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Abstract: A green chemical conversion coating for magnesium was obtained with a phytic acid solution. The microstructure and
corrosion properties of phytic acid conversion coated magnesium were further improved by soaking in stearic acid solution. The
phytic acid conversion coated magnesium after soaking in the stearic acid showed no micro-cracks and the surface became very
smooth. The corrosion behavior of the uncoated and coated magnesium samples was studied by electrochemical methods. The
corrosion resistance of the stearic acid treated sample was much higher than that of phytic acid conversion coated magnesium or
uncoated magnesium. The electrochemical results indicated that the stearic acid treated coating provided effective corrosion

protection to the magnesium sample.
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1 Introduction

Magnesium and its alloys have attracted
considerable research attention because of their light
weight, high specific strength, castability,
biocompatibility, and natural abundance [1-4]. Due to
these unique properties, they are considered to be very
promising candidate for biomedical, automobile, and
aeronautical applications [5—7]. However, high corrosion
rate of magnesium and its alloys limits their extensive
utilization. Surface modification is one of the effective
methods to improve the corrosion resistance of
magnesium and its alloys. The main focus of the surface
modification of magnesium is to reduce its corrosion rate
[8,9], understand the coating mechanism [10,11], and
enhance its application in biological implants [12—14].

Among the various surface modification techniques,
chromate conversion coating is a very popular and
effective method [15,16]. However, due to the
environmental impact of hexavalent chromium ion and
the imminence of associated restrictions, there is a high
demand for the development of less harmful and
environment friendly surface treatment method [17].
Recently, phytic acid (PA) has emerged as an alternative
green surface modification technique to prevent the

corrosion of magnesium [18]. Phytic acid (C¢H;3024Ps),
a non-toxic naturally occurring organic acid, is
biocompatible and environment friendly [19,20]. It is
found in most legumes such as corn, nuts, and soy beans
[19,21]. The active groups of phytic acid can react with
metal ions such as magnesium, and form stable chelate
compounds on the surface of magnesium which can slow
down the corrosion rate of magnesium [22,23].

LIU et al [22] have studied the effect of immersion
time, temperature, pH value, and concentration of phytic
acid on the corrosion resistive behavior of phytic acid
coated magnesium alloy. It was observed that the
corrosion resistance of phytic acid conversion coating
was comparable with the chromate conversion coating.
CUI et al [24] have observed micro-cracks in the phytic
acid conversion coated magnesium alloys which impair
the corrosion resistance of the coating. It was also
reported that the thickness of the phytic acid coating
increased with the increase in the immersion time, but
the thicker film had more micro-cracks.

In this work, we have tried to reduce the micro-
cracks in the phytic acid conversion coated magnesium
by post treatment with stearic acid [CH;3(CH,),,COOH].
Stearic acid (SA) is a long-chain saturated fatty acid
which is the main component of fat. It is nontoxic
and biocompatible [25,26]. The effect of stearic acid post
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treatment on the corrosion behavior of magnesium was
studied. Potentiodynamic polarization and
electrochemical tests were performed to study the
corrosion behavior of the uncoated magnesium and
phytic acid conversion coated magnesium with and
without the stearic acid treatment. It was found that the
stearic acid treatment reduces the micro-cracks in the
phytic acid conversion coating, and in turn reduces the
percolation and permeation of reactive ions in the
solution to magnesium substrate and thus improves the
corrosion resistive property of the coating.

2 Experimental

The magnesium sample for the coating was
prepared by cutting high purity magnesium (99.9%) rod
(GoodFellow, Germany) into 2.54 c¢m circular disc with a
thickness of ~1.1 mm. Prior to the phytic acid conversion
coating, the magnesium sample was progressively
polished with SiC paper up to grade #1200, followed by
degreasing in acetone. The phytic acid conversion
coating was formed by dipping the magnesium sample in
the phytic acid solution (50% H,0) at room temperature
for 3 h. The immersion time (3 h) has been found to be
optimum to yield coatings with the lowest corrosion
current density during the potentiodynamic polarization
study. The longer immersion of magnesium in the phytic
acid resulted in more cracking in the coating and thus
higher corrosion current density. After that, the samples
were taken out from the phytic acid solution and were
washed with deionized water. The samples were dried at
60 °C for 3 h. The post treatment of the coated
magnesium was done by immersing in stearic acid
(Sigma-Aldrich, USA) solution (I mg/mL in ethanol) for
2 h at 80 °C. Hereafter, uncoated Mg, PA coated Mg, and
PA-SA coated Mg represent uncoated magnesium, phytic
acid conversion coated magnesium, and stearic acid
treated phytic acid conversion coated magnesium,
respectively. The schematic diagram of the coating
process is shown in Fig. 1. Being a very simple
immersion coating process, this coating technique can be
adopted for different shaped magnesium samples. The
thickness of the phytic acid conversion coated
magnesium was measured with a cross-section scanning
electron microscope and was observed to be ~ 2.3 um
(Fig. 2). The microstructures of the bare and coated
magnesium samples were recorded before and after
corrosion process with the scanning electron microscope
(SEM, SU8000, Hitachi). The energy dispersive X-ray
spectroscopy (EDS, Quantax 200, Bruker) was used to
examine the elemental compositions of the coating. The
adhesion of the coatings to the magnesium substrate was
measured using the ASTM (American Society
for Testing and Materials, Pennsylvania, USA) standard

Phytic acid
conversion coating

Post treatment
with stearic acid

SA
e

Fig. 1 Schematic diagram of coating process

Resin} Coating S M|

Fig. 2 Cross-section SEM image of PA conversion coated

magnesium

D3359-02 tape test with a pressure-sensitive tape
(Elcometer 99, ASTM D3359 Tape). DC potentio-
dynamic polarization measurements were performed in
I xphosphate buffered saline (PBS) solution (137 mmol/L
NaCl, 2.7 mmol/L KCl, 8 mmol/L NaHPO, and 2
mmol/L KH,PO,) using Gamry Potentiostat (R600,
Gamry Instruments) with a standard three-electrode
configuration. Ag/AgCl (saturated KCI) and platinum
wire were used as the reference and counter electrodes,
respectively. Uncoated and coated magnesium samples
were used as the working electrode. All the
measurements were carried out at room temperature.
Corrosion potential (@) and corrosion current density
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(Jeorr) were determined using the Echem Analyst software
(Gamry Instruments). The electrochemical impedance
spectroscopy (EIS) study was performed in the frequency
range of 0.1-10° Hz under 10 mV amplitude of the
perturbation signal.

3 Results and discussion

The chemical composition of the PA coated
magnesium sample was analyzed using EDS. The EDS
spectrum of the sample is shown in Fig. 3. As seen in the
spectrum, the phytic acid coating was mainly composed
of Mg, O, P, and C elements, and the presence of P in the
coating showed that phytic acid was successfully
conversion coated on the magnesium surface [18]. The
microstructures of the uncoated magnesium, PA coated
magnesium, and PA-SA coated magnesium samples are
shown in Fig. 4. These microstructures were taken before
or after the corrosion study. As evident from these
microstructures, PA coated magnesium showed the
presence of micro-cracks. Such kind of micro-cracks

samples before (a, ¢, e) and after (b, d, f) corrosion

co Mg P
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Fig. 3 EDS spectrum of PA conversion coated magnesium

were reported by others also [24]. As seen in Fig. 4,
soaking in stearic acid solution improves the surafce
properties of phytic acid conversion coated magnesium.
The micro-cracks presented in phytic acid conversion
coated magnesium disappered after soaking in the

(20 m |

Fig. 4 SEM images of uncoated magnesium (a, b), PA conversion coated magnesium (c, d), and PA-SA coated magnesium (e, f)
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stearic acid. The smoothness of the surface resulted from
the filling of micro-cracks with the stearic acid solution.
The absence of micro-cracks in the stearic acid treated
sample reduces the penetration of reactive ions from
solution to magnesium substrate, which reduces the
corrison of magnesium.

The adhesion properties of the coating to the
magnesium substrate were studied by an adhesion test.
Subjecting the coating to the adhesion test is very
important to determine the quality of the coating for its
useful applications. Low quality coating can peel off
from the substrate and thus cannot provide sufficient
protection to the substrate. The ASTM tape test was
performed to study the adhesion strength of the coatings
on the magnesium substrate [27]. Figure 5 shows the
optical images of the cross cut patterns on PA coated
magnesium and PA-SA coated magnesium samples
before the application of the tape and after the
application and then removal of the tape from the
samples. As was evident from these figures, almost the
whole coating was undetached after the removal of the
tape from the samples. This indicates that these coatings
have strong adhesion to the magnesium substrate. In the
next sections, we will present the effect of stearic acid
post treatment on the corrosion properties of phytic acid
conversion coated magnesium substrate.

Fig. 5 Optical images before (a,c) and after (b, d) adhesion test
for PA conversion coated magnesium (a, b) and PA-SA coated
magnesium (c, d) substrates, respectively

Potentiodynamic polarization measurements were
used to study the corrosion behavior of uncoated
magnesium, PA conversion coated magnesium, and
PA-SA coated magnesium samples. Before recording the
measurements, the samples were immersed in the PBS
solution for 15 min to attain steady state reaction
condition. The steady state corrosion reaction condition
was verified by monitoring open-circuit potential. PBS
solution was used for these studies as the ionic
concentrations of the PBS solution are very close to
those of body fluid except it does not contain proteins
[28]. As the corrosion of metallic implant occurs due to
the presence of these ions, in-vitro reactivity
characterizations will help to understand the degradation
processes (failure risks) and the development of new
implant materials [29]. Screening the samples first
in-vitro in simulated environment will also help us to
reduce the cost involved in testing the implants in-vivo
for degradation study. The polarization studies were
carried out in the applied potential range of £300 mV (vs
SCE), at 5 mV/s scan rate. The potentiodynamic
polarization curves for uncoated and coated magnesium
are shown in Fig. 6. As seen from the polarization curves,
the corrosion potential of the coated magnesium shifted
positively. It was also observed that the corrosion current
density for the coated magnesium decreased. The values
of the corrosion potential and corrosion current density
were estimated by the Stern-Geary equation [30]:

Jeorr = 1 (ﬂaXﬂcJ (1
2303Rp | B, + .

where £, is the anodic Tafel slope; f. is the cathodic Tafel
slope and Rp is the polarization resistance. The
calculation of Tafel slopes is based on the mixed
potential theory [31]. When a corroding specimen is
polarized by an applied current, the anodic and cathodic

polarization curves meet at ¢ .. At current densities high
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Fig. 6 Potentiodynamic polarization curves for uncoated and

coated magnesium samples
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enough, the curves become linear on a semi-logarithmic
plot. The linear portions of the curves were extended
over lengths greater than one order of magnitude to
endure accuracy in the extrapolation and determination
of the Tafel constants (5, and f.) [32]. The polarization
resistance (Rp) of the samples was calculated using

Eq. (2):

OAE
o[22

2
or )JO, dE/dt—0

where J is the current density. The corrosion rate (1) of
the samples is calculated using J.,, (from Eq. (1) and

3):
3.28m,
]7 =
P

JCOIT (3)

where m, is the equivalent mass of magnesium, p is
density, and J,o is corrosion current density (mA/cm?).
As seen in Eq. (3), corrosion rate is directly proportional
to Jeom, Namely, a lower corrosion current density means
a lower corrosion rate of the sample. The corrosion
current densities for uncoated magnesium, PA conversion
coated magnesium, and PA-SA coated magnesium were
calculated to be 3.14x107°, 1.16x10°°, 1.03x10"° A/em’,
respectively. Based on the corrosion current densities, the
corrosion rates of uncoated magnesium, PA conversion
coated magnesium, and PA-SA coated magnesium were
calculated to be 0.717, 0.027, and 0.024 mm/a,
respectively. This indicates that post treatment of PA
coating with stearic acid decreases the corrosion rate of
magnesium sample. On the other hand, the corrosion
potentials for uncoated magnesium, PA conversion
coated magnesium, and PA-SA coated magnesium
samples were observed to be —1.64, —1.50, and —1.54 V,
respectively. The positive shift in the corrosion potential
indicates moving toward nobleness. These results
indicate that the PA and PA-SA coated magnesium
samples are more cathodic and corrosion protective in
nature compared to the uncoated magnesium.

The corrosion protective nature of the coatings was
analyzed further wusing electrochemical impedance
spectroscopy (EIS). The EIS measurements were
recorded at the open circuit potential after stabilizing in
the PBS solution for 15 min. The effects of coatings on
the electrochemical impedance data for various samples
are shown in Fig. 7. As seen in the Nyquist plots (Fig.
7(a)) of these samples, a larger radius of curvature was
observed for the coated magnesium samples than the
uncoated magnesium. It was also observed that the radius
of curvature for PA-SA coated magnesium was the
largest that was followed by PA conversion coated
magnesium and uncoated magnesium samples. The
largest radius of curvature for PA-SA coated magnesium
indicates that this sample possesses the highest degree
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Fig. 7 Nyquist plot (a), |Z] vs frequency (b), and phase angle vs
frequency (c) plots (Bode plots) for uncoated and coated

magnesium samples

of corrosion protection among all the three types of
samples studied in this work. The maximum corrosion
protective nature of the PA-SA coated magnesium was
confirmed also by noting the highest value of the total
impedance (|Z]) for PA-SA coated magnesium in the
Bode plot (Fig. 7(b)). The high impedance of the
coatings prevents the diffusion/penetration of the
electrons and ions from the PBS solution to the
magnesium substrate and thus reduces the corrosion rate
of magnesium. Phase angle is another very important
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parameter to evaluate the coating performance. Figure
7(c) shows the variation of phase angle with frequency
for the uncoated and coated magnesium samples. As seen
in Fig. 7(c), a greater flattening of the maximum for the
PA-SA coated magnesium was observed, indicating a
greater compactness of the PA-SA coating on magnesium
substrate [33].

The analysis of the EIS data provides a deep
understanding of electrochemical elements related to the
corrosion process, like coating capacitance, coating
resistance, double layer capacitance, and charge transfer
resistance [34]. These elements are very useful in the
analysis of the performance of corrosion protective
coatings. For the quantitative estimation of the
electrochemical elements, an equivalent circuit model
was built based on EIS data measured and their behavior
observed. It is imperative that the elements (e.g.
resistance, capacitance) selected to develop the
equivalent circuit model have a clear physical meaning
and are relevant to the corrosion process (Fig. 8). The
validity of the equivalent circuit model was established
by finding a close correlation between the data generated
with the model and data measured experimentally [35].
The theoretical data were generated using Gamry Echem
Analyst software. The EIS data of the coated magnesium
were best fitted using the equivalent circuit shown in
Fig. 8. In this equivalent circuit, Ry, Ry, 01, R3, O, Ry,
and C, are solution resistance, solution coating interface
resistance, solution coating interface constant phase
element, coating resistance, coating constant phase
element, charge transfer resistance, and double layer
capacitance, respectively. For the uncoated magnesium,
the best fitted equivalent circuit was observed to be
R[R3{0»(R4C})}]. The presence of coating terms (R; and
(») could be explained by the fact that a very thin layer
of magnesium oxide/hydroxide could form on the surface
of magnesium [36]. The measured and equivalent circuit
fitted impedance spectra for the PA-SA coated
magnesium are shown in Fig. 9 as a representative plot.
As seen from Fig. 9, there is a good correlation between
the measured and the fitted data, which validates the
equivalent circuit modeling. The various electrical
parameters based on the equivalent circuit modeling for
uncoated and coated magnesium samples are given in
Table 1. In equivalent circuit modeling, a constant phase
element (CPE) was used for the data fitting. CPE is a

‘power law-dependent’ interfacial capacity, which
accounts for the topography of imperfections and
roughness of the substrate and coating. The impedance of
CPE is given as follows [37]:

Zeps =— )

CPE =
Y,(jo)

where Y, is admittance and »=1 for ideal capacitor. The
CPE can be converted into capacitance by the following
expression.

I
]
I
1
1
I

Solution Interface  Coating Interface Magnesium

Fig. 8 Equivalent circuit proposed to simulate EIS data for

coated magnesium
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Fig. 9 Measured and fitted Z vs frequency (a) and Z" vs Z' (b)
plots for PA-SA coated magnesium sample

Table 1 Fitting parameters for EIS data obtained for uncoated and coated magnesium samples

Rl/ RZ/ Ql/

R3/ Qz/ R4/

Sample (Qem?)  (Q-emd) (Ss"n! (Q-cm?) (Ss"n ) (Q-cm?) CVE
Uncoated Mg 29.9 - - 2.48x10° 1.08x107/0.88 81.2 1.14x107°
PA coated Mg 32.7 32.1 2.76x107°/0.84 1.26x10°  3.45x107%0.84 119 7.24x107*

PA-SA coated Mg 345 181 8.25x1077/0.88 4.05x10° 1.13x107/0.70 754 9.54x10°°
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C = 0(@pa)"” )

where g, is the frequency at which the imaginary
impedance reaches a maximum for the respective time
constant; Q and n are the components of CPE [38]. As
evident from Table 1, the total resistance (R=R,+R;+R,)
of the PA-SA coated magnesium sample is the highest
among all the samples, indicating the maximum
corrosion protective nature for magnesium substrate.

4 Conclusions

An environment friendly phytic acid conversion
coating was formed on the magnesium. The properties of
phytic acid coated magnesium were further improved by
stearic acid post treatment. The micro-cracks in the
phytic acid coated magnesium were filled by soaking in
the stearic acid solution that prevents the penetration of
reactive ions from solution to magnesium and thus
reduces the corrison of magnesium. The potentiodynamic
polarization and electrochemical impedance
spectroscopy suggest that stearic acid treated coating
provides effective corrosion protection to the magnesium
substrate.
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