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A B S T R A C T

Magnesium (Mg) alloys are promising orthopedic biomaterials due to their biocompatibility and degradability, 
but rapid and uncontrolled corrosion hampers clinical applications. In this study, magnesium potassium phos
phate (MKP) coatings are prepared on the WE43 Mg alloy hydrothermally to improve the corrosion resistance 
and bonding strength. The influence of different conversion temperatures is evaluated. The MKP150 coating 
prepared at 150 ◦C is dense and free of cracks. Its corrosion rate (Pi, 0.07 mm⋅y− 1) and hydrogen evolution rate 
(HER, 7.9 × 10− 4 mL⋅cm− 2⋅h− 1) are one order of magnitude lower than those of the bare Mg, and the corrosion 
current density (icorr, 2.97 μA⋅cm− 2) decreases by 92.8 %. The hydrothermal temperature changes the corrosion 
resistance because it affects the critical nucleation radius and rate of MKP. The coating prepared at 150 ◦C has the 
optimal crystal size, thickness, shrinkage stress, as well as corrosion protection. On the other hand, microcracks 
are observed from the MKP180 coating deposited for a longer time. As a result of the in situ growth of the 
phosphate coating, the critical load of MKP150 reaches 7.05 N indicative of better adhesion strength. Coatings 
with high corrosion resistance and bonding strength on Mg alloys have large potential in clinical applications.

1. Introduction

Magnesium (Mg) and its alloys have received interest as orthopedic 
implant materials due to their biocompatibility and biodegradability [1, 
2], seeing that Mg is an essential element in maintaining the normal 
skeletal function. The elastic modulus and density of Mg-based implants 
are similar to those of human bone [3,4], thus reducing the stress 
shielding effect [5,6]. Moreover, Mg ions produced during degradation 
can also be absorbed without causing side effects [7]. However, the 
rapid degradation and subsequent release of hydrogen gas lead to pre
mature failure and inflammatory responses [8,9], limiting the clinical 
applications of Mg alloys [10,11].

Surface modifications, such as micro-arc oxidation (MAO) [12], 
magnetron sputtering [13], chemical conversion coating [14,15], and 
electrodeposition [16], are capable of improving the corrosion resis
tance of Mg alloys. Hydrothermal treatment is a simple, cost-effective 
chemical conversion technique that can prepare coatings on Mg 

regardless of the substrate shape [17], making it ideal for orthopedic 
devices. Calcium- (Ca-) or Mg-phosphate (Ca-P or Mg-P) can be prepared 
hydrothermally, and Ca-P coatings have been shown to have favorable 
corrosion resistance and biocompatibility. However, cracks commonly 
found in Ca-P coatings reduce their service life [18,19]. Besides, the 
released Mg2+ prefers to form magnesium hydroxide to undermine the 
beneficial role of Ca2+ [17]. Hence, the limited adsorption sites for Ca-P 
nucleation and poor adhesion strength must be overcome.

Mg-P and its hydrates merit attention in the corrosion protection of 
Mg alloys because the substrate can act as reactants or precursors in 
coating formation [20,21]. Among them, magnesium phosphate potas
sium hexahydrate (MgKPO4⋅6H2O, MKP), has favorable resistance to 
dissolution, stability at an elevated temperature, and adjustable biode
gradability. In our previous work [22], a biodegradable magnesium 
phosphate component (MPC) composed of MKP was produced and 
demonstrated to inhibit corrosion while improving cytocompatibility 
and osteogenic activity. Tang et al. [23] fabricated a bio-piezoelectric 
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composite coating using MPC as the primary component, whose thick
ness exceeded 300 μm. However, MKP as a protective coating on Mg 
alloys has not yet been reported. This work employed the hydrothermal 
synthesis method to prepare a MKP coating on WE43 Mg alloys. The 
chemical reactions between magnesium oxide (MgO) and potassium 
dihydrogen phosphate (KH2PO4) improve the solubility of reactants 
[24], and by controlling the supersaturation temperature in the presence 
of high precursor concentrations, the nucleation process and crystal 
growth are promoted [25]. Herein, the effects of the hydrothermal 
treatment on the morphology and properties of MKP conversion coat
ings on the WE43 Mg alloy are determined to achieve the optimal 
performance.

2. Materials and methods

2.1. Materials

The WE43 Mg alloy provided by Suzhou Rongqian Rare Metal 
Product Co., Ltd. was cut into dimensions of 20 mm × 20 mm × 5 mm by 
wire cutting. Prior to the chemical conversion treatment, the samples 
were polished with silicon carbide (SiC) sandpapers up to 2000 grits, 
cleaned ultrasonically in anhydrous ethanol, and dried with warm air. 
Magnesium oxide (MgO, Mw: 40.3 g⋅mol− 1, 98 %), potassium dihy
drogen phosphate (KH2PO4, Mw: 136.1 g⋅mol− 1, ≥ 99 %), and sodium 
hydroxide (NaOH, Mw: 40.0 g⋅mol− 1, ≥ 99 %) were purchased from 
Sinopharm Chemical Reagent Co., Ltd. and used as-received.

2.2. Preparation

The fabrication process of the MKP coating is shown in Fig. 1. The 
clean substrates were alkalized with a 5 M NaOH solution at 60 ◦C for 
2 h, rinsed with deionized water, and dried at 120 ◦C for 2 h. The so
lution for hydrothermal treatment was prepared by dissolving MgO and 
KH2PO4 in deionized water at 60 ◦C and stirred magnetically at 400 rpm 
for 30 min to obtain the Mg/P molar ratio of 1: 1. The pH of the sus
pension was controlled at 10, and then was transferred to a Teflon-liner 
autoclave in which the substrate was immersed in the solution. In the 
hydrothermal treatment, the samples were heated to 90, 120, 150, and 
180 ◦C for 4 h (samples labeled as MKP90, MKP120, MKP150, and 
MKP180, respectively), rinsed, and dried at 37.5 ◦C for 12 h.

2.3. Characterization

Scanning electron microscopy (SEM, Nova Nano SEM450, USA) was 
used to examine the morphology of the MKP coatings. X-ray diffraction 
(XRD, Bruker D8-Discover, Germany) and Fourier transform infrared 
spectroscopy (FTIR, Thermo Scientific Nicolet iS10, USA) were carried 
out to determine the phase and chemical compositions of materials. XRD 
was performed in the 2θ range of 10◦-80◦ with a step size of 0.25◦.

2.4. Bonding strength

The adhesion strength of the MKP coatings was measured on the WS- 
2005 nano-scratch system. The scratches were observed under an optical 
microscope, and the images were recorded.

2.5. Corrosion properties

2.5.1. Electrochemical evaluation
The electrochemical corrosion properties were determined in Hank’s 

balanced salt solution (HBSS) on an electrochemical workstation 
(PARSTAT, Princeton 3000, USA) with the standard three-electrode 
system with platinum as the counter electrode, a saturated calomel 
electrode as the reference electrode, and the sample (exposed area of 
1 cm2) as the working electrode. HBSS was composed of NaCl 
(8.0 g⋅L− 1), KCl (0.4 g⋅L− 1), NaHCO3 (0.35 g⋅L− 1), MgCl2⋅6H2O 
(0.1 g⋅L− 1), MgSO4⋅7 H2O (0.06 g⋅L− 1), CaCl2 (0.14 g⋅L− 1), Na2HPO4 
(0.06 g⋅L− 1), KH2PO4 (0.06 g⋅L− 1), and glucose (1 g⋅L− 1). The open 
circuit potential (OCP) was determined to ensure that the working 
electrode reached a stable state. Electrochemical impedance spectros
copy (EIS) was conducted between 100 kHz and 0.1 Hz with a sinusoidal 
disturbance of 10 mV. The potentiodynamic polarization (PDP) curves 
were acquired at a scanning rate of 1 mV⋅s− 1 in the potential range 
between − 2.5 and − 1.0 V/SCE. The corrosion current density (icorr, 
A⋅cm− 2) and potential (Ecorr, V/SCE) were obtained by Tafel extrapo
lation of the cathodic branch of the polarization curve. The corrosion 
rate (Pi) was calculated by Eq. (1) [26]. The ZSimpWin software was 
employed in fitting the EIS results and deriving the equivalent circuits 
(ECs): 

Pi = 22.85icorr. (1) 

Fig. 1. Schematic diagram illustrating the preparation process and properties of MKP coatings on the WE43 Mg alloy.
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2.5.2. Hydrogen evolution
To evaluate the long-term corrosion resistance, the samples were 

immersed in HBSS at 37.5 ◦C for 7 days. Hydrogen generated during 
corrosion was collected by a burette-funnel apparatus, and the pH of 
HBSS was recorded. The hydrogen evolution rate (vH, mL⋅cm− 2⋅h− 1) was 
calculated by Eq. (2) [27]: 

vH =
V
st
, (2) 

where V is the cumulative hydrogen volume (mL), s is the exposed 
surface area (cm2), and t is the immersion time (h).

2.5.3. Immersion test
The morphology and composition of the samples after immersion for 

7 days were assessed by scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectrometry (EDS). X-ray diffraction (XRD) 
and Fourier transform infrared (FTIR) spectroscopy were used to 
determine the composition of the corrosion products. The elemental 
composition and chemical states were analyzed by X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific K-Alpha, USA).

3. Results

3.1. Characterization

Fig. 2 shows the morphologies of different MKP coatings prepared at 
different hydrothermal temperatures. All the samples exhibit flaky 
structures and grow oriented on the substrate. As shown in Fig. 2a-b, the 
samples prepared at low temperatures show low coverage. The plate-like 
structures agglomerated, creating weak areas in the coating. In contrast, 
MKP150 (Fig. 2c) shows a crack-free and dense surface with high 
coverage. However, if the hydrothermal temperature is too high, 
MKP180 has a loose flocculent morphology (Fig. 2d) which does not 
offer adequate protection to the substrate.

Fig. 3 displays the cross-sectional morphologies and EDS results. It is 
observed in EDS images that Mg, P, O, and K elements are uniformly 
distributed in the coating. With increasing hydrothermal temperature, 
the coating thicknesses change in the following order: MKP90 (3.1 μm) 
< MKP120 (4.8 μm) < MKP150 (6.3 μm) < MKP180 (14.8 μm). A high 
temperature fosters nucleation and precipitation of phosphate. The 
cross-section morphology becomes denser as the hydrothermal tem
perature is increased from 90 to 150 ◦C, but some cracks and holes 

appear from MKP180 due to internal stress [28]. In addition, there is no 
obvious interface between the MKP coating and substrate due to the in 
situ chemical conversion process.

Fig. 4a shows MKP and Mg3(PO4)2⋅5 H2O. With increasing temper
ature, the peak intensities of the phases strengthen, demonstrating 
enhanced coating stability at higher temperatures and greater thickness 
formation. These findings align with the EDS results. The peaks at 11.0◦

(020), 13.6◦ (110), and 23.2◦ (130) correspond to Mg3(PO4)2⋅5H2O. 
Fig. 4b reveals an absorption peak at 3450 cm− 1 for the hydroxyl group, 
and those at 1073, 600, and 581 cm− 1 correspond to the stretching and 
bending modes of phosphate [27]. The peak of H-O-H bending at 
1645 cm− 1 confirms the presence of crystalline water. These results 
indicate the successful deposition of MKP coatings on the Mg alloy.

3.2. Bonding strength

The adhesion strength between the coating and substrate is evalu
ated by the scratch test. The scratch images and corresponding critical 
fracture loads (L, N) of different samples are shown in Fig. 5 and Table 1. 
The L value of MKP150 is 7.05 N, representing 93.7 % and 17.9 % in
creases compared to MKP90 and MKP120, respectively. L increases with 
hydrothermal temperature, similar to the coating thickness.

3.3. Electrochemical characteristics

As shown in Fig. 6 and Table 2, the corrosion potential (Ecorr) and 
current density (icorr) are calculated by the Tafel extrapolation method. 
As the hydrothermal temperature goes up, Ecorr rises in a positive di
rection (MKP90 (-1.74 V/SCE) < MKP120 (-1.69 V/SCE) < MKP150 
(-1.56 V/SCE) < MKP180 (-1.48 V/SCE)). MKP150 shows obvious 
anodic passivity at voltages above Ecorr. In contrast, the uncoated Mg 
exhibits typical active dissolution during anodic polarization [28]. 
Among the various samples, icorr of MKP150 (2.97 μA⋅cm− 2) is the 
smallest, and Pi (0.07 mm⋅y− 1) is an order of magnitude lower than that 
of the Mg alloy (0.95 mm⋅y− 1), illustrating good corrosion resistance. 
And the electrochemical corrosion usually occurs on the interface of Mg 
and coating [29]. Therefore, MKP180 with microcracks provides better 
protection due to its sufficient thickness.

In the EIS plots (Fig. 7a-c), the semicircle in the high-frequency re
gion is caused by the charge transfer resistance (Rct) [30,31], and the 
low-frequency impedance modulus (|Z|) serves as a parameter to eval
uate the corrosion resistance [32]. The largest diameter of the capacitive 

Fig. 2. Surface morphologies of (a) MKP90, (b) MKP120, (c) MKP150, and (d) MKP180.
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Fig. 3. Cross-sectional images and EDS maps of (a) MKP90, (b) MKP120, (c) MKP150, and (d) MKP180.
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resistance arc of MKP150 represents better corrosion protection, which 
is corroborated by the SEM images in Figs. 2 and 3. The Bode diagram 
(Fig. 7b) shows that MKP150 has a larger impedance modulus at low 
frequencies of 0.1 Hz (|Z|0.1 Hz). The electrochemical results, including 

low icorr and high |Z|0.1 Hz, indicate that MKP150 has the best 
anti-corrosion properties [33].

To elucidate the corrosion mechanism in HBSS, two equivalent cir
cuits (ECs) are derived from analyzing the EIS data, as shown in Fig. 7d- 
e. The important parameters derived from this analysis are listed in 
Table 3. In the circuits, Rs represents the solution resistance and Rc1 and 
Rc2 correspond to the resistances of the corrosive product film and MKP 
coating, respectively. A constant phase element (CPE, YCPE(ω)= 1/ 
ZCPE=Qa(jω)n) [30]) is employed instead of a pure capacitor to 
compensate for the deviations caused by inhomogeneous surface re
actions [34]. The CPEs are related to the corrosive product, conversion 
coating, and electrical double layer [35,36]. Rct is inversely proportional 
to the degradation rate [37]. As shown in Table 3, Rct (4556 Ω⋅cm2) of 
MKP150 is the largest for improved protection against corrosion.

3.4. Hydrogen evolution

The hydrogen evolution rate (HER, mL⋅cm− 2⋅h− 1) is calculated by 
Eq. (1) and shown in Fig. 8, which reveals the following trend: Bare Mg 
(0.0055 mL⋅cm− 2⋅h− 1) > MKP90 (0.0046 mL⋅cm− 2⋅h− 1) > MKP180 
(0.0041 mL⋅cm− 2⋅h− 1) > MKP120 (0.0008 mL⋅cm− 2⋅h− 1) > MKP150 
(0.0007 mL⋅cm− 2⋅h− 1). In the first 4 h, the HER increases rapidly. For 
example, that of the bare Mg rises to three times that of the MKP 
coatings.

In the ensuing twenty hours, the corrosion rate declines gradually 
due to the formation and deposition of corrosion products such as the 
magnesium hydroxide (Mg(OH)2) layer. Afterward, the corrosion rate 
remains relatively stable. Better protection is observed when the hy
drothermal temperature is increased from 90 to 150 ◦C, but MKP180 
exhibits an abnormal decrease in corrosion resistance. Because of the 
presence of micro-defects when the coating thickness becomes exces
sive, thereby allowing the corrosion medium to penetrate to the sub
strate. This is supported by the electrochemical results. Nevertheless, the 
HERs of all the coatings are less than that of the substrate.

Fig. 4. (a) XRD patterns and (b) FTIR spectra of MKP coatings.

Fig. 5. Scratch test results of different MKP coatings.

Table 1 
Critical loads obtained from scratch tests.

Sample MKP90 MKP120 MKP150 MKP180

Load (N) 3.64 5.98 7.05 10.06

Fig. 6. Potentiodynamic polarization curves of bare Mg and different 
MKP coatings.

Table 2 
Electrochemical parameters of the PDP curves in HBSS.

Samples Ecorr (V vs. SCE) icorr (μA⋅cm− 2) Pi (mm⋅y− 1)

WE43 − 1.49 41.5 0.95
MKP90 − 1.74 12.9 0.30
MKP120 − 1.69 8.43 0.19
MKP150 − 1.56 2.97 0.07
MKP180 − 1.48 3.68 0.08
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3.5. Degradation behavior

The SEM morphologies and EDS results of the immersed samples are 
shown in Fig. 9a-d. After 7 days of immersion, the bare Mg alloy shows 
grid-like cracks and even fragmentation. Compared with other MKP- 
coated samples, MKP150 remains intact with few defects. On the con
trary, MKP90, MKP120, and MKP180 fail to block corrosive ions due to 
pits and cracks. With regard to MKP150, more corrosion products are 
present on the broken coating, whereas there are many agglomerated 
particles on MKP180. EDS indicates that the products after immersion 
mainly consist of magnesium phosphate and calcium phosphate. The 
Ca/P ratio is less than 1 in most areas, which can be attributed to the 
possible incorporation of Mg2+ during the nucleation and growth pro
cess of apatite [29]. The corrosion resistance and stability of MKP150 
were confirmed by morphology and EDS results after 14 days of im
mersion, as shown in the Supplementary Materials. The MKP150 still 
maintained complete coverage with minimal corrosion product depo
sition. Spherical products appeared abundantly on the surface of bare 
Mg and other MKP-coated samples. The Ca/P ratio calculated from 
Fig. S1 (e2) point p1 was 1.48, which is closer to the stoichiometric ratio 
of hydroxyapatite (HAp). The substrate of these specimens was exposed 
and cracked to varying degrees.

XRD and FTIR are used to characterize the corrosion products after 
immersion in HBSS for 7 days. As shown in Fig. 10a, the peaks at 22.8◦

(111), 31.8◦ (211), and 32.9◦ (300) correspond to HAp . In the FTIR 
spectra in Fig. 10b, the band at 1073 cm− 1 represents the stretching 
modes of PO4

3-, while that at 581 cm− 1 arises from bending of PO4
3-. The 

peak at 580–600 cm− 1 representing P-O vibration in HAp becomes 
broader and stronger [38]. The peak of O-H bending of crystalline water 
at 1645 cm− 1 is the same in both spectra. These results demonstrate that 
the MKP coatings promote the formation of HAp in HBSS [39].

The chemical composition of the corrosion products is analyzed by 
XPS. As shown in Fig. 11, Mg 1 s, O 1 s, Ca 2p, K 2p, C 1 s, Cl 2p, and P 2p 
are detected from the corroded MKP150 coating. The Mg 1 s spectrum 
exhibits Mg-OH (1303.08 eV), Mg-O (1303.88 eV), and Mg-PO4

3- 

(1304.78 eV). The O 1 s spectrum of the hybrid coating shows C––O/C-O 

Fig. 7. Electrochemical measurements of different samples. (a) Nyquist plots, (b) Bode plots, and (c) Bode plot of phase angle vs. frequency; ECs of (d) WE43 and (e) 
MKP coatings.

Table 3 
Fitted electrochemical parameters obtained by EIS simulation.

Samples WE43 MKP90 MKP120 MKP150 MKP180

Rs (Ω⋅cm2) 78.65 75.45 41.03 21.51 64.27
Y1 (Ω− 1cm− 2s− 1×10− 5) 92.64 3.671 8.970 8.299 0.0577
n1 0.6600 0.8684 0.3465 0.2985 0.7129
Rc1 (Ω⋅cm2) 423.4 669.0 50.79 908.6 1277
Y2 (Ω− 1cm− 2s− 1×10− 5) 1.548 171.9 3.542 49.52 17.58
n2 0.9228 0.8794 0.8465 0.9972 0.7412
Rc2 (Ω⋅cm2) - 268.4 310.9 978.7 367.5
Y3 (Ω− 1cm− 2s− 1×10− 5) - 10.84 1391 0.9113 0.7458
n3 - 0.5712 0.6486 0.8561 0.5801
Rct (Ω⋅cm2) 602.6 1379 3286 4556 1470

Fig. 8. HER curves of bare Mg and MKP coatings during immersed in HBSS for 
7 days.
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(532.78 eV), Mg-O (531.48 eV), and -OH (530.68 eV). The Ca 2p spec
trum confirms the formation of Ca-P products during corrosion, similar 
to XRD and FTIR [40]. The P 2p spectrum reveals the existence of HPO4

2- 

(133.98 eV) and PO4
3- (132.78 eV). The results suggest that corrosion 

leads to the formation of HAp, which is expected to improve the 

bioactivity [41].

Fig. 9. SEM images and corresponding EDS results of (a1-a3) bare Mg, (b1-b3) MKP90, (c1-c3) MKP120, (d1-d3) MKP150, and (e1-e3) MKP180 after immersion in 
HBSS for 14 days.
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4. Discussion

4.1. Formation mechanism

Fig. 12 describes the formation process of the coatings. Firstly, the 
Mg substrate was alkalized to achieve surface activation. The hydroxyl 
group on the surface induces the deposition of potassium, phosphate, 
and other ions from the solution [42]. At the same time, the Mg(OH)2 
layer serves as a source of Mg and provides dense nucleation sites for the 
formation of MKP. The hydrothermal treatment enhances the solubility 
of MgO, shifting the equilibrium toward the formation of MKP and 
uniform nucleation. The flaky MKP nucleates, expands, and covers the 
entire surface to impede ion penetration, giving rise to the surface 
morphology in Fig. 2.

During the formation process, the hydrothermal temperature mod
ulates the MKP coating morphology by changing the thermodynamic 
equilibrium, solubility, and nucleation free energy. The Gaussian func
tion, often known as the nucleation function, can be used to approximate 
the final mean particle size and size distribution of MKP [43]. Ideally, 
increasing the maximum nucleation rate (Γmax) results in a smaller 
average crystal size, while minimizing the nucleation time window (Δtn) 
allows for a narrower size distribution. Γmax is primarily influenced by 
two factors, one of which is the critical nucleation radius rc, calculated 
by: 

rc = −
2σT0

ΔHmΔT
, (3) 

where σ is the interfacial energy between the crystal nucleus and parent 
phase, T0 is the nucleation temperature, ΔHm is the enthalpy change, 
and ΔT is the difference between the actual and theoretical nucleation 
temperature. The other factor is the nucleation rate In, which is calcu
lated by: 

In ≈
NkBT

h
exp
(

−
ΔG∗

RT

)

exp

(

−
16πσ3T2

0

3RT(ΔHmΔT)2

)

, (4) 

where N is the number of atoms per unit volume, kB is Boltzmann’s 
constant, T is the actual temperature, h is the Planck constant, ΔG* is the 
barrier to be crossed over for the atom transition from the parent phase 
to the nucleus, and R is the molar gas constant. Based on the theory, the 
rise of hydrothermal temperature raises ΔT, which in turn increases rc 
and In, while Δt becomes relatively larger. In consequence, the thickness 
of the MKP coating increases. However, when the hydrothermal tem
perature was raised to 180 ◦C, the rapid coating growth rate led to in
ternal stress accumulation. The increased coating thickness prevents 
these stresses from being released during subsequent cooling and drying 
processes. As a result, MKP180 exhibited microcracks within the coating 
and reduced corrosion resistance. Evidently, an appropriate hydrother
mal temperature is necessary to form a dense and uniform coating. 
Furthermore, owing to the gradient change of N, the coating has fine and 
compact grains close to the surface of the substrate to provide better 
corrosion protection.

4.2. Corrosion mechanism

The corrosion mechanism of the MKP-coated Mg in HBSS is proposed 
in Fig. 13. With regard to the MKP coatings, K-struvite degrades in HBSS 
to a certain extent because of the following reaction [23]: 

MgKPO4⋅6H2O → Mg2+ + K+ + PO4
3- + 6H2O.                                (5)

The corrosion medium then propagates and further destroys the 
coating, resulting in exposed substrate and accelerated corrosion [44]: 

Anodic reaction : Mg→Mg2+ + 2e− (6) 

Cathodic reaction: 2H2O + 2e- → 2OH- + H2↑                                 (7)

General reaction: Mg + 2H2O → Mg(OH)2 + H2↑                            (8)

After local degradation, the ingress of Cl- converts the protective 
product Mg(OH)2 to soluble magnesium chloride shown below [45]: 

Mg(OH)2 + 2Cl- → MgCl2 + 2OH-                                                  (9)

Hence, the concentration of OH- in HBSS increases, and H2PO4
- and 

HPO4
2- ions are converted into PO4

3- as shown below: 

H2PO4
- + OH- → HPO4

2- + H2O                                                      (10)

HPO4
2- + OH- → PO4

3- + H2O.                                                        (11)

Thus, the local saturation of Ca2+, OH-, HPO4
2-, and PO4

3- increased at 
the pitting or solution interfaces [46]. Furthermore, the ions combine to 
form HAp to maintain the surface charge: 

10Ca2+ + 10HPO4
2- + 12OH- → Ca10(PO4)6(OH)2 + 10H2O + 4PO4

3-(12)

10Ca2+ + 6PO4
3- + 2OH- → Ca10(PO4)6(OH)2                                (13)

Based on the EDS results in Fig. 9, the Ca/P ratio in the area with 
severe corrosion is larger, proving that corrosion of Mg and MKP pro
duces HAp [47]. Moreover, excess Mg2+ and PO4

3- in the solution 
combine to form magnesium phosphate shown below: 

Fig. 10. (a) XRD patterns and (b) FTIR spectra of the samples immersed in 
HBSS for 7 days.
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3Mg2+ + 2PO4
3- → Mg3(PO4)2                                                       (14)

In summary, the main corrosion precipitates are Mg(OH)2 and 
Ca10(PO4)6(OH)2, which can be confirmed by the XRD patterns (Fig. 10). 
Furthermore, the corrosion products also can be used as physical barrier 
to protect Mg alloy from corrosion.

4.3. Comparison of corrosion resistance and adhesion strength

The icorr values are summarized in Fig. 14. Liu et al. [48] have re
ported that despite pretreating the WE43 substrate by a filtered cathodic 
vacuum arc (FCVA) to increase nucleation sites, the phosphate coating 
still exhibits obvious cracks. Wang et al. [49] have tried to improve the 
loose structure of the single Ca-P coating by introducing chitosan (CS), 
but the corrosion resistance is still limited (icorr, 4.98 μA⋅cm− 2). In this 
study, dense MKP coatings are prepared by a hydrothermal method. 
Compared to other studies shown in Fig. 14, our sample shows a 92.8 % 
reduction in icorr relative to the bare Mg alloy of only 2.97 μA⋅cm− 2. 

These findings suggest that hydrothermal conversion of MKP coatings on 
Mg alloys is a promising anti-corrosion approach.

Fig. 15 compares the bonding strength of different Ca-P coatings on 
Mg alloys. Traditional Ca-P coatings usually have poor adhesion, coarse 
grains, high porosity, and limited degradation resistance. This is because 
Mg2+ competes with Ca2+ by forming Mg(OH)2 [17]. Yang et al. [39]
have attempted to address the lattice mismatch caused by this compet
itive mechanism by applying a composite polymer coating, but their 
results indicate that further improvement is necessary. Herein, a hy
drothermal treatment is designed to promote the in situ growth of MKP. 
The cross-sectional morphology and EDS results in Fig. 3 confirm that 
the MKP coating adheres firmly to the substrate without an obvious 
interface. Consequently, in the scratch test, the MKP150 coating shows a 
critical load of 7.05 N, which is higher than that (< 5 N) reported in 
other studies, as shown in Fig. 15.

Fig. 11. XPS spectra of MKP150 sample after 7-day immersion.
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5. Conclusion

A magnesium potassium phosphate (MKP) coating with improved 
corrosion resistance and bonding strength is prepared by a hydrothermal 
process. The 6.3 μm thick MKP150 coating prepared at 150 ◦C exhibits a 
defect-free morphology and no obvious interface with the substrate. The 
corrosion current density (icorr, 2.97 μA⋅cm− 2) and hydrogen evolution 
rate (HER, 7.9 × 10⁻⁴ mL⋅cm⁻²⋅h⁻¹) of MKP150 are an order lower than 
those of bare Mg, in addition to excellent bonding strength due to the in 
situ growth of phosphate, manifested by a critical load of 7.05 N in the 
scratch test. The optimal temperature of 150 ◦C produces a dense 
morphology and optimal internal stress because of the moderate growth 
rate. The corrosion resistance is improved because the MKP coating fa
cilitates the formation of the Ca-P film, especially hydroxyapatite (HAp).
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Fig. S1 SEM images and corresponding EDS results of (a1-a3) bare Mg, 

(b1-b3) MKP90, (c1-c3) MKP120, (d1-d3) MKP150, and (e1-e3) 

MKP180 after immersion in HBSS for 14 days. 
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