammonium solution at different temperature [19], Zhu et al.
aul.chu@cityu.edu.hk (P.K. Chu).
synthesized magnesium hydroxide on AZ31 by HT in a NaOH solution
as well as deionized water [15,20,21], and Feng et al. studied Mg(OH)2
films prepared on AZ91 by HT at different pH for different time [21].
The in situ hydrothermal method was used to produce uniform
Mg(OH)2 films with good adhesion strength and protection of the sub-
strate [22].

In this work, ZK60magnesium alloy samples are treated by the alka-
line HTmethod at different temperature and for various time durations.
The films are characterized by field-emission scanning electron micros-
copy (FE-SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray
diffraction (XRD) and the corrosion behavior is evaluated by potentio-
dynamic polarization tests.

2. Materials and methods

The ZK60 (Mg - 5.19 wt% Zn - 0.53 wt% Zr) specimens with dimen-
sions of 10 mm × 10 mm × 5 mm were ground successively with up
to 1200 grit SiC abrasive paper, ultrasonically rinsed with ethanol, and
dried in air. The Mg(OH)2 films were synthesized in a 1MNa2CO3 solu-
tion. The solutionwas poured into a hydrothermal reaction vessel made
of Teflon-lined stainless steel to fill 75% of the total volume. The raw
ZK60 samples were put into the vessel and heated to different temper-
ature of 60 and 120 °C in an electric oven and kept in the container for 1,
8, and 24 h, respectively.

Field-emission scanning electron microscopy (FE-SEM, JEOL JSM-
7500F) and energy-dispersive X-ray spectroscopy (EDS) were per-
formed to characterize the morphology and cross sections of the films.
The elemental composition and chemical states were determined by
X-ray photoelectron spectroscopy (XPS, Physical Electronics PHI
5802). The structure and orientation of the films were determined by
X-ray diffraction (XRD) on anUltima IV-3 kWXRDusing CuKα radiation
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Fig. 1. Optical pictures revealing the surface morphologies of the ZK60 samples before and after hydrothermal treatment at different temperature and for different time.
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(λ=0.154 nm). The analysis was conducted at 40 kV and 40mA in the
2θ range of 20-80o at a step interval of 0.02. The corrosion properties
were determined on a CHI660D electrochemical workstation based on
a three electrode cell in which the sample, platinum rod, and saturated
Fig. 2. Surfacemorphology of the ZK60 samples revealed by FE-SEM after the hydrothermal trea
in (1), (2), (3) are 1000, 2000, and 5000, respectively.
calomel electrode (SCE) served as the working, counter and reference
electrodes, respectively. An area of 10 mm × 10 mm was exposed to
the phosphate buffered saline (PBS, Boster Biological Technology Co.
Ltd., Wuhan, China) solution at room temperature. PBS is a buffer
tment: (a) 60 °C 24 h, (b)120 °C 1 h, (c) 120 °C 8 h, and (d)120 °C 24 h. Themagnifications



Fig. 3. (a) BSE cross-sectional image of 120 °C 24 h sample, (b) Surfacemorphology of the 120 °C 8 h sample togetherwith the corresponding EDS spectrumand elemental composition, (c)
XPS survey spectra of 120 °C 24 h sample, and (d) High-resolution XPS spectra of Mg and O of 120 °C 24 h sample.
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solution commonly used in biological research and the constituents are
(in mM) 137 NaCl, 2.7 KCl, 10 Na2HPO4, and 1.8 KH2PO4. Potentiody-
namic polarization and electrochemical impedance spectroscopy (EIS)
were carried out to evaluate the corrosion behavior of the samples be-
fore and after the treatment. A 5 mV sinusoidal perturbing signal in
the frequency range between 100 kHz to 100 mHz was used during ac-
quisition of the impedance spectra.
Fig. 4. XRD patterns: TP = treated product, Ech = sample after electrochemical tests,
HT = sample after the hydrothermal experiment, and ZK60 = raw sample.
3. Results and discussion

Generation ofMg(OH)2 by the alkaline hydrothermalmethod can be
described by the following reactions:

2H2O (aq) + 2e− → H2 (g) + 2OH− (aq) (cathodic reaction)
Mg (s) → Mg2+ (aq) + 2e− (anodic reaction)
Mg2+ (aq) + 2OH− (aq) → Mg(OH)2 (s) (product formation)
Mg (s) + 2H2O (aq) → Mg(OH)2 (s) + H2 (g) (overall reaction).
In the hydrothermal method, the temperature and treatment time

play key roles. In our experiments, the temperature is 60 °C and
120 °C and time is 1 h, 8 h, and 24 h in order to investigate the change
in the morphology and corrosion properties of the Mg(OH)2 films. The
treated samples are designated as “treatment temperature treatment
time” in the following description.

Fig. 1 shows the optical morphology of the ZK60 samples before and
after the hydrothermal treatment. Before the HT treatment, themagne-
sium alloy ZK60 shows the typical metallic finish after mechanical
polishing but after the HT reaction in the alkaline solution, the samples
are uniformly coated with white films. The 60 °C sample exhibits a sim-
ilar morphology and the film on the 120 °C sample is thicker.

The FE-SEM images of the samples prepared under different condi-
tions are depicted in Fig. 2. The 60 °C samples show similar morphol-
ogies and the 60 °C 24 h sample is further analyzed (Fig. 2a) to study
the formation of the Mg(OH)2 film. The surface is covered by a film in-
terspersed with flower-like crystals but crystallization on the surface
is poor. Fig. 2b shows that when the temperature is raised to 120 °C
for 1 h, the surface is almost fully covered by micrometer-size products
decorated with clusters of long flakes. If the time is increased to 8 h, the
surface shows a porous structurewith small flakes andmicrometer-size
hexagonal holes. Many long strips about 500 nm wide and 10 μm long
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Fig. 5. Polarization curves acquired from the ZK60 samples in PBS before and after the hydrothermal treatment at different temperature and for different time.
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are attached to the surface (Fig. 2c). Fig. 2d shows that if the time is fur-
ther increased to 24 h, the hexagonal holes disappear and many mi-
crometer-size hexagonal flakes are attached to the porous structure of
small flakes. Hence, products with differentmorphologies are produced
under different conditions. At a high temperature (120 °C), strips or
hexagonal flakes are observed. Henrist et al. have reported that the hy-
drothermal conditions such as treatment time and temperature are key
factors determining the product morphology, especially the shape and
size [23]. Our experiments suggest that a high temperature accelerates
nucleation and growth of Mg(OH)2 and the treatment time affects the
evolution of the surface morphology.

After treatment at 120 °C for 24 h, the sample is fully covered by the
Mg(OH)2 film. As shown in Fig. 3a, the Mg(OH)2 film is quite uniform
and the thickness is 1.78 ± 0.17 μm, which is the average of nine mea-
surements conducted on three samples for statistical accountability.
EDS shows the presence of O and Mg in the strip-like precipitates and
a trace of Na from the residual solution. Todetermine the chemical com-
position, the XPS survey spectra of the 120 °C 24 h sample are shown in
Fig. 3c which is dominated by theMg 1s signal at 1301.6 eV as well as O
1s signal at 529.6 eV. The oxygen signalmay originate from theHT treat-
ment. The high-resolution XPS spectra in Fig. 3d are used to investigate
the nature of the chemical bonding associated with transformation on
the surface of HT treated sample. It shows the high-resolution XPS spec-
tra ofMg 1s andO1s.With sputtering, theMg1s peak shifts from theox-
idized state (Mg2+) in the near surface to themetallic state (Mg0) in the
substrate. The O1s peak is found at the near surface and disappears in
the substrate (inset picture), indicating that the main product in the
near surface of the HT treated sample is magnesium hydroxide.

Fig. 4 displays the XRD patterns of the products before and after HT
as well as after the electrochemical test. The XRD pattern of ZK60 re-
veals magnesium andmagnesium oxide from the native oxide after ex-
posing the polished sample to air. After the hydrothermal treatment,
Mg(OH)2 peaks appear indicating the formation of a hydroxide film.
TheMg(OH)2 film on the Ech sample does not delaminate after the elec-
trochemical test and the sharp diffraction peaks from the treated prod-
uct (TP) indicate good crystallinity. All the diffraction peaks can be
Table 1
Icorr and Ecorr determined from the polarization curves.

Sample ZK60 60 °C 24 h

Potential (V/SCE) −1.522 −1.512
Current density (A cm−2) 6.325 × 10−4 3.346 × 10−4
indexed to the Brucite Mg(OH)2 structure (PDF#76-0667) and the in-
tensity of the diffraction peaks indicates the (101) preferred orientation.
Lv et al. have found that the (101) plane belongs to the family of {011}
plane, which is a stable one because Mg, O, and H atoms are closely
packed on one plane [24]. The Mg(OH)2 film with the (101) preferred
orientation has a porous structure but offers protection to the substrate.

Potentiodynamic polarization is conducted in PBS at ambient
temperature to determine the corrosion properties of the ZK60 sam-
ples before and after HT. Fig. 5a shows the polarization curves of the
untreated ZK60 as well as samples after undergoing HT at 60 °C for
1 h, 8 h, and 24 h, respectively. Only the corrosion current density
of the 60 °C 24 h sample increases slightly showing small improve-
ment in the corrosion resistance. The other three curves exhibit sim-
ilar trends and the corrosion current densities and corrosion
potentials are nearly the same. The corrosion properties are en-
hanced significantly after HT at 60 °C. Fig. 5b shows that the curves
of the HT samples shift up and left relative to the untreated ZK60
curve, indicating amore noble corrosion potential and smaller corro-
sion current density, respectively. Table 1 lists the corrosion current
densities (Icorr) and corrosion potential (Ecorr) obtained from the polar-
ization curves by the Tafel extrapolation method. The corrosion poten-
tial of the 60 °C 24 h sample increases from−1.522 V to−1.512 V and
the corrosion current density decreases from 6.325 × 10−4 A cm−2 to
3.346 × 10−4 A cm−2. When the temperature is increased to 120 °C,
the corrosion potentials of the 120 °C 1 h, 120 °C 8 h, and 120 °C 24 h
samples are−1.478 V,−1.497 V, and−1.399 V and the corresponding
corrosion current densities are 1.826 × 10−4 A cm−2,
6.021 × 10−5 A cm−2, and 1.083 × 10−5 A cm−2, respectively. The
120 °C 8 h sample shows an Icorrwith one order ofmagnitude reduction.
Degradation of ZK60 is retarded after HT because of the barrier created
by the Mg(OH)2 film.

The corrosionmechanisms can sometimes be determined by analyz-
ing the electrochemical impedance spectroscopy (EIS). The diameter of
the capacitive semicircle of the Nyquist spectrum is closely related to
the corrosion rate [25]. Fig. 6a shows that the diagrams aremainly com-
posed of two depressive arcs at high andmedium frequency ranges and
120 °C 1 h 120 °C 8 h 120 °C 24 h

−1.478 −1.497 −1.399
1.826 × 10−4 6.021 × 10−5 1.083 × 10−5



Fig. 6. Electrochemical impedance spectroscopy plots: (a) Nyquist plots, (b) Bode impedance plots, (c) Bode impedance plots measured at different time, and (d) Bode phase angle plots.
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some scattered points in the low frequency region. The capacitive arcs
are usually attributed to charge transfer, film effects, as well as mass
transfer in the corrosion product layer [26]. After the HT treatment,
the capacitive arcs are evidently enlarged, indicating that the corrosion
rates on the treated samples are significantly reduced. Fig. 6b depicts
the impedance of different samples. All the treated samples have larger
impedance values than the untreated ZK60 sample and have the largest
Fig. 7. Electrical equivalent circuit of the treated sample.
impedances at 0.1 Hz. The largest impedance of 2.5 × 105 Ω is obtained
from the 120 °C 24 h sample. The bode impedance plots of ZK60 and HT
treated sample at 120 °C 24 h measured at different time are displayed
in Fig. 6c. After immersion for 1 h in PBS, the impedance of the HT sam-
ple is 27,531 Ω, while the impedance of untreated sample is 4389 Ω at
0.1 Hz. When the immersion time is increased, the impedances of the
two samples both decrease. The impedances of the HT sample and
ZK60 are stable at around 21,000Ω and 3000Ω, respectively, during im-
mersion for 24 h. At the same time duration, the HT sample shows
higher impedance than the untreated ZK60. The Bode phase angle
plots of the samples before and after the HT treatment are displayed
in Fig. 6d. Phase angle plots of the treated samples exhibit two peaks
suggesting that the involvement of two time constants and the equiva-
lent circuit in Fig. 7 illustrates the corrosion mechanism.

The impedance between the reference electrode (SCE) and working
electrode (magnesium hydroxide film) consists of three parts: electro-
lyte, outer porous layer, and inner compact layer. The equivalent circuit
consists of two constant phase angle elements (CPE) in series with the
solution resistance (Rs). Rp is the outer porous layer resistance of the
Mg(OH)2 film in parallel with CPE Qp and Rb is the inner compact
layer resistance of the Mg(OH)2 film in parallel with CPE Qb. Owing to
the dispersion effect caused by microscopic surface roughness, the ca-
pacitance of the film is replaced by CPE [27]. The impedance of the
CPE is ZCPE= 1/Y0(jω)−n (Ω cm2), 0 b n b 1, whereω is the angular fre-
quency of AC voltage (rad s−1) and Y0 and n are frequency independent
parameters.When n=1, CPE shows pure capacitance andwhen n=0,
it represents pure resistance and inductance when n = −1 [28].

By using the equivalent circuit to fit the EIS spectra of the HT sam-
ples, the results of the corresponding fitted curves are displayed in
Fig. 8 and thefitted data are shown in Table 2. TheHT samples processed
under different conditions show a similar EIS behavior in both the high-



Fig. 8. Non-linear least square fits obtained for the EIS data of (a) 60 °C 24 h sample, (b) 120 °C 1 h sample, (c) 120 °C 8 h sample, and (d) 120 °C 24 h sample.

Table 2
Fitted results of EIS plots of the magnesium alloy ZK60 after the HT treatment under different conditions.

Sample Rs (Ω cm2) Qp

(Ω−1 s−n cm−2)
np Rp (Ω cm2) Qb

(Ω−1 s−n cm−2)
nb Rb (Ω cm2)

60 °C 24 h 13.93 2.044 × 10−6 0.7247 167.4 2.341 × 10−5 0.8001 2542
120 °C 1 h 16.8 8.912 × 10−7 0.7823 181.4 1.426 × 10−5 0.8731 3100
120 °C 8 h 32.46 1.437 × 10−6 0.7485 318.3 1.472 × 10−5 0.7225 8407
120 °C 24 h 36.54 1.759 × 10−6 0.7153 827.1 1.118 × 10−5 0.7099 2.622 × 104
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frequency and low-frequency ranges in the EIS plots. The high-frequen-
cy range reflects the outer Mg(OH)2 porous layer, whereas the low-fre-
quency range shows the inner compact layer properties [29,30]. The
fitted results show that Rp and Rb of the 120 °C 24 h sample are larger
than those of the other three samples. The polarization resistance
(Rp + Rb) increases from 2.7 × 103 Ω cm2 for the 60 °C 24 h sample to
2.7 × 105 Ω cm2 for the 120 °C 24 h sample. The different corrosion re-
sistance indicates different EIS behavior which is related to the different
magnesium hydroxide structure. As the temperature and time are in-
creased, the inner layer becomes more compact and dense and is able
to offer better protection against electrolyte penetration into the
substrate.

4. Conclusion

ZK60 magnesium alloy samples are treated by an alkaline hydro-
thermal method at different temperature and for different time. The
morphology of the magnesium hydroxide changes from small flakes,
strips, to hexagonal flakes depending on the hydrothermal conditions.
The HT process at 60 °C only leads to slightly enhanced corrosion pro-
tection due to the partially coveringMg(OH)2films. A higher hydrother-
mal temperature accelerates the nucleation and growth rates of
Mg(OH)2 and the morphology Mg(OH)2 changes with treatment time.
The 120 °C 24 h sample with a 1.78 μm thick magnesium hydroxide
film and preferred orientation of (101) shows the best corrosion
resistance.
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