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Abstract: The influence of phosphating bath at different temperatures on the formation and corrosion property of calcium-modified
zinc phosphate conversion coating (Zn—Ca—P coating) on Mg—Li—Ca alloy was investigated. The morphologies, elemental
distribution and chemical structures of the coatings were examined via SEM, EPMA, EDS, XRD and FT-IR. The corrosion resistance
was assessed by hydrogen evolution, potentiodynamic polarization and EIS. The results show that the coating is composed of single
element Zn and ZnO at below 45 °C; whereas the coatings are predominantly characterized by Zn3(PO,),"4H,0 and small amount of
element zinc and ZnO at above 50 °C. Mg—Li—Ca alloy with Zn—Ca—P coatings prepared at 55 °C has the highest corrosion
resistance. However, the hydrogen evolution rates of the coatings obtained at 40—50 °C is accelerated due to the galvanic corrosion

between the imperfection of the single element Zn coating and the Mg substrate.
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1 Introduction

With a growing need for metallic biomaterials,
including stainless steels, cobalt—chromium and titanium
alloys, the studies have been focused on their corrosion
and surface modification. These alloys have elements
such as Cr, Ni and V, which are, to some degree,
detrimental to human body [1,2]. Although titanium
alloys have an excellent performance, the cost is
expensive and they cannot be degradable. However,
magnesium alloys exhibit an excellent combination of
biocompatibility, biodegradability and mechanical
properties homologous to natural bones [1—4]. Currently,
the investigations are predominantly concentrated on
Mg—Al, Mg—Zn, Mg—Mn, Mg—RE, Mg—Ca and Mg—Li
alloys due to their biological functions in human body
[5-10]. Among them, Mg—Li-based alloys are the
lightest metal, and have utilization in aerospace field and

promising applications as biomaterials [2]. Previous

literatures [11,12] reported that Mg—Li alloys have some
disadvantages, particularly poor corrosion resistance in
natural environments. The corrosion of Mg—Li alloys is
more serious than that of other Mg alloys because Li is
very chemically active [13,14]. It is the poor corrosion
resistance that limits the extensive utilization of Mg—Li
alloys. Mg—Li alloys must be treated by an appropriate
surface modification to improve their corrosion
resistance. Recently, numerous coatings have been
applied to magnesium alloys, for instance, chemical
conversion coating [15—17], microarc oxidation or
plasma electrolyte oxidation coating [18,19], chemical
plating [20] and polymer coating [21,22]. Among them,
the chemical conversion coatings on Mg—Li alloys were
studied more because of the obvious advantages,
especially low cost and ease in operation. In recent
decades, conversion coatings such as stannate [23],
phytic acid [24], lanthanum-based [25] and rare earth [26]
as well as phosphate conversion film [27] on Mg—Li
alloys have been investigated.
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Interestingly, in vivo tests demonstrated that
LAE442 alloys (4%Li, 4%Al and 2%RE) have excellent
corrosion resistance and good biocompatibility in
comparison with AZ91D alloy [28—30]. This result
implies that Mg—Li alloys are the most promising
magnesium-based biomaterials.

In view of biomedical applications, a combination
of both the microstructural and bio-functional designs for
the alloys and their coatings should be taken into
consideration. While calcium, as the essence of element
for human body, was added in the Mg—Li alloy and the
phosphating solutions, to improve the corrosion
resistance of Mg—Li alloys and modify the traditional
phosphate conversion processing. Our prior investigation
designated that Mg—Li—Ca alloys had a better corrosion
performance than Mg—Ca alloys in Hank’s solution due
to the formation of dense corrosion products [8].

The introduction of Ca®" as an additive into the zinc
phosphate conversion solution led to the formation of
calcium modified zinc phosphate conversion (Zn—Ca—P)
coatings, which not only promoted the formation of the
conversion coating but also refined the microstructure of
the coating [31,32], and thus improved the corrosion
resistance of AZ31 alloy [32].

This work aims to investigate the effect of solution
temperature on the microstructure and corrosion
resistance of the Zn—Ca—P coatings on the Mg—Li—Ca
alloys for the biomedical applications.

2 Experimental

The experimental material used was Mg—1.3Li—
0.6Ca alloy with dimensions of 20 mmx20 mmX5 mm.
The samples were ground successively with 150#, 400#,
800#, 1000#, 1500# grit SiC paper, and then polished
using 1 um diamond powder. Prior to the preparation,
the samples were firstly degreased and activated in
alkaline and acidic solutions, and then cleaned in flow
distilled water and dried in cold air between each step of
the operation. And in the conversion stage, they were
processed in the phosphating bath solution. The
composition of the phosphating solutions was 20 g/L
Na,HPO,, 4 g/LL NaNO,, 4 g/L. Zn(NOs),, 1 g/L NaF and
1 g/L Ca(NOs), with pH of 3 [33]. The pH value of the
bath solutions was adjusted to approximately 3 with
phosphoric acid. The temperatures of the phosphating
solutions were controlled at 40, 45, 50, 55 and 60 °C. All
the treatment time was 20 min.

The components of the Mg—Li—Ca substrates and
the Zn—Ca—P coatings were analyzed by X-ray
diffraction (XRD) and Fourier transform infrared
spectroscopy (FT-IR). The surface morphology and the
microstructure of the conversion coatings were detected
by scanning electron microscopy (SEM). The cross-

sectional micrographs and energy-dispersive X-ray
spectrum (EDS) spectra were inspected by electron probe
micro-analyzer (EPMA). Corrosion characterization was
investigated by means of electrochemical measurements
and hydrogen evolution. The polarization curves were
measured with an electrochemical workstation
(PARSTAT, 2273) at a scan rate of 1 mV/s. Three-
electrode system was applied. The reference electrode
was a saturated calomel electrode (SCE); the counter
electrode was a platinum electrode. All the hydrogen
evolution tests and the electrochemical measurement
were conducted in Hank’s solution.

3 Results and discussion

3.1 Influence of temperature on morphologies and
chemical compositions of coatings

The distinct SEM morphologies of the Zn—Ca—P
coatings are shown in Fig. 1. The temperature is an
important influencing factor for the crystal nucleation.
From an endothermic perspective, the higher the solution
temperature, the quicker the formation of nucleus. Once
immersed in the phosphating bath at a pH value of 3, the
samples were corroded firstly. At 40 °C, the sample
surface showed relatively large and round corrosion pits
as well as homogeneously small nucleus (Fig. 1(a)). At
45 °C the nucleus grew bigger and coalesced (Fig. 1(b)).
But no crystal hopeite (Zn;(PO4),4H,0) had been
discerned so far. At 50 °C, the crystal hopeite with a
flower-like structure (Fig. 1(c)) could be seen. But the
distribution of the crystal was heterogeneous; the surface
was incompletely covered with the hopeite and cracks.
At temperature of 55 °C, the flower-like structure
became bigger and cumulated together, leading to a layer
of compact coating with fewer numbers of pores and
cracks (Fig. 1(d)). However, when the bath solution
temperature reached 60 °C, the coating was full of large
size of pores and cracks (Fig. 1(e)). It is noteworthy that
the hopeite grew in an epitaxial mode due to the
existence of the irregular steps on the surfaces.

The cross-sectional micrograph of Zn—Ca—P coating
revealed that the compactness of coatings was denser as
the temperature increased. The coating thickness was
several micrometers. At the temperatures of 40 °C and 45
°C, obvious corrosion pits can be seen, just as shown in
Fig. 1. The adhesion between the coating and the
substrate was not very good in accordance with
non-typical products in the inserts. At temperature of 55
°C, the micrograph showed that the size of the
flower-like structure was larger than the others. The
coating (shown in Fig. 2) covered on the surface
completely. It is noted that the Zn—Ca—P coating
deposited in a corrosion pit as indicated by the arrow
in Fig. 2. At 60 °C, the flower-like structure was more
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Coating

Corrosion pit

Fig. 2 Cross-sectional micrograph of Zn—Ca—P coating

Substrate

obtained at temperature of 55 °C

homogeneously distributed than the others.

The results of the EDS analysis on the Zn—Ca—P
coatings by spot scanning are shown in Table 1. The
films are mainly composed of Mg, Zn, Ca, O and P. At a
temperature of lower than 50 °C, the amount of Zn
element deposited was relatively more, and it arrived at
the highest value of 35% at 45 °C. As the temperature
increased up to 55 °C, the amount of calcium ascended at

Fig. 1 SEM morphologies of Zn—Ca—P
coatings prepared at various bath
temperatures: (a) 40 °C; (b) 45 °C;
(c) 50 °C; (d) 55 °C; (e) 60 °C

Table 1 Average chemical compositions of coatings obtained at
various temperatures analyzed by EDS

Mass fraction/%
t/°C
Mg Zn (0] Ca P

40 6.67 28.34 33.48 3.88 18.92
45 3.26 35.04 25.86 3.33 21.14
50 13.46 23.44 32.74 3.30 17.89
55 8.93 21.35 38.75 7.84 17.77
60 5.48 19.32 33.41 2.84 20.01

the highest, implying the formation of Ca3(PO,),. At 40
°C and 45 °C, zinc was in the form of Zn and ZnO; when
the temperature was greater than 50 °C, zinc was
predominantly in the form of crystalline Zn;(PO,),"4H,0.
The results would be further disclosed by the subsequent
XRD pattern in Fig. 3.

3.2 Influence of temperature on phases of phosphate
conversion coating

Figure 3 designates that the Zn—Ca—P coating is

predominantly composed of Zn;(POy4),-4H,0, little single
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substance zinc and a trace of calcium. When the
temperature was below 45 °C, zinc formed mainly. When
the Mg-Li—Ca alloy was put in the phosphating
solutions, magnesium, lithium and calcium were quickly
ionized in the corrosion process.

And Zn*" ions in the solution became single
substance zinc by obtaining the electrons [34,35]. With
increasing temperature, zinc was prone to react with
water to generate Zn(OH),.

Zn*+2e —>7Zn (1)
Zn+2H,0—Zn(OH),*+H,1 2)
Zn(OH),—ZnO+H,0 3)
v— g-Mg v— Zn
+— ZnO
. — Zn3{P04)3-4H30
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Fig. 3 XRD patterns of coatings obtained at various
temperatures

At a pH value of 3, phosphoric acid was
decomposed. Magnesium reacting with phosphoric ions
led to the formation of hydrogen gas and insoluble
magnesium phosphate and zinc phosphate.

3Mg+2H "™+ 2H,PO; ==Mg;3(PO,),+3H,? “4)

3Mg+3Zn*"+4H,PO; +4H,0—>
Zl’l3(PO4)2'4}120+3H2T‘H\/Ig3(PO4)2+2HJr (5)

ZnO+2H,PO; +2H'—> Zn3(PO,),+3H,0 (6)

In fact, Ca3(PO,), could preferentially deposit in
advance of the formation of Zn3(PO,), [33]. A doped
CaZny(POy), was probably produced due to the identical
structure between Ca;(PO,), and Zn;(PO,), [33, 36].

3Ca*'+ 2P0 —>Ca3(POy), (7
Ca*'+2Zn*"+ 2H,PO; +2H,0—>CaZn,(PO,)-4H,0+4H"
(®)

The FT-IR spectra of Zn—Ca—P coating obtained at
various temperatures are shown in Fig. 4. The peaks,
appearing at 940-1150 cm ', are ascribed to the
deformation vibration of PO?{. The peaks at 3150—
3570 cm ' and 1630 cm ' are attributed to OH™ because
of the water molecules in the coatings. The peaks at 2350
cm ' and 1450 cm ' are assigned to CO3” due to the
carbon dioxide gas in the air. Although all the infrared

absorption peaks correspond to the same location, the
intensity of the absorption peaks was different at
different temperatures. It is clear that the higher the
temperature of the bath solutions, the stronger the
intensity of the peaks of PO~ and OH . On the basis
of the principle of infrared spectrum, quantitative
analysis for the substance can be conducted according to
the intensity of absorption. At elevated temperature, the
amount of Zn;3(PO,4),-4H,0 and Ca3(PO,), was more than
that at lower temperature.

40 °C

N

PO}

PO}

4000 3500 3000 2500 2000 1500 1000 500
Wave number/cm™!

Fig. 4 FT-IR spectra of coatings obtained at various

temperatures

Therefore, all the experimental results reveal that
the solution temperature exerts a significant influence on
the formation of Zn—Ca phosphate conversion coating.

3.3 Influence of temperature on corrosion resistance
of conversion coating
Obviously, it is seen from Fig. 5 that the average
hydrogen evolution rate at 55 °C was the lowest because
the coating was composed of the dense hoplites and
Ca;(PO,),. That is, the coating prepared at this temperature
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Fig. 5 Hydrogen evolution rate versus time curves of
Mg-Li—Ca alloy and its coatings obtained at different

temperature
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has the best corrosion resistance. The hydrogen evolution
rate of the coatings prepared at the bath temperature of
40-50 °C was accelerated due to the galvanic corrosion
between the Zn coating and the Mg substrate.

Figure 6 designates the polarization curves of the
substrate and the Zn—Ca—P coatings obtained at various
temperatures in Hank’s solutions. The parameters,
derived from the potentiodynamic polarization curves of
the coatings, are listed in Table 2. The corrosion current
density Jeor of the substrate is 19.2 pA/ecm® It can be
seen in Table 2 that the J,,; of the coating obtained at 55
°C is the lowest. Thus, the current densities are in good
agreement with the hydrogen evolution rates of the
corresponding samples.

-1.0
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-1.2} 45 °C
2 | - 50 °C
@ 55 °C 44
2 -14 —eé0°C 2
2 -L6FTTT
o s viderrisoac
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Current density/(A-cm™)

Fig. 6 Polarization curves of substrate and coatings obtained

at various temperatures

Table 2 Parameters derived from potentiodynamic polarization
curves of Mg—Li—Ca alloy substrate and coatings obtained at
various temperatures

1°C Peor(vs SCE)/V Jeon/ (MA-cm?)
40 -1.65 232
45 -1.62 28.2
50 -1.58 23.4
55 -1.66 17.4
60 -1.65 18.6

This corrosion current density of Mg—Li—Ca alloy
with Zn—Ca—P coating obtained at 55 °C is slightly
greater than that (11.5 pA/cm?) of the AZ31 alloy in our
earlier work [32]. But the open circuit potential, @cor
(-1.66 V (vs SCE)) of the Mg—Li—Ca alloy with
Zn—Ca—P coating is fairly lower than that (-1.50 V
(vs SCE)) of the AZ31 alloy with Zn—Ca—P coating [31].
While the ¢q.r values of the Mg—Li—Ca substrate and
AZ31 alloys are —1.55 V (vs SCE) and —1.53 V (vs SCE),
respectively. The big difference in ¢, between the two
coated alloys remains unclear. It should be pointed out
that the corrosion solutions employed are different. The

3297
solution for the former is Hank’s solution, while for the
latter is 3.5% NaCl aqueous solution.

Figure 7 shows the Nyquist plots and Bode plots of
the Mg—Li—Ca substrate and its Zn—Ca—P coatings in
Hank’s solutions. Obviously, the Nyquist diagrams
display one high frequency capacitance loop and one low
frequency capacitance loop. The low frequency
capacitance loop describes the characteristics of the
electric double layer. And the high frequency capacitance
loop describes the characteristics of the conversion film.
The impedance values of various coatings can be

obtained from the Bode diagrams. A higher value of
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Fig. 7 Nyquist and Bode plots of substrate and coating obtained
at various temperatures
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impedance means a better corrosion resistance. The
results indicate that the corrosion resistance of the
coating prepared in the bath at the elevated temperature
is better than that obtained at the lower temperatures. To
more accurately explain the results in detail, the
equivalent circuits of coatings are used to fit the
impedance data using ZSimpWin 3.4 software as shown
in Fig. 8. The coatings have a much complex equivalent
circuit of RY(C(Ri(Q(Ry)))). R is the electrolyte
resistance. Q is constant phase element (CPE) involving
the charge transfer process at the metal/electrolyte
interface and related to the dispersion of a capacitance
around a mean value [37] and can be modeled by two
parameters: Y and n. CPE is used here since it is more
suitable to describe the non ideal behavior of the coating,
Zepe= 1/[Yo(je)"], with 0<n<1 (for n=1, CPE is an ideal
capacitor and therefore Y is equal to a capacitance; for
n=0, CPE is a pure resistor and Y=1/R). Cand R, stand
for the characteristics of the conversion film. QO and R,
stand for the characteristics of the electric double layer.
The fitted EIS results of the substrate and coatings
obtained at various temperatures are shown in Table 3. At
temperature of 55 °C, the value of R, is the highest; but
the value of R, is slightly lower than that at 60 °C. The
value of C and Y at 55 °C are lower than that at 60 °C,
indicating that the compactness is better than that at 60
°C. However, the improvement in the corrosion
resistance of conversion films on Mg—Li—Ca alloy was
not obvious.

L C ]

1
1 2 |

1_JIRE

Fig. 8 Fitted equivalent circuit of coatings

Table 3 EIS fitted results for Mg—Li—Ca alloy and coatings
obtained at different temperatures

Sample R"/—z < -2 Rl/—z -1 v 2. -1 n RZ/—z

(Qcm ) (F-em®) (Qcm H)(Q -cm ~s ) (Q:em %)
Substrate 122 14.7 563 276 0.61 754
40 °C 167 8.02 333 123 0.56 682
45°C 144 8.03 642 440 0.62 467
50 °C 210 3.07 689 74.5 0.69 310
55°C 170 2.36 1235 66.6 0.58 945
60 °C 173 2.87 1353 102 0.57 286

4 Conclusions

1) At bath temperatures of 40 °C and 45 °C, the
coatings prepared on the Mg—Li—Ca alloys are mainly
composed of element Zn and ZnO. While at temperatures

higher than 50 °C, the surface is covered with insoluble
phosphates: Zn3(PO,),-4H,0 and Ca;(PO,),.

2) At 55 °C, the calcium phosphate coupling with
Zn;3(PO,4),"4H,0 makes the coatings on the Mg—Li—Ca
alloys most dense and compact, which possesses the best
corrosion resistance. While the hydrogen evolution rates
of the coatings prepared at the bath temperature of 40—50
°C are accelerated due to the galvanic corrosion between
the Zn coating and the Mg substrate.

3) The Zn—Ca—P coating on the Mg—Li—Ca alloys
only provides a very limited protection. The quality of
the coating needs a further improvement.
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