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Comparison of corrosion resistance and biocompatibility of magnesium phosphate (MgP),

zinc phosphate (ZnP) and calcium phosphate (CaP) conversion coatings on Mg alloy
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Abstract
Seven different conversion coatings (which can be classified into three types: MgP, ZnP and
CaP) were prepared on Mg alloy substrates to compare the corrosion resistance and

biocompatibility of these coatings. Biocompatibility and cytotoxicity of different coated samples
and bare Mg alloy were studied using the CCK-8 test. The corrosion resistance of different
conversion coatings was comparatively studied by electrochemical tests (OCP, EIS and PDP)
and long-term immersion test in Hanks' solution. Based on the experimental results, the
corrosion mechanism of different types of conversion coatings and Mg alloy substrate was

proposed and investigated.
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1. Introduction

As promising biodegradable materials, magnesium (Mg) and its alloy have attracted the attention
of numerous researchers due to their excellent cell biocompatibility [[1], [2], [3], [4]] and good
biomechanical compatibility [[5], [6], [7], [8]]. Furthermore, the biodegradable nature of Mg
alloys makes them a desirable candidate for orthopedic implants in bone fracture surgery in
contrast to permanent implants made [[9], [10], [11], [12], [13]] when bone healing is completed
[14].
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However, the high corrosion rate of Mg alloys hinders their immediate applications as
biodegradable implants. The rapid dissolution of Mg alloys in body fluids results in a series of

problems such as excessive hydrogen evolution, alkalization of the tissue microenvironment and

inadequate mechanical strength of the implant or even premature failure [15]. Thus the most
important issue to address in the development of Mg implants is the improvement in corrosion
resistance.

A considerable effort has been devoted to improving the corrosion resistance of Mg-based
materials, including composition adjustment and surface modification. In this connection, a wide
spectrum of techniques has been attempted. Micro-arc oxidation (MAO) [16,17], sol-gel coating

[18], physical vapor deposition (PVD) [19,20], chemical vapor deposition (CVD) [21], polymer

coating [15] and chemical conversion coatings [[22], [23], [24]] have been reported in the

literature as attempts to enhance the corrosion performance of Mg-based materials. Among these
techniques, chemical conversion coating, being a simple wet chemical method, can effectively
form uniform coating despite the irregular shape of the substrate. In the past decade, phosphate
coatings formed by chemical conversion has been employed to improve the anti-corrosion
performance of Mg-based biomaterials, including such as magnesium phosphate (MgP)

[25,26], calcium phosphate (CaP) [[27], [28], [29]] and zinc phosphate (ZnP) [30,31]. However,

the corrosion behavior, (both short term and long-term) and biocompatibility of these phosphate

conversion coatings have not been thoroughly studied and compared.
In this work, seven kinds of conversion coatings (Mg-P, Zn-P, Ca-P, ZnMg-P, CaMg-P, ZnCa-P
and ZnCaMg-P) were prepared using different conversion coating solutions. The morphologies,

corrosion behavior, biocompatibility of these conversion coatings were compared and discussed

2. Experimental procedure

2.1. Materials and preparation

Wrought AZ31 Mg alloy with a composition of 3.1 wt% Al, 0.9 wt% Zn, 0.1 wt% Mn and Mg
balance was cut into rectangular plates of dimensions 15 % 15 x 2 mm. Before the conversion
coating procedure, the substrate was polished using sandpaper from grade 360 to 2000 and
ultrasonically cleaned in acetone for about 3 min to remove contaminants. To investigate the
influence of Mg?*, Zn?* and Ca" ions on phosphate conversion coatings, seven kinds of

phosphate conversion coatings were prepared in different solutions with a pH of 2.7 at 60 °C for
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20 min. The specific compositions of these conversion coating solutions are presented in Table 1.
The amounts of Mg?*, Zn?* and Ca?* ions were determined according to the predominance area
diagrams shown in Fig. 16 with a pH of 2.7.

Table 1. Compositions of phosphate conversion coating solutions with a pH of 2.7.

Samples Chemical composition (mol/L)

Mg(NO3)2 Zn(NO3)2 Ca(NOs3)2 HsPOs NaOH H:0

Mg-P 0.4 — — 0.2 Bal. Bal.
Zn-P — 0.1 — 0.2 Bal. Bal.
Ca-P — — 0.2 0.2 Bal. Bal.
ZnMg-P 0.4 0.1 — 0.2 Bal. Bal.
CaMg-P 0.4 - 0.2 0.2 Bal. Bal.
ZnCa-P — 0.1 0.2 0.2 Bal. Bal.
ZnCaMg-P 0.4 0.1 0.2 0.2 Bal. Bal.

2.2. Thermodynamic calculations

Predominance area diagram as a common basis for the design of conversion coatings
[22,26,[32], [33], [34], [35]] was calculated using MEDUSA software (Make Equilibrium
Diagrams Using Sophisticated Algorithms) according to the database HYDRA (Hydrochemical

Equilibrium Constant Database) in this work. Predominance area diagrams of magnesium

phosphates, zinc phosphates and calcium phosphates were calculated with a constant

concentration (0.2 mol/L) of phosphate at room temperature (25 °C).

2.3. Microstructural characterization and compositional analysis
Surface morphologies, cross-section morphologies and chemical compositions of different

samples were obtained using a scanning electron microscope (SEM, Tescan VEGAS3) equipped
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with an energy-dispersive spectrometer (EDS, Oxford Instrument). The phase composition of
coated samples was investigated using X-ray diffraction (XRD, Rigaku Dymax, Japan) with Cu
Ka (4=0.154178 nm) radiation at 20 mA and 40 kV. The scanning angle (26) of XRD

measurement was set from 10° to 60°, with a scanning rate of 4°/min.

2.4. Mechanical properties

The adhesive strength of coated samples was investigated using a standard tensile adhesion

test (ASTM C 633 [36]) by a universal testing system (MTS 810, USA) at a constant speed of
0.01 mm/s and 4 replicates were tested to ensure reliability. The counter pull-off bar with an area
of 1.0 cm? was roughened by 60-grade sandpaper and then adhered to the surface of coated

samples with epoxy resin (3 M DP420 epoxy adhesive).

2.5. Cell viability test

The Cell Counting Kit-8 (CCK-8) assays were performed to evaluate the biocompatibility of
bare AZ31 Mg alloy and all coated samples. 100 puL cell suspensions (MC3T3-E1) with a density
of 2000 cells/well were seeded in a 96-well plate for 24 h and then co-cultured with the extracts
which were prepared from all samples according to ISO 10993-5 [37], and three replicates were
conducted for each sample. After co-culturing for 1, 3 and 5 days, 10 pL. CCK-8 solution was
added to each well and incubated for 2 h, and then the optical density (OD) of each well was
measured and recorded with a microplate reader (Tecan F50) at 450 nm. The cell viability was
expressed by the cell relative growth rate (RGR) according to the following expression

(Eg. (1)).(1)RGR=0Dtest/ODnegtivex100%

2.6. Electrochemical tests
Short-term electrochemical tests, including open-circuit potential (OCP) test

and potentiodynamic polarization (PDP) test, were carried out in Hanks' solution with a pH value

of 7.4 and at 37 °C using an electrochemical station (STAT3, Princeton Applied Research, USA)
in a traditional three-electrode cell. A platinum plate with an area of 1 cm?, a saturated

calomel electrode (SCE) and the sample with an exposed area of 1 cm? served as the counter
electrode (CE), reference electrode (RE) and working electrode (WE). The composition of
Hanks' solution is listed in Table 2 [38]. To ensure steady-state of WE, a short-term OCP test
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was carried out for 20 min before the PDP test. After the OCP test, PDP measurement was
performed from —200 mV (vs. OCP of each sample) in the anodic direction at a rate of 1 mV/s.

Table 2. Composition of Hanks' solution [38].

Chemica NaC KC NaHCO MgSO4-7H2 Glucos CaCl KH2PO Na:HPO4-2H2
| I I 3 @) e 2 4 @)

Mass
(9/L)

oo

04 0.35 0.2 1 0.14 0.06 0.06

2.7. Immersion test

To evaluate the degradation properties of coated samples, in vitro degradation immersion test
was carried out in Hanks' solution with a pH of 7.4 at 37 °C for 15 days. All samples with an
exposed area of 2 cm? were immersed in 300 mL of Hanks' solution. Hydrogen

evolution volumes were collected by a burette and recorded every day. After the immersion test,
macro-morphologies and micro-morphologies of all samples using optical microscopy (OM) and
SEM, and the compositions of corrosion products on their surfaces were analyzed using EDS

simultaneously. Electrochemical impedance spectroscopy (EIS) test was conducted to detect the

corrosion state change of all samples during the long-term immersion test. EIS test was run from
100 kHz to 0.01 Hz with an AC amplitude of 10 mV (vs. OCP) and the test result was fitted by

ZSimpWin software. Meanwhile, long-term OCP measurement of all samples was conducted.

3. Results

3.1. Coating characterization
The XRD patterns of seven kinds of conversion coatings are shown in Fig. 1. The main phase of

Mg P is newberyite (MgHPO4-3H20) while Zn P, ZnMg-P, ZnCa-P and ZnCaMg-P
have the same main phase of zinc phosphate hydrate (Zn3(POa)2-4H20), but
their crystallinity and grain orientation differ. ZnCa-P coating has the highest crystallinity and Zn

P has the lowest crystallinity. Ca P and CaMg-P have similar patterns and their main
phase is dicalcium phosphate dehydrate (CaHPO4-2H.0O, DCPD). According to the main phases

of different conversion coatings, these seven conversion coatings are classified into three types:
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MgP type (only Mg P), ZnP type (including Zn P, ZnMg-P, ZnCa-P and ZnCaMg-P)

and CaP type (including Ca P and CaMg-P).
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Fig. 1. The XRD patterns of seven kinds of conversion coatings.

The SEM surface morphologies of all conversion coatings and bare AZ31 Mg alloy substrate are

presented in Fig. 2 and the corresponding EDS result of all conversion coatings are presented
in Fig. 3. Mg-P coating (Fig. 2(a)) consists of cubes with an average dimension of 5 um.
According to the XRD and EDS results as shown in Fig. 1 and Fig. 3(a), it can be concluded that

the main phase of Mg-P coating is newberyite MgHPO4-3H20. As shown in the SEM
morphologies (Fig. 2(c) and (e)), Ca-P coating consists of lath-like crystals, and CaMg-P coating
consists of flake-like crystals erected on the substrate. The elemental compositions (shown

in Fig. 3(c) and (e)) of CaP and CaMg-P coatings are similar and the EDS results are consistent
with the XRD patterns of CaHPO4-2H,0 (DCPD). According to the EDS results in Fig.
3(b)(d)(f)(g) and XRD patterns, the ZnP type conversion coatings Zn-P, ZnMg-P, CaZn-P and
ZnCaMg-P all contain (Zn3(POa4)2:4H20) as the main phase, though these four coatings show
different appearances. Zn-P coating consists of flakes, ZnCa-P coating consists of thin sheets,
whereas ZnMg-P and ZnCaMg-P coating are composed of particle-like aggregates which are
stacked by dense layers.
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Fig. 2. SEM surface morphologies of coated samples: (a) Mg P, (b)Zn-P, (c) Ca

P, (d) ZnMg-P, (e) CaMg-P, (f) ZnCa-P, (g) ZnCaMg-P and (h) bare substrate of
AZ31 Mg alloy.
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Fig. 3. EDS results and corresponding tested area of coated samples: (a) Mg P, (b)

Zn-P, (c) Ca-P, (d) ZnMg-P, (e) CaMg-P, (f) ZnCa-P (g) ZnCaMg-P and (h) bare

substrate of AZ31 Mg alloy.
Fig. 4 shows the OM surface morphologies of all coated samples and bare substrate AZ31 Mg
alloy. Mg-P, Zn-P, Ca-P and CaMg-P coating are more uniform than other coatings. With the
addition of Mg?* or Ca?" ions in Zn-P conversion solution (Table 1), ZnMg-P and ZnCa-P
coatings convert from white (Fig. 4(b)) to gray. Once Mg?* and Ca?* ions are added into
conversion solution (Table 1), ZnCaMg-P coating appears obviously blacker, and the contention
of element Zn in ZnCaMg-P coating is more than that in ZnMg-P coating which is probably
caused by the metallic Zn formed in that coating.
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Fig. 4. OM surface morphologies of coated samples: (a) Mg P, (b) Zn P, (c) Ca

P, (d) ZnMg-P, (e) CaMg-P, (f) ZnCa-P, (g) ZnCaMg-P and (h) bare substrate of
AZ31 Mg alloy (the scales bar is 10 mm).
Fig. 5 shows the cross-section morphologies of all coated samples. Mg-P and Ca-P coatings are
relatively thin, about 17 and 15 um. Coating ZnCa-P has a maximum thickness of up to 125 um.
The thickness values of coating Zn-P, ZnMg-P, CaMg-P and ZnCaMg-P are about 55, 55, 40 and
73 wm, respectively.
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Fig. 5. Cross-section morphologies of coated samples: (a) Mg P, (b) Zn P, (c) Ca

P, (d) ZnMg-P, (e) CaMg-P, (f) ZnCa-P and (g) ZnCaMg-P.
3.2. Mechanical property
Fig. 6 shows the test result of adhesive strength of all conversion coatings on Mg alloy
substrates. Compared with other coatings, coating Mg-P and Ca-P have high adhesive strength,
up t0 9.4+ 1.1 and 7.8 £ 1.5 MPa, relatively. ZnMg-P, ZnCaMg-P and CaMg-P coatings have

similar adhesive strength of 5.6 £1.2, 6.3 £0.7 and 5.2 £ 1.3 MPa. Whereas Zn P and ZnCa-
P coatings have relatively low adhesive strength of 1.8 £0.6 and 2.5 + 1.3 MPa, which is
probably caused by their loose structures. In general, the thin and dense coatings have high
adhesive performance, such as the Mg-P and Ca-P coatings.


https://www.sciencedirect.com/science/article/pii/S0257897220305880#f0030

-
N

RN
o
L

(o]
1

E =S
L
 w—

Adhesive Stress (Mpa)
(o)}

N
1 2

o
1 A

wo¥ 70F caf wwg"’cawg"’lﬂca'; cane®

Fig. 6. The adhesive strength of different conversion coatings on the Mg alloy substrate.

3.3. Cell viability test
Fig. 7 shows the result of the indirect contact cell viability test. Compared with coated samples,

bare AZ31 Mg alloy has the lowest RGRs, which are only about 49%, 36% and 58% on day 1,
day 2 and day 5. The RGRs of Mg-P coating are about 52%, 43% and 65% on day 1, day 2 and
day 5, which are a little higher than that of bare Mg alloy. The ZnP type conversion coatings
(Zn-P, ZnMg-P, ZnCa-P and ZnCaMg-P) have similar RGRs, which may be caused by their
similar composition and corrosion resistance, while the CaP type conversion coatings (Ca-P and
CaMg-P) have obviously higher RGRs, which are close to the RGR of the control, and even up to
about 102% and 101% on day 5.
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Fig. 7. Cell viability of all coated samples and bare AZ31 Mg alloy after 1, 3 and 5 days

of incubation.
3.4. Short-term electrochemical measurements
The short-term OCP curves of coated samples and bare AZ31 Mg alloy tested in Hanks' solution
at 37 °C are presented in Fig. 8(a). The OCP curves of Mg-P, Ca-P and CaMg-P are evidently
lower than that of the other samples, and the OCP of CaMg-P is the lowest. The probable reason
for that low OCP is that dense coating restrains the cathodic reaction on the cathodic phases
more than the anodic reaction of Mg substrate and the positive ions have enough time to diffuse.
Therefore the OCP decreases in the cathodic direction [22]. In the other OCP curves, Zn-P is
close to bare AZ31 Mg alloy, while the OCP curves of the other ZnP type coatings (including
ZnMg-P, ZnCa-P and ZnCaMg-P) are relatively higher.


https://www.sciencedirect.com/topics/materials-science/magnesium-alloys
https://www.sciencedirect.com/science/article/pii/S0257897220305880#f0040
https://www.sciencedirect.com/topics/physics-and-astronomy/positive-ion
https://www.sciencedirect.com/science/article/pii/S0257897220305880#bb0110

-1.4 ~
(a) (b) ——1(c)
= - — 5 -1.24 '
Q- 3]
(%} 17
g - ¢ 1M
Z' = ‘-—’——Hg P
< =
™ - = ) —n-P
3 c-16 CaP
3 —Mg-P MgCaP | © ZnMg-P
c‘Lé' 1.8 Zn-P —— ZnCa-P I _ESLEL“’S
| Ca-P MgZnCa-P 1.8 ZnCaMgP
19 p— L SRRUEINMOE AU LT
0 400 800 1200 10 107 10* 10° 10* 10* 10?

Immersion time (s)

(d)

Potential, E

_—
®
S

Potential, E

Current density (A/lcm?)

--/X 4 Ecorrs |
N\

Potential, E

Breakdown
potential

CC

100my ' re
pot
corr \}
Free corrosion
current density

(f)

Potential, E

Current density, Lo

—N ”

\

A

£\

oF

Current density, Log |/|

Current density, Log |/|

Current density, L

Fig. 8. (a) OCP and (b) PDP curves of coated samples and bare AZ31 Mg alloy tested in

Hanks' solution at 37 °C. (c) Schematic diagram of the PDP curve. And schematic

polarization diagrams of (d) bare Mg alloy substrate, (e) samples of MgP (Mg
P), CaP (Ca-P and CaMg-P) type coatings and (f) samples of ZnP (ZnMg-P, ZnCa-P and

ZnCaMg-P) type coatings.

Fig. 8(b) shows the PDP curves of coated samples and bare AZ31 Mg alloy obtained after the

short-term OCP measurement, and the corrosion parameters (as depicted in Fig. 8(c)) extracted

from the PDP curves are presented in Table 3. The free corrosion potential (Ecorr) Of each sample

in Fig. 8(b) has a good correspondence with the OCP curves in Fig. 8(a). Compared with the

other coated samples and bare Mg alloy, MgP, Ca-P and CaMg-P have evidently lower free

corrosion current densities (icorr), Which are 0.206, 0.301 and 0.311 pA/cm? respectively. While

the coated samples Zn-P, ZnMg-P, ZnCa-P and ZnCaMg-P have relatively larger current

densities, with values 1.79, 2.57, 3.54 and 2.19 pA/cm? respectively. Compared with all coated

samples, bare AZ31 has the largest current density, up to 18.8 pA/cm?. Since the

anodic hydrogen evolution (AHE) and negative difference effect (NDE) phenomenon exist [39],
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Mg alloy may rapidly corrode in the anodic region and the breakdown potential of rapid
corrosion is defined as Ep. The AE (AE =Ep — Ecorr) Of coated samples and bare AZ31 the
following order: AZ31 (0 V) <ZnCaMg-P (0.085 V) <Zn-P (0.100 V) <Mg-P

(0.114 V) <ZnMg-P (0.170 V) <ZnCa-P (0.271 V) <Ca-P (0.280 V) < CaMg-P (0.321 V).

Table 3. Corrosion parameters extracted from the PDP curves shown in Fig. 8(b).

Empty Cell Mg Mg-P Zn-P Ca-P ZnMg- CaMg- ZnCa- ZnCaMg-
alloy P P P P
ba (MV/dec) - 189 186 250 301 225 318 162

-bc (mV/dec) 212 165 201 178 146 189 132 171

lcorr (MA/cm2) 188  0.206 1.79 0.301 257 0311 354 219

Ecorr (V

-1513 -1.544 -1.502 -1.620 —1.438 -1.681 -1.477 —1.390
vs.SCE)
Ebv (V

-1.513 -1.430 —1.402 —-1.340 -1.268 -1.360 —1.206 —1.305
vs.SCE)
AE (V) 0 0.114 0.100 0.280 0.170 0.321 0.271 0.085

To interpret the polarization behaviors of different samples, schematic polarization diagrams are
presented in Fig. 8(d)(e)(f). For the polarization of bare Mg alloy, anomalously low anodic Tafel
slope appears on the anodic branch as shown in Fig. 8(b), which corresponds to serious anodic
corrosion. Fig. 8(d) shows the polarization diagram of bare Mg alloy substrate, in which lines

of Ic and la correspond to the currents of cathodic and anodic reactions of bare Mg alloy,
whereas la can't explain the breakdown anodic reaction. Therefore an extra anodic reaction line
(Iv) is postulated to describe the stage of breakdown anodic reaction of bare Mg alloy, which is
not strict enough but useful to describe its polarization behavior [40]. Because of the protection
of coatings on Mg alloy substrate, MgP (Mg-P), CaP (Ca-P and CaMg-P) type coatings decrease
the currents of cathodic and anodic to Ic1 and la1, improve the original potential of Iy to Ipz, and

decrease the free corrosion potential from Ecorr t0 Ecorr1, as shown in Fig. 8(e). Compared with
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the decrease of cathodic current of MgP and CaP type coatings (lc1, in Fig. 8(e)), the decrease of
cathodic current of ZnP type coatings (lc2, in Fig. 8(f)) is slighter, because the byproduct Zn in
the coatings accelerates the cathodic reaction. Therefore the free corrosion potential (Ecorr2) Of
ZnP type coatings is higher than that of the Mg alloy substrate(Ecorr1).

3.5. Long-term immersion test

During the immersion test, the OCP values of bare AZ31 Mg alloy and coated samples were
recorded continuously and the results are presented in Fig. 9. Compared with coated samples, the
OCP value of bare Mg alloy is the most stable, at about —1.52 V. In the beginning (first 24 h) of
immersion test, the OCP values of Mg-P, Ca-P and CaMg-P were lower than that of the other
samples. Sample ZnCaMg-P had the highest OCP in the beginning and then decreased to

—1.52'V at 36 h. Compared with Zn P and AZ31 Mg alloy, the OCP values of ZnMg-P,
ZnCa-P and ZnCaMg-P are slightly higher, which may be caused by Zn existing in the
conversion coatings. After about 3 d, the OCP values of all coated samples approached the OCP

of Mg alloy substrate, indicating the coatings on Mg alloy could not provide complete coverage
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Fig. 9. OCP curves of all coated samples and AZ31 Mg alloy in Hanks' solution at 37 °C.
During the immersion test, EIS measurement was conducted to assess the corrosion performance
of bare AZ31 Mg alloy and all coated samples. The results of long-term EIS test are presented in

the forms of Nyquist plots (Fig. 10(a)-(h)) and Bode-phase plots (Fig. 10(a’)-(h")). In order to fit
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the EIS data, physical models and electrical equivalent circuits (EEC) are proposed and
presented in Fig. 11. Because the time-constant dispersion [41] caused by surface heterogeneity
[42,43], fractal geometry [44,45], electrode porosity [46,47], variation of coating and surface
composition [48,49], two-dimensional (2D) and three-dimensional (3D) distribution [49], and
geometry-induced current and potential distributions [[50], [51], [52]], the constant phase
element (CPE, abbreviated as Q in this paper) was introduced [43,53] to fit the EIS data. Zo, the
impedance of Q can be expressed as Eqg. (2), in which Y is the constant admittance of Q, j is
V-1, w is the angular frequency and w = 2zf. When n= 1, Q represents pure capacitance;

when n=-1, Q represents inductance (L). It was indicated that the low-frequency impedance
limit (which is decided by the inductive response in the EIS test) is the crucial parameter of real
corrosion rate [54,55], and the inductive loops at low-frequency are attributed to the relaxation of
the adsorbed species Mg ads [[56], [57], [58]] on the interface of electrolyte/electrode, which is

often accompanied by rapid pitting corrosion [59]. Therefore, according to the Pébere model
[57,58,60], element L was introduced to fit the inductive response in the EIS
result.(2)ZQ=1Yjo—n
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Fig. 10. EIS results of all coated samples and AZ31 Mg alloy. Nyquist plots and Bode
phase-angle plots of (a)(a’) Mg-P, (b)(b") Zn-P, (c)(c') Ca-P, (d)(d") ZnMg-P, (e)(e")
CaMg-P, (f)(f') ZnCa-P, (g)(g') ZnCaMg-P and (h)(h") AZ31 Mg alloy.
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Fig. 11. (a) EEC models of AZ31 Mg alloy and (a’) the corresponding physical models;

(b) EEC models of coated samples and (b’) the corresponding physical models.
As shown in the models (Fig. 11), Qai, Qr, Qout and Qin correspond to the capacitive characters of
the double layer at the substrate surface, corrosion film, outer layer and inner layer of the
conversion coating, respectively. Ret, Rf, Rout and Rin correspond to the resistances of charge-
transfer, corrosion product film, the outer layer and inner layer of conversion coatings. The total
impedance (Ztwt) of the EEC models in Fig. 11 is given in Egs. (3), (11) (Zq is abbreviated
as Q, Z. is the impedance of L). The polarization resistances (Rp) in different EEC models are
calculated using Eq. (11). The resistances in the EEC models obtained via fitting using the EIS
data are presented in Fig. 11.
Model (a-1) in Fig. 11(a)(3)Ztot=RS+11Rf+1Qf+11Rct+1QdI
Model (a-2) in Fig. 11(a)(4)Ztot=RS+11Rct+1QdI+1RL+1ZL
Model (b-1) in Fig. 11(b)(5)Ztot=RS+11Qout+11Rout+11Qin+11Rin+11QdI+1Rct
Model (b-2) in Fig. 11(b)(6)Ztot=RS+11Qout+1Rout+11Rin+1Qin
Model (b-3) in Fig. 11(b)(7)Ztot=RS+11Qout+1Rout+11QdI+1Rct
Model (b-4) in Fig. 11(b)(8)Ztot=RS+11Qout+1Rout+11QdI+1Rct+11RL+ZL
Model (b-5) in Fig. 11(b)(9)Ztot=RS+11Qf+1Rout+11Qf+1Rf+11QdI+1Rct
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Model (b-6) in Fig. 11(b)(10)Ztot=RS+11Qf+1Rout+11Qf+1Rf+11QdI+1Rct+1RL+ZL
Polarization resistance(11)Rp=Ztot—Rs@w=0

At the beginning of the corrosion process (5 min) of AZ31 Mg alloy, two obvious capacitive

loops are appearing in the Nyquist plot (Eig. 10(h)) corresponding to the EEC model (a-1) in Fig.

11. With the increase of immersion time, the capacitive loop of the corrosion film at low-

frequency decreases and is then replaced by an inductive loop gradually, and at the same time,

the R, of Mg alloy decreases from 3820 to 620 and 135 Q-cm? at 1 h and 3 h, and then increases

to 152 Q-cm? at 6 h, to about 800 Q-cm? at 12 h, and then maintains steady at this value to 3 d.

As shown in Fig. 10 and Fig. 12, compared with the other samples, Mg-P has the largest Ry, up

to 358 kQ-cm? in the beginning (at 5 min). However, with the immersion test continued,

the Rp of Mg-P decreases sharply to about 2 kQ-cm? at 24 h and maintains at that value to 3 d.

Compared with the other coatings, Ca-P and CaMg-P with a similar composition of DCPD have

relatively stable and good corrosion resistance and the values of their Rp remain above 10

kQ-cm? in the first 24 h during the test. Among the coatings Zn-P, ZnMg-P, ZnCa-P and

ZnCaMg-P, ZnMg-P has relatively good corrosion resistance. Even its Rp is not as high as Mg

P, Ca P and CaMg-P, ZnMg-P keeps a very stable Rp during the whole EIS test.
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Fig. 12. Comparison of resistances (Rout, Rin, Rf, Ret and Rp) from EIS fitting results of
coated samples: (a) Mg-P, (b) Zn-P, (c) Ca-P, (d) ZnMg-P, (e) CaMg-P, (f) ZnCa-P, (g)
ZnCaMg-P and (h) bare AZ31 Mg alloy.
After 3 d of immersion, all coatings have approximately the same values of Ry, about several
kQ-cm?. Once the Ry of coated sample approaches the R, of bare Mg alloy, Mg alloy substrate
under conversion coating usually suffers from severely local corrosion which could not be
accurately evaluated by EIS during the long-term corrosion. In order to evaluate the long-term
corrosion behavior of different samples in greater detail after 3 d, hydrogen evolution
measurement and surface morphologies study were performed.
Fig. 13(a) shows the hydrogen evolution volumes of bare AZ31 Mg alloy and coated samples in
Hanks' solution at 37 °C. Fig. 13(b) shows the OM surface morphologies of coated samples and
bare substrate AZ31 Mg alloy after 1 d, 3d, 5d, 10 d, 15 d of immersion. Compared with the

coated samples, bare AZ31 Mg alloy suffers from severe filiform corrosion and pitting corrosion

during the whole immersion test, and the OM images are consistent with the largest hydrogen
evolution volume (12.8 mL at 15 d) as shown in Fig. 13(a). Besides bare Mg alloy, Mg-P, Ca-P,
and CaMg-P also suffer from serious corrosion and the corresponding hydrogen evolution
volumes are about 8.1, 7.1 and 5.7 mL respectively after 15 d immersion. On the other hand, the
corrosion forms of Zn-P, ZnMg-P, ZnCa-P and ZnCaMg-P are dominated by pitting corrosion.
Among all samples, ZnMg-P shows the best anti-corrosion performance as evidenced by the
surface morphologies in Fig. 13(b) and the minimum hydrogen evolution volume (about 4.2 mL
as shown in Fig. 13(a)) after 15 d immersion.
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Fig. 13. (a) Hydrogen evolution volumes of coated samples and Mg

alloy and (b) OM surface morphologies of coated samples and bare substrate AZ31 Mg

alloy after 1, 3, 5, 10, 15 d of immersion test in Hanks' solution at 37 °C (the scales bar is
10 mm).
In order to investigate the micro corrosion morphologies of all samples and the corrosion
products on their surfaces after the immersion test, SEM and EDS tests were conducted and the
results are presented in Fig. 14 and Fig. 15. As shown in Fig. 14(h1)(h2), obvious filiform

corrosion ribbons with an average width of about tens of micrometers appear on the surface of

Mg alloy and pitting corrosion pores also form on the existing filiform corrosion ribbons after

3 days of immersion. With further corrosion, Mg alloy suffers from severe corrosion and a large
amount of Mg(OH). forms on the surface which results in dry riverbed-like massive cracks on its
surface as shown in Fig. 14(h3) and (h4). The particle-like phosphates of Ca and Mg are always
accompanied by severe corrosion as shown in Fig. 14(h5) and (h6), and the EDS results at point

H1 and H2 are presented in Fig. 15. Filiform corrosion appears on the surface of Mg P after
3 d; then phosphates of Ca and Mg precipitate on the dry riverbed corrosion surface after 7 d.
The corroded surface after the whole immersion test is shown in Fig. 14(al)-(a6). The EDS
results at point A1 and A2 indicate phosphates of Ca and Mg formed on the corrosion product

Mg(OH).. Among the CaP type of conversion coating, Ca-P and CaMg-P have a good ability to
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induce the precipitations of phosphates of Ca and Mg after 15 d of immersion test which is
similar to Mg-P as shown in Fig. 14(c5)(c6) and (e5)(e6). As for the ZnP type of conversion
coatings, Zn-P, ZnMg-P, ZnCa-P and ZnCaMg-P are dominated by pitting corrosion rather than
filiform corrosion during the immersion test and the amount of phosphate precipitated on their
surfaces is obviously smaller than that on Mg-P, Ca-P and CaMg-P. Compared with the other
samples, ZnMg-P has better corrosion resistance and the pits with 5 hundred microns diameter
appear on its surface after 15 d of immersion as shown in Fig. 14(d5) and (d6). According to the
EDS results of the particle-like phosphates of Ca and Mg in Fig. 15, the atomic ratio of Ca:Mg:P
is about 2:1:2. Therefore its probable main phase is collinsite Ca2Mg(POa4)2-:2H20, which may
also contain some other forms of calcium magnesium phosphates, such as whitlockite
(Ca,Mg)3(PO4)2 and carbonates.


https://www.sciencedirect.com/science/article/pii/S0257897220305880#f0070
https://www.sciencedirect.com/science/article/pii/S0257897220305880#f0070
https://www.sciencedirect.com/science/article/pii/S0257897220305880#f0075

Ca-P

o
(%2}
.
| =
N ¥
o }
(®))
S |
©
.
o
O i
=
N
o
o
=
©
@)
C
N
>
2
©
23
=

A00pm

Fig. 14. Surface morphologies of all coated samples and Mg alloy immersed in Hanks'
solution at 37 °C for 3, 7 and 15 days.
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Fig. 15. EDS results corresponding to the tested points in Fig. 1

4. Discussion
4.1. The formation mechanism and precipitation priority of conversion coatings
In order to investigate the formation mechanism of different conversion coatings, predominance

area diagrams of magnesium phosphate, zinc phosphate and calcium phosphate are determined

with a constant phosphate concentration of 0.2 mol/L at room temperature (25 °C) and the results

are presented in Fig. 16.
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Fig. 16. Predominance area diagrams for solutions containing 0.2 mol/L phosphate at

different concentrations of (a) Mg?* ions (b) Zn?* ions (c) Ca?* ions and (d) combination

of Mg?*, Zn?* and Ca?" ions.
The formation process of phosphate conversion coatings on Mg alloy consists of two main steps:
I. corrosion of Mg substrate and 11. the precipitation of phosphates [22]. For Mg corrosion, in
1907 Turrentine [61] proposed an intermediate species of Mg with a valence lower than n=2,
and in 1954 Petty et al. [62] described it as “unipositive Mg”. In 1866, Beetz [63] first found the
anodic hydrogen evolution (AHE), and the Song, Atrens and Dietzel et al. [[64], [65], [66], [67]]
explained the negative difference effect (NDE, which is also known as AHE) of Mg alloy during

the corrosion, and the corrosion process of Mg alloy at free corrosion potential can be expressed

as follows, which consists of electrochemical and chemical corrosion steps
(Egs. (12), (13), (14), (15), (16)) [57,64,68].
Anodic partial reaction 1(12)Mg—Mg++e—

Anodic partial reaction 11(13)kMg+—kMg2++ke—
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Chemical reaction(14)1-kMg++1-kH+—1-kMg2++1-k/1H2

Cathodic reaction(15)1+kH-++1+ke+—1+k/1H2

Total reaction(16)Mg+2H+—Mg2++H2g

Mg corrosion process consumes a large amount of H* ions and forms a high pH region near the
substrate where phosphates are accelerated to precipitate on the Mg alloy substrate

(Egs. (17), (18), (19))
[22,69].(17)Mg2++H2PO4—+3H20—MgHPO4-3H20s+H+(18)3Zn2++2H2PO4—+4H20—Zn3
PO42-4H20s+2H+(19)Ca2++H2P0O4—+2H20—CaHPO4-2H20s+H+

According to the main phases of different conversion coatings, it is found that the addition of

Zn?* ions preferentially forms zinc phosphate and inhibits the formation of calcium phosphate
and magnesium phosphate. On the other hand, the addition of Ca2* ions inhibits the formation of
magnesium phosphate. As shown in the predominance area diagram (Fig. 16(d)), the
precipitation line of the boundary Zn?*/Zns(PO4) in the zinc phosphate diagram is the lowest,
then the boundary Ca?*/CaHPOy: in calcium phosphate diagram and the boundary
Mg?*/MgHPO4 in the magnesium phosphate diagram is the highest. The precipitation sequence
of different phosphates is Zn3(PO4)2 > CaHPO4 > MgHPO4 which is consistent with their
solubility product constants [70] (Table 4). In other words, the precipitation priority of
conversion coatings is ZnP type > CaP type > MgP type.

Table 4. Solubility product constants (Ksp) of some compounds (25 °C).

Compounds MgHPO4 CaHPO4 Zn3(POa4)2 Mg(OH):

Ksp 1.5x10°%  1.0x107  9.0x10%  56x1012

From the OM images of conversion coatings in Fig. 4, the ZnCaMg-P coating is much darker
than the other coatings, which may be caused by the formation of metallic Zn in the coatings
[31]. The possible side reactions of Zn reduction, during the generation of ZnP type of coatings,

are presented in Egs. (20), (22). Eq. (20) indicates the possible electrochemical reaction of Zn

formation, and Egs. (21), (22) indicates the possible chemical reactions of Zn formation during
the preparation of conversion
coatings.(20)Zn2++2e——Zn(21)Zn2++2Mg+—Zn+2Mg2+(22)Zn2++Mg—Zn+Mg2+
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4.2. EIS response of pitting corrosion of Mg alloy

In the Nyquist plots, there are obvious decreases of initial angle (&) at high-frequency Nyquist
plots of Mg alloy substrate after 1 day of immersion as shown in Fig. 10(h) and asymmetric
peaks are observed in the Bode phase plots (Fig. 10(h")). The phenomenon can be attributed to
the macro-pores formed by filiform and pitting corrosion. In order to elucidate the phenomenon,
a physical model and an EEC model are proposed and presented in Fig. 17(a). In the figure, Rs is
electrolyte resistance, the mean length of pores is L, the thickness of an infinitesimal sliced layer
is AX, Ro is pores resistance for one-unit length, Zo is surface impedance for one-unit area, KZo is
the impedance of outer surface for one-unit area and the N is the number of pores on one-unit
area surface. The general form of the impedance of a pore (Zy0) can be expressed by

Eq. (23) [47,71,72]. A (Eq. (24)) is the penetrating depth of the electrical
signal.(23)Zpo=R0Z0cothLLA(24)A=Z0R0

(a) “(b) A (C)
gl / |
Electrolyte Nl
Corrosion P=nn/2
film + '
T i} L@ Zre
Mg alloy A (d) I
£ : \,.:;y w? sin% + sin "4—1‘
= = tan~ 4
N ¢ o \V/E()y g niw nm
“NK W< Cos 5 + cos 7 5
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Fig. 17. (a) EEC model and physical model of Mg alloy in Hanks' solution after pit
formation, (b) Nyquist plot of Mg electrode, (c) Nyquist plot of Mg electrode with pits,
and (d) limiting Nyquist plot of Mg electrode with pits.
The total impedance (Zit) of the electrode with pores in the presence of electrolyte can be
express by Eq. (25) according to the physical model and EEC model in Fig.
17(a).(25)Ztot=Rs+1KZ0+NZpo—1
When L is infinitesimal to 4, corresponding to the beginning of the immersion test,
coth(L/2) approaches /L and Zy, tends to Zo/L. Therefore, Zt can be expressed by Eq. (26).
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If NL approaches 0, Ztt can be simplified to Rs + KZo, which corresponds to an electrode without
pore.

When L is small compared with 1:(26)Ztot=Rs+K1+NKLZ0

when L is large compared with A, coth(L/A) approaches 1 and Zt can be expressed by Eq. (27).
Severe corrosion of Mg alloy results in an increase of n and K, and Z: will tend

to Rs+ROZO/N in the end.

When L is large compared with 1:(27)Ztot=Rs+KZ0R0ZONKZ0+R0Z0

In order to investigate the expression of the initial angle (@) of Zit (EQ. (29)), Za is got

from Zit by compensating solution resistance (Rs) as expressed in Eq. (28), and Za"and Z," are
the real and imaginary parts of Za respectively.(28)Za=Ztot—Rs(29)¢=tan—1Za"Za’

If the impedance response of Zo is dominated by a Q (Zo = [Y(jw)"] /) at high-frequency, the
phase angle formula of Z, can be simplified to

Eq.(30) below.(30)¢=tan—1ROYNKwn2sinnn2+sinnt4ROYNKwn2cosnn2-+cosnmdwhen L is
small compared with 1, @ is nr/2 where n equals to ngi (the coefficient of Qa) as shown in Fig.
17(b). When L is large compared with 4, @ can be calculated using Eq. (30).

When ROYNK®n2 is large compared with 1, @ tends to nm/2 as shown in Fig. 17(b).

When ROYNK®n2 approaches 1, @ can be calculated using Eq. (30) as shown in Fig. 17(c).
When ROYNK®n2 is small with 1, & tends to nn/4 as shown in Fig. 17(d).

After long-term immersion, severe pitting and filiform corrosion formed on Mg alloy caused the

increase of pores (corresponding to increase of N) and decrease of the effect of the outer surface
(corresponding to increasing of K) on the impedance response. Finally, the Nyquist plot

of Zit tends to the form of R0Z0 as shown in Fig. 17(d).
4.3. Time-constant shielding (TCS) effect

Due to the specific relationship of time-constant of different circuits in the EEC, time-constant
responses caused by different circuits may be depressed or merged in the EIS plots (time-
constant z corresponds the inverse of angular frequency (w) of the extremum data point in the
Nyquist plot, and the time-constant 7 of three kinds of circuits are descripted by Egs. (31), (33)).
For example, in the first stage of EIS test of the MgP and CaP type coatings, as shown in Fig.
10 and Fig. 11, the capacitive loop of inner layer at low-frequency shield the capacitive loop of
Mg alloy substrate. And the inductive loop of Mg alloy substrate shields the capacitive loop of
corrosion film on the Mg alloy substrate. In this paper, this phenomenon is defined as time-
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constant shielding (TCS) effect. In order to explain the impact of variation of time-constants on
the EIS responses, three cases are introduced in Fig. 18(a), (b) and (c). In Fig. 18(a), the initial
EEC model of Rs(RiQf)(RctQai(LRL)) is used to simulate the Mg alloy substrate with corrosion
product film. And in Fig. 18(b) and (c), two types of initial EEC

models Rs(Qc(Rc(QdiRct))) and Rs(RtQr)(RctQai) are chosen to represent the porous film and dense
coating, because the electrolyte in the porous film and the dense coating are homogeneous

penetration and local penetration respectively [41].
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Fig. 18. (a) EEC models of corrosion film on Mg alloy substrate and the corresponding
Nyquist plots if (al) RL approaches infinity, (a2) Ry is larger than Rct, and (a3) Ry is less
than R¢t. (b) EEC models (local penetration) of dense coating on the metallic substrate

and the corresponding Nyquist plots if (b1) zc < tm, (b2) tc approaches zm, (b3) zc > m. (C)
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EEC models (uniform penetration) of porous coating on metallic substrate and the
corresponding Nyquist plots if (c1) zc < zm, (C2) 7c = tm, (C3) 7c > Tm.
For parallel circuit (RC)(31)1=10=RC
For parallel circuit (RQ)(32)t=10=RY01n
For series circuit RL(33)t=1®=LR
As shown in Fig. 18(a), for the porous corrosion product film on Mg alloy substrate, during the
long-term immersion EIS test, the capacitive loop of corrosion film and the inductive loop of Mg
alloy substrate are not observed on the Nyquist plots simultaneously (Fig. 10 (h)). If we assume
the capacitive loop and the inductive loop have approximate time-constant (z, indicated by the
red point in Fig. 18(al)(a2)(a3)) according to Egs. (32), (33). EEC model (1) in Fig. 18(a) is
proposed to simulate the general EIS responses, and its Rp is expressed in Eq. (34). As shown
in Fig. 18(al), if the Mg alloy substrate does not suffer from obvious severe corrosion and it is
covered with the corrosion film uniformly, the resistance of R approaches infinite.
Therefore R, approaches Rct + Rr and the EEC model can be simplified to model (I1) in Fig.
18(a). With the appearance of severe corrosion and an increase of heterogeneity of the corrosion
film coverage, the decrease of R. will change the capacitive loop into an inductive loop. As
shown in Fig. 18(a2), if Ry > R, the capacitive response is dominant at low-frequency and the
corresponding EEC can be simplified to model (I1) in Fig. 18(a). As shown in Fig. 18(a3),
if Rp <R, inductive response replaces capacitive response at low-frequency and the
corresponding EEC can be simplified to model (111) in Fig. 18(a).
For model (1) in Fig. 18(a)(34)Rp=Rf+RctRLRct+RL
As shown in Fig. 18(b), for a dense coating with local penetration of electrolyte on a metallic
substrate, the EEC model (1) in Fig. 18(b) is applied to simulate the EIS response
(Rc and Qc correspond to the resistance and capacity of that coating). The time-constants of
parallel circuits of (RcQc) and (RctQui) are denoted as zc and m respectively as indicated in Fig.
18(b1)(b2)(b3) by the red points. If zm is much bigger than z., as shown in Fig. 18(b1), two
obvious capacitive loops can be observed on the Nyquist plot. If zc increases and
approaches m (Fig. 18(b2)), the boundary between the two capacitive loops will disappear
gradually. Once the ¢ is larger than zm (Fig. 18(b3)), the capacitive loop of (RctQa) will merge
with the capacitive loop of (RcQc). Then the EIS results can be fitted by the EEC model (I1)
in Fig. 18(b), and the resistance of the new capacitive loop (Rc’) equals R¢ + Rct. Mansfeld [73]
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gave a similar simulation result of this phenomenon. This phenomenon is often observed in EIS

tests of organic coatings [73,75] and other kinds of dense coatings such as sol-gel coating [76] on

metallic substrates.

As shown in Fig. 18(c), for a porous coating with uniform penetration of electrolyte on a metallic
substrate, the EEC model (1) in Fig. 18(c) (differing from the model (1) in Fig. 18(b)) is chosen to
simulate the EIS response. The time-constants of parallel circuits of (RcQc) and (RctQai) in Fig.
18(c) are denoted as zc and . If 7c < =m, capacitive loops of (R.Qc) and (RctQai) form on the
Nyquist plot at high-frequency and low-frequency respectively, as shown in Fig. 18(c1).

If zc = zm, capacitive loops of (RcQc) and (RctQar) merge together and form one loop in the
Nyquist plot in Fig. 18(c2), corresponding to model (1) in Fig. 18(c). If zc > m, as shown in Fig.
18(c3) capacitive loops of (RctQai) and (RcQc) form in the Nyquist plot at high-frequency and
low-frequency in contrast to the results in Fig. 18(c1).

Therefore the conclusion can be drawn as below:

Once parallel circuit (RtQr) and series circuit LR in the EEC model have approximate
time-constants, as shown in Fig. 18(a), the EIS responses (capacitive or inductive loops in
Nyquist plot) of the circuit (RQr) and circuit LR can replace each other with the
variation of R in their circuits. That is why the EIS responses of circuits of LR, and (RQs)

were not observed in the Nyquist plots of bare Mg alloy simultaneously in this work.

For locally penetrated dense coating on a metallic substrate, as shown in Fig. 18(b), once
the time-constant of coating is larger than that of the metallic substrate, there will be only
one capacitive response appearing on the EIS result. The resistance of the new capacitive
loop equals the sum of coating resistance and charge-transfer resistance of the substrate.
That is why the EIS response of (RctQai) was shielded by the dense inner layer of the
conversion coatings (such as Mg-P, Ca-P and CaMg-P) at the beginning of EIS test
shown in Fig. 10.

3.
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For uniformly penetrated porous coating on the metallic substrate, as shown in Fig. 18(c),
except that the substrate has the same time-constant of coating, the capacitive loops of the
substrate and the coating appear on the Nyquist plot from high-frequency to low-
frequency by their time-constant.

4.4. Corrosion mechanism of conversion coatings and Mg alloy substrate

According to the corrosion mechanism and the EIS results, as shown in Fig. 11(b”), the corrosion
processes of conversion coatings can be separated into three main stages: (1) protection period,
(11) breakdown period, (I11) corrosion product formation period. In the protection period,
conversion coating provides effective protection and only a little electrolyte penetrates outer
layer and inner layer of the conversion coating. Due to the locally penetrated inner layer,
according to the time-constant shielding effect (TCS), a large time-constant of the inner layer
may cover the response of the Mg alloy substrate. Therefore model (b-2) replaces (b-1) in Fig.
11 to fit the EIS results. With the enlargement of pores in the inner layer, the protection of the
inner layer is reduced and its time-constant also decreases. Once the inner layer breaks down
severely, the conversion coating moves into stage 11, the breakdown period. As the inner layer
and outer layer have similar composition, the EIS response of the inner layer disappears and the
response of the substrate appears at the same time corresponding to the EEC model (b-3) in Fig.
11. Finally, with the further corrosion of Mg alloy, the corrosion product precipitates on the
substrate and its EIS response appears at medium-low-frequency as shown in the Bode phase
plots in Fig. 10.

If we assume that the corrosion of Mg alloy is dominated by pitting corrosion and filiform
corrosion simultaneously during long-term corrosion, as shown in Fig. 19(a), the filiform
corrosion (black arrows) propagates in two dimensions of X and Y, and pitting corrosion (blue
arrow) propagates in one dimension of Z. Therefore the corrosion rate of Mg alloy (Cy) can be
express qualitatively by the corrosion rate formula Eg. (35) in which k is a

constant, Csiii and Cpit are the propagation rates of the top ends of filiform corrosion and pitting
corrosion.(35)Cr=k-Cfili2-Cpit
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Fig. 19. Schematic illustration of long-term corrosion: (a) filiform corrosion and pitting

corrosion, and corrosion mechanism of (b) Mg alloy; (c) Mg-P, Ca-P and CaMg-P

conversion coating; (d) ZnMg-P and (e) ZnCaMg-P conversion coating during long-term

immersion test.
For bare Mg alloy, as shown in Fig. 19(b), filiform corrosion and pitting corrosion develop from
the initial corrosion point simultaneously. For the Mg-P, Ca-P and CaMg-P coatings (which are
composed of MgHPO4-3H20 or DCPD), as shown in Fig. 19(c), even they can provide effective
protection at the beginning, once breakdown Mg alloy substrate still suffers from filiform
corrosion and pitting corrosion, which can be explained by that the coating is thinner and easier
to dissolve. For ZnMg-P and ZnCaMg-P coatings which are composed of particle-like
Zn3(PO4)2-4H,0, as shown in Fig. 2(d) and (e), because Zn3(P0O4),-4H20 has extremely low
solubility and high structural stability, filiform corrosion is hard to expand from the initial
corrosion points on the substrate and therefore only pitting corrosion dominates in the overall
corrosion rate. According to the Eq. (35), the decrease of Criii can reduce the overall corrosion

rate directly. Although ZnMg-P and ZnCaMg-P coatings have a similar composition and
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structure, ZnCaMg-P suffers from obvious pitting corrosion as shown in Fig. 13(b) and 14. This
phenomenon can be explained by the illustration in Fig. 19(e). Due to the small amount of
metallic Zn in the coating, ZnCaMg-P and the exposure of Mg alloy substrate consists of
microcell galvanic corrosion couple. As shown in Fig. 19(e), the anodic oxidation reaction

(Eqg. (37)) occurs on the initial corrosion point of Mg alloy substrate forming Mg ions and
providing electrons to the cathode. Meanwhile, a cathodic reduction reaction (Eg. (36)) takes
place on the ZnCaMg-P coating and hydrogen forms on its surface. The whole reaction can be
expressed as Eq. (38). Therefore with a similar structure, ZnCaMg-P suffers from severer
corrosion than ZnMg-P.

Cathodic reaction(36)2H20+2e——H2+20H—

Anodic reaction(37)Mg—Mg2++2e—

Overall reaction(38)Mg+2H20—Mg2++H2+20H—

4.5. Biocompatibility of conversion coatings

Based on the analysis of the cell viability test result in Fig. 7, CaP type coatings (Ca Pand
CaMg-P) show excellent biocompatibility which may be attributed to their composition of
DCPD. DCPD as an important biomaterial in the field of bone cement [77] because it has
excellent biodegradability and biocompatibility [78] and its degradation products can provide
crucial Ca and P source for regeneration of bone tissues. There is limited research on the
comparison of the effects of the coating types of MgP, CaP and ZnP on the precipitation of
calcium and magnesium phosphates (its general composition probably is Ca2Mg(PQa4)2-2H20).

From the surface morphologies of all conversion coatings after long-term immersion of 15 d

(Fig. 14), the amounts of precipitations on conversion coatings of MgP type (Mg-P) and CaP
type (Ca-P and CaMg-P) are larger than that on ZnP type (Zn-P, ZnMg-P, ZnCa-P and ZnCaMg-
P) conversion coatings. There are two probable reasons to explain the disparity of phosphates of
calcium and magnesium precipitation on different type coatings:

1.

Compared with ZnP type coatings, the MgP type and CaP type coatings have larger
solubility and are easier to dissolve. Therefore the destruction of conversion coatings
promotes the alkalization near Mg alloy substrate and accelerates the precipitation of

phosphates of calcium and magnesium from the Hanks' solution.
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MgP type and CaP type coatings have a similar composition with the precipitation of
phosphates from Hanks' solution, which decreases the driving force of nucleation and
growth of precipitation and therefore accelerates the precipitation during the immersion

test.

4.6. Summary of conversion coatings.

As a summary, the comparative performance of various types of conversion coatings is shown

in Table 5 below:

Table 5. Property summaries of coated samples and bare Mg alloy (A means the
performance is higher than other, C means the performance is obviously lower than other,

B means the performance is in-between, in other words, A > B> C).
Sample Mg-P  Zn-P Ca-P MgZn MgCa ZnCa- MgZnC Mg
-P -P P a-P  allo
y

Coating Type MgP  ZnP CaP ZnP CaP ZnP ZnP —

Thickness
~17 ~55 ~15 ~55 ~50 ~125 ~73 -
(um)

Adhesion 9.4+1. 1.8+0. 7.8+1. 56+1. 52+1. 2.5+1.
(Mpa) 1 6 5 2 3 3

6.3+0.7 —

Properti

€s

Biocompatibil

ity

Short-term
(before 3d)
Corrosion

resistance
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Sample Mg-P  Zn-P Ca-P MgZn MgCa ZnCa- MgZnC Mg

-P -P P a-P  allo
y
Long-term (on
15d)
) B B B A B B B C
Corrosion
resistance

5. Conclusions

(1)

The main phase of MgP type coating (including Mg P) is newberyite
(MgHPO4-3H20), the main phase of CaP type coatings (including Ca-P and CaMg-P) is
dicalcium phosphate dehydrate (DCPD, CaHPO4-2H.0), and the main phase of ZnP type
coatings (including Zn-P, ZnMg-P, ZnCa-P and ZnCaMg-P) is zinc phosphate hydrate
(Zn3(P0O4)2-4H20).

)
The precipitation of ZnP type coating on the Mg alloy substrate inhibits the generation of
MgP type and CaP type conversion coatings, and the precipitation of CaP type coating
inhibits the generation of MgP type coatings. In other words, the order of conversion

coating generation priority is ZnP type > CaP type > MgP type.
©)

By analyzing the morphologies of different coatings and their corrosion resistance, we

can get several general rankings of the three types of conversion coatings: for thickness:
ZnP type > CaP type > MgP type, for compactness: MgP type > CaP type > ZnP type,

and for long-term corrosion resistance: ZnP type > CaP type > MgP type.
(4)

Mg alloy substrate, MgP type and CaP type conversion coatings suffer from mixed

corrosion forms of filiform and pitting corrosion during the long-term immersion in
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Hanks' solution, while the main corrosion form of ZnP type coatings (Zn P, ZnMg-P,
ZnCa-P and ZnCaMg-P) is pitting corrosion. ZnMg-P has the optimal anticorrosion
performance because its most stable structure effectively inhibits the propagation

of filiform corrosion.

(5)

According to the cell viability test result, compared with ZnP, MgP type coatings and
bare Mg alloy substrate, CaP type coatings have better biocompatibility.
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