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SEM AND EDX STUDY OF ZINC-MAGNESIUM PHOSPHATE COATINGS ON MILD STEEL SURFACES

The work presents results of the formation, composition, structure and corrosion resistance of phosphate coatings on mild
steel surfaces, obtained in zinc-magnesium phosphating solutions. The mass/thickness of the coating has been measured by means
of gravimetric technique under the following conditions: concentration of the working solutions 5, 10, 15 and 20 vol.%; duration of
the process 5, 10, 15 and 20 min; temperature 20, 40, 60 and 80°C. The elements that make up the coatings are determined by EDX
analysis. The morphology and topography of the coatings are investigated by scanning electron microscopy (SEM). Potentiodynamic
polarization measurement was used to determine the corrosion resistance and protective ability of the coatings.
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1. Introduction

Phosphating is a chemical treatment applied to metal sur-
face that creates a thin adhering conversion films of phosphates
as a sublayer for subsequent polymeric coatings or painting,
a lubrication under the condition of deep drawing processes or
to improve corrosion resistance [1-5].

The most common type in practice is zinc phosphating. The
modifying of zinc baths by some additives such as Cu**, Ni*",
Mn?, Ca**, the optimizing pH and temperature of the baths
as well as post-sealing and other methods have been used to
improve the properties of obtained coatings [6-10].

Magnesium phosphating is a relatively new treatment of
metal surfaces, which can replace the traditional and most widely
used zinc phosphating. The advantages of using magnesium
phosphating preparations included: easy preparation, lower
prices compared to other phosphate baths, obtaining coatings
with good corrosion resistance and adhesion of subsequent paint
and polymer coatings. The magnesium phosphate coating or
bication zinc-magnesium phosphate coating has shown slightly
better corrosion behavior compared with a zinc phosphate coat-
ing. Therefore, developing a novel phosphate coating seems
to be necessary [11-19]. Three phosphate layers (zinc-based,
zinc/iron-based and manganese-based) were obtained by immer-
sion on C45 steel, followed by depositing a layer of elastomer-
based paint. The overall results show that all types of layers
increase the corrosion resistance of the steel [20].

In recent years, based on magnesium, biodegradable ma-
terials have been widely explored. Designed for medical use,
a new experimental Mg-based biodegradable alloy (Mg-Ca
with additions of Zn) has been tested in order to control the
corrosion rate [22]. Magnesium oxide nanoparticles (MgO
NPs) have distinct physicochemical and biological properties,
including biocompatibility, biodegradability, high bioactivity,
significant antibacterial properties, and good mechanical pro-
perties, which make it a good choice as a reinforcement in com-
posites [23].

All the mentioned properties suggest that the new phosphate
coating could theoretically be used even as an anti-corrosion
surface treatment for bioimplants for bone substitutes made of
magnesium alloys.

The aim of the presented work is to determine the param-
eters of a new zinc-magnesium phosphating bath, as well as to
characterize a phosphate coating on steel surfaces by SEM and
EDX analyses.

2. Experiment
2.1. Material and samples
In the present work, square steel probes (thickness

1.0 mm and working surface area 5x 107> m?) were investigated.
The chemical composition of steel is taken from the certificate
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of the purchased material (see TABLE 1). The preparation
of testing samples includes sequentially: immersion in a mixture
of ethanol and diethyl ether and rinsed with deionized water to
remove any surface contaminants; pickled in 15% hydrochloric
acid + inhibitor at room temperature for 3 min and then rinsed
with deionized water; finally, the samples were immersed in the
phosphating bath.

The electrochemical experiments were carried out with
plate-shaped specimens with dimensions accordance with ISO
17475:2005 and a fixed working surface area of 1x107% m?.
In addition, square plate samples (1x10~> m?) were used in case
of all physical methods applied.

TABLE 1

The chemical composition of steel (in wt.%)
C Mn Si P S Cr Ni Cu Fe
0.17 | 0.36 |0.016 | 0.01 [0.029 | 0.06 | 0.06 | 0.11 | bal.

2.2. Solutions

The phosphating liquid concentrate contains zinc and
magnesium (10%) orthophosphates, phosphoric acid, inorganic
activators, stabilizing agents as well as surfactants are added.
The ratio P,05:NO*> = 1:3 was used.

The working media are aqueous solutions of the phosphat-
ing concentrate in the range of 5.0-20.0 vol.%. The experiments
are carried out at a temperature interval 20+80°C and a process
duration 0.5+20.0 min. The working/model media used for the
corrosion experiments is 0.6 M NaCl.

2.3. Methods
2.3.1. Gravimetric method

The gravimetric method is used to study the kinetics of
formation and determine the phosphate coating’s mass/thickness
growth, depending on the effect of different factors. Its applica-
tion requires careful measurement of sample mass (in grams)
after the phosphating (m,), as well as its mass after coating
removal (m,). Using the next equation allows determination of
the phosphate coating mass/thickness, M:

(my —my) )

M = ,gm
S g

Where S — sample surface area, m?.

2.3.3. Electrochemical methods

Potentiodynamic polarization method. The polarization
curves take down potentiostatically or potentiodynamically al-

low the determination of various electrochemical and corrosion
parameters such as a corrosion rate, corrosion potential, etc.
All measurements were performed in a model 0.6M NacCl solu-
tion in range of potentials from —0.250 to +0.300 V (vs. OCP)
and a scan rate 5 mV s ..

2.3.4. Physical methods

Scanning electron microscopy (SEM). The morphology and
structure of the coatings were examined by scanning electron
microscopy, using a SEM/FIB LYRA I XMU, TESCAN electron
microscope, equipped with ultrahigh-resolution scanning system
secondary electron image (SEI).

Energy dispersive X-ray spectroscopy (EDX). The energy
dispersive spectroscopy is a local X-ray spectral analysis that
permits qualitative and quantitative determination of surface
micro-volume contents of the order of several um?®. Apparatus
Quantax 200, BRUKER with spectroscopic resolution at Mn-Ka
and 1 keps 126 eV is used.

3. Results and discussion
TABLE 2 presents the values of the most important indica-

tors characterizing the phosphating concentrate: density, p; pH;
conductivity, o; total, K,, and free, K, acidity.

TABLE 2
Characteristics of the phosphating concentrate
. P c _
Solution [g em™] pH [mS em] K, Ky,
Zn, MgPh 1.32 0.36 89.3 276 48

3.1. Gravimetric measurements

Gravimetric method was used to reveal the effect of the
operating conditions (concentration and temperature of the phos-
phating solutions) as well process duration on the coating thick-
ness, M. The values of the concentration and temperature were
selected experimentally.

Typical thickness kinetic plot (M as a function of time)
shown in Fig. 1 corresponds to coatings obtained in working
solutions at different concentrations (a/ 5.0 vol.%; b/ 10.0
vol.%; ¢/ 15.0 vol.%; and d/ 20.0 vol.%) and temperatures (20,
40, 60, 80°C) of the phosphating baths, on mild steel surfaces.
Coatings with the smallest thickness for all concentrations of
the phosphating solutions were obtained at lower temperatures
of the phosphating baths —20°C and 40°C, while the largest
ones are formed at 60°C and 80°C. At the highest temperature
applied in the experiments (80°C), however, a slight decrease
in coating thickness was observed compared to that obtained
at 60°C.
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Fig. 1. Influence of the phosphating time t, on the thickness of the resulting phosphate coatings, M;: a/ 5.0 vol.%; b/ 10.0 vol.%; ¢/ 15.0 vol.%;

d/ 20.0 vol.%

3.2. SEM analysis

Microphotographs of the phosphating coatings formed on
mild steel surfaces are shown in Fig. 2: duration of the process
12 min; working concentration 15.0 vol.%; at temperatures 20°C,
40°C, 60°C and 80°C. At all conditions of coating formation, the
sample surfaces are covered almost homogeneously with dense
fine films, and the reproducibility of the process is satisfac-
tory high. It follows from the figures that the habit of coatings
is constant —i.e. the crystals initiate from one center and increase
radially. An exception is the coating obtained at 20°C, where the
characteristic crystals are not present on the surface.

The crystals formed from the solution with 40°C are bigger
than the other ones — the size of the crystals is about 100 pm.
The crystals formed at other temperatures (60°C and 80°C) of
the phosphate solution have length between 50 and 100 pm.
With increasing the concentration of the phosphating baths, the
crystals sizes reduce.

3.3. EDS analysis and distribution of the elements

The main elements containing the phosphate coatings
formed on the surface of steel, determined by EDX analysis, are
presented in TABLE 3. The registered elements in the coatings
(in At.%), obtained at different temperatures of the phosphating
solutions and under the same other conditions, are O, P, Fe, Zn
and Mg.

The amounts of the registered elements in the coating
obtained at 20°C differ significantly. Probably (as is visible
from the morphology of the coating in the SEM analysis) under
these conditions no crystal formations. The surface looks like
it’s etched.

In the coatings obtained at the other three temperatures, the
amount of oxygen decreases, albeit slightly, with rising working
temperature. The amount of iron grows with temperature, while
the amounts of phosphorus and zinc remain relatively the same.

Magnesium was detected only in the coatings obtained at 60
and 80°C, with a higher concentration at the former temperature.
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Fig. 2. Microphotographs of thin phosphate coatings obtained in baths of various temperatures: a/ 20.0°C; b/ 40.0°C; ¢/ 60.0°C; d/ 80.0°C

TABLE 3

Elemental contents of conversion phosphate coatings obtained
upon various experimental conditions —20.0+80.0°C,
12 min and 15.0 vol.%

Elements | 200°C 40.0°C 60.0°C 80.0°C
At% A% At% At.%

0 10.92 53.75 49.55 47.86

P 0.07 11.65 11.52 11.30

Fe 88.42 16.41 22.15 24.01
Zn 0.58 18.19 1535 15.55
Mg — — 1.44 1.29
Total: 100 100 100 100

Probably, at 20 and 40°C Mg was not detected due to its very
low presence in the coatings.

Fig. 3 presents the distribution of elements on the surface
of the phosphate coatings depending on the bath temperature,
with magnification being the same to that in the SEM analyses

(x1000). In the coating obtained at 20°C (see Fig. 3a), the pres-
ence of Fe and very small amount of Zn, O and P predominate,
which indicates that practically no crystalline phosphate coating
was obtained. In the other coatings obtained at different tempera-
ture, the elements are evenly distributed over the surface, which
confirms the homogeneity of the phosphate coatings.

3.4. Polarization measurements

The polarization measurements were performed with
4 phosphating specimens and uncoated one for comparison. The
coatings were formed at different temperatures (20.0+80.0°C)
in a 15.0 vol.% solutions, for 12 minutes. The conditions were
selected from the gravimetric studies taking into account the
reproducibility and mass/thickness of the obtained coatings.
All measurements were performed in a corrosion model media
—0.6 M NaCl.
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Fig. 3. Distributions of the elements in the phosphate coatings obtained in baths of various temperatures: a/ 20.0°C; b/ 40.0°C; ¢/ 60.0°C; d/ 80.0°C
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Fig. 4. Potentiodynamic polarization relationships of phosphated specimens taken at room temperature in 0.6 M NaCl, in the potential range from

—0.250 to +0.300 V (vs. OCP) and a potential scan rate 5 mV s~

From the polarization dependencies “Potential, V (vs. SCE)
— Current Density, A cm™”, presented in Fig. 4, it is seen that
there is no substantial difference in their course.

From these dependencies are determined both the corrosion
potential and a corresponding current density (see data sum-
marized in TABLE 4). The potential of the phosphated samples
is about 100-150 mV more positive than the potential of the
uncoated mild steel sample. The more positive potentials and the
lower values of the current density of the coated samples show
better corrosion resistances vs. uncoated steel.

TABLE 4

Data corresponding to the polarization curves (see Fig. 4)

Sample Ecorrs icorm ,
V vs. SCE Acm
Uncoated Steel —0.550 0.2x107°
20°C —0.460 2.7%x107°
40°C —0.440 1.9x107°°
60°C ~0.385 1.3x107°
80°C —-0.370 0.5%x107°

4. Conclusions

The mass/thickness, chemical composition and morphology
of phosphate coatings, formed on mild steel in solutions contain-
ing zinc and magnesium (10%) orthophosphates, phosphoric

acid, inorganic activators, stabilizing agents and surfactants have

been determined by gravimetric and electrochemical methods,

SEM and EDX. The main results can be outlined as:

1. Coatings with the smallest thickness for all concentrations
of the phosphating solutions are obtained at lower tempera-
tures of the phosphating baths — 20°C and 40°C, while the
largest ones are formed at 60°C and at 80°C.

2. By SEM observations has been established that at all condi-
tions sample surfaces are covered almost homogeneously
with dense and fine phosphating crystal films. An exception
is the coating obtained at 20°C, where the crystals are not
present on the surface.

3. By EDX analysis the elements in the coatings are registered
—0, P, Fe, Zn and Mg (in At.%). Mg was not detected in the
coatings obtained at 20 and 40°C, due to its very low presence.

4.  From the electrochemical polarizations relationships are
determined both a corrosion potential and a current density.
The more positive potentials and the lower values of the
current density of the coated samples show better corrosion
resistances vs. uncoated steel.
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