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Abstract: Zinc phosphate films were formed on AZ31 magnesium alloy by immersing into a phosphatation bath to enhance the
corrosion resistance of AZ31. Different films were prepared by changing the processing parameters such as immersing time and
temperature. The corrosion protection of the coatings was studied by electrochemical measurements such as electrochemical
impedance spectroscopy, potentiodynamic polarization curves, and the structure of the films were studied by metalloscopy and X-ray
diffraction (XRD). The results show that, the film formed at 80 °C, 10 min has the highest corrosion resistance. The XRD patterns

show that the film consists of hopeite (Zn;(PO,), * xH,O).
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1 Introduction

Magnesium alloys are relatively light structural
materials, with excellent physical and mechanical
properties, such as low density and high specific strength,
excellent castability and good machinability. These
properties make them ideal candidates for lightmass
engineering applications, especially in the automotive
industry, computer parts, aerospace industry and cellular
phones where mass reduction is concerned[1—4].
However, magnesium and its alloys are characterized by
low corrosion resistance, which limits their use. Their
very low electrode potential easily leads to even
reactivation in the atmosphere. Unfortunately, the natural
oxide layer on magnesium surfaces is very loose and
cannot offer an effective resistance to corrosion[5].
Therefore, it is very important to improve the
anti-corrosion performances of magnesium alloys in
industrial  applications. Many protective surface
treatments of magnesium alloys, including chemical
conversion coating, anodizing, plating, metal coating and
studied for

improving the corrosion resistance of Mg alloys. Now

paint coating[6,7], have been widely

the chemical conversion coating with chromate
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containing solution is widely used in many applications
for its low cost[8], but the chromate ion could cause
serious environmental problems. To avoid the chromate
process, many new substitutes have been studied,
including the rare earth conversion coatings, stannate
bath, permanganate bath, zinc phosphate conversion
coating, etc[9—15].

In this work, a phosphate solution, which is free of
chromate, is used to form the conversion coatings on the
AZ31 alloy surface. The effect of processing time and
temperature on the properties of the films is discussed.
The structure and properties of the phosphated film are
studied by microscopy, XRD
electrochemical spectroscopy(EIS) and

metallographic
impedance

>

potentiodynamic polarization curves.
2 Experimental

Magnesium alloy AZ31 with a nominal composition
of 3%Al, 1%Zn and 0.2%Mn (mass fraction) was chosen
in this study. Samples were cut from an extruded AZ31
sheet and enveloped by epoxy with only one surface
exposed as the working surface. The exposure area is
0.45 cm®. The samples were polished successively with
600 and 1 200 grit abrasive papers, then they were clean-
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ed in acetone and dried in a stream of warm air.

The composition of the bath is summarized in Table
1. It was chosen according to Ref[14]. The bath
contained phosphoric acid, phosphate ions, nitrates and
nitrites, which were necessary for the magnesium
oxidation. The bath also contained zinc and fluoride ions.
Zinc ions in the form of zinc nitrate were added and zinc
phosphate (ZnHPO,) was stabilized by phosphoric acid.
Zinc ions were added to favor the formation of a
crystalline film of tertiary zinc phosphate on the treated
metal. Fluoride ions were added as an activation agent
and the pH value of solution was approximately 3 and
this condition supports the magnesium corrosion [14].

Table 1 Composition of phosphatation solution and processing

parameters
NaH,PO, 12H,0 H;PO, NaNO, NaNO;
20 g/L. 7.4 mL 3¢/l 1.84 g/L.
Zn(NOs),-6H,O NaF Temperature pH
5g/L 1g/L 25-80 C 3+0.2

Phosphatation was carried out in a thermostated
container. Before immersing into the phosphating bath,
the sample was pretreated in 60%NaOH and 75%H;PO,
solution. The NaOH bath was used to clean the grease
which covered on the sampler’s surface. And H;PO, bath
was used to dissolve the natural oxide layer on
magnesium surface.

The effect of processing time and temperature was
studied. Films were acquired by processing with
different parameters, and the properties of the films were
checked by electrochemical tests. Electrochemical tests
were carried out in 3.5% NaCl solution (mass fraction)
using a computer-monitored CHI660B (CH Instruments,
Inc 3700 Tennison Hill Drive Austin, TX 78738-5012
USA). The test instrument was composed of a
three-electrode system. A saturated calomel electrode
(SCE) was used as a reference electrode. A large
platinum sheet was used as an auxiliary electrode. The
sample was the working electrode. Electrochemical
impedance spectroscopy (EIS) tests and potentiodynamic
polarization curves were taken to evaluate the properties
of the samples.
out at open circuit potential (OCP). The amplitude of the
perturbative signal was 5 mV and the frequency range is
between 0.01 Hz and 100 kHz. After the EIS
measurements, the potentiodynamic electrochemical tests
were carried out with a scan rate of 0.001 V/s. All of the
tests were carried out at room temperature (about 25 C).

The microstructure and the composition of the films
were studied with a MM-6 metallography microscope
(Leits, Germany) and X-ray diffractometer with Cuk,
radiation(SIMENS D5000).

The EIS measurements were carried

3 Results and discussion

3.1 Feature of open circuit potential during pho-

sphating

In Fig. 1, the OCP is shown as a function of time for
the AZ31 alloy immersed in the phosphating bath. At
first the OCP declines, and this process lasts about 200 s;
after that, the OCP increases; at last it becomes stabilized.
The drift of OCP to negative position is probably caused
by the corrosion of AZ31 by the free phosphoric acid in
the solution. At the same time, the phosphate films are
formed on the metal surface, which will enhance the free
corrosion potential of the sample, and this is shown on
the later stage of OCP—time curves. After long time of
phospahting, the surface of the sample is totally covered
by phosphate films, and the OCP will be stable. It can be
seen on Fig.1 that the OCP keeps constant after 3 000 s,
which probably shows that the phosphating process is
nearly finished after 3 000 s.
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Fig.1 Open circuit potential of AZ31 magnesium sample as

function of immersion time in phosphating bath at 80 ‘C

3.2 Effect of phosphating time

In this study, samples with different phosphating
times were prepared and the corrosion resistance of the
samples was studied by EIS and potentiodynamic
polarization curves in 3.5% NaCl solution to evaluate the
effect of phosphating time on the properties of the films.
The EIS and potentiodynamic polarization results of the
samples with different processing times at 50 C are
shown in Fig.2 and Fig.3, respectively.

The EIS results show that these diagrams are
composed of two parts: one capacitive loops (in the high
frequency range) and one inductive loop (in the low
frequency range). The high frequency capacitive loop
can be referred to the phosphate film. And this capacitive
loop can be described by the equivalent electric circuit
shown in Fig4, in which R; represents the solution
resistance, R, represents the charge transfer resistance of
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Fig.2 EIS of phosphate films with different immersion times at
50 ‘C: (a) Nyquist plots; (b) Bode-phase plots
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Fig.3 Potentiodynamic polarization results of samples with

different phosphating times at 50 ‘C
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Fig. 4 Equivalent circuit used to fit high frequency part of EIS

measurement

the phosphate coating. CPE is replaced by the so called
constant phase angle element (CPE), Zcpg =1/Yo(j@) ™",
O<n<l, where Zqpg is the impedance of the constant
phase element (Q-cm?), @ is the angular frequency of
ac-voltage (rad/s), Y,
independent parameters. When n=1, CPE denotes a pure
capacitance. When »=0, it denotes a pure resistance and
an inductance when n=—1. The presence of CPE has been
explained by dispersion effect that can be caused by
microscopic roughness of a surface [16, 17]. The fitted
results of high frequency part of Fig.2 are summarized in
Table 2.

and n are the frequency

Table 2 Fitted results of high frequency part of EIS results in
Fig.2

Phosphating R/ Yo/ R/
time/min ~ (Q*cm®) (Q 'ecm2es™) (Q*cm?)
0 6.74 1.25x107° 1.00 63.1
10 7.80 8.99x107° 0.80 101.5
20 6.12 1.66x107* 0.70 331.1
30 7.49 9.38x107° 0.77 60.6

After the EIS measurement, the potentiodyamic
polarization test is carried out, and the results are shown
in Fig3 and the free corrosion current density is
calculated. The results are listed in Table 3.

Table 3 Fitted results of J,.,; in Fig.3
Phosphating

. . 0 10 20 30
time/min

Jo/(MA *em™®) 3015 2402 0858  3.787

Both the charge transfer resistance (R.) and the
corrosion current density (J.;) can be used to evaluate
the corrosion resistance of zinc phosphate film. R is in
direct proportion to the corrosion resistance; while Ji,; 18
in inverse proportion to the corrosion resistance. If
constructing 1/R; and J,.,; in the same diagram, they will
have the same tendency. Fig.5 shows the plot of 1/Rand
Jeorr 10 the phosphating time in this experiment.

Fig.5 shows that the tendency of 1/R. is declined
with the phosphating time at first, and reaches the
minimum after 20 min immersion, then it increases again.
The tendency of J,.,; with phosphating time is almost the
same with that of 1/R,. This means that at 50 ‘C, the
best phosphating time is 20 min.

For the samples phosphated at 80 °‘C, EIS and
potentiodynamic polarization tests were also performed
and the results are shown in Figs.6 and 7. it is shown that
the characteristic of the EIS and potentiodynamic
polarization curves are similar to those at 50 ‘C. The
diagrams of the EIS at 80 ‘C are also composed of two
parts: one capacitive loops (at the high frequency range)
and one inductive loop (in the low frequency range). So
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the EIS data can also be fitted to the equivalent circuit of
Fig.4. The fitted result of EIS are listed in Table 4 and
Jeor Value calculated from the potentiodynamic test is
listed in Table 5, and the relationship of 1/Ry and Jeo
with the phospatation time is plotted in Fig.8.

0.016} o— 1R, 10.004
*— Joorr

0014} 10,0034

£ =

(=] 14 ]

: :

3:? 0.012+ 410.002 _?
0.010F 40.001

0 6 12 18 24 30
Phosphating time/min

Fig.5 Relationship of 1/R, and J.,, with phospating time
(phosphating temperature 50 C)
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Fig.6 EIS of phosphate films with different immersion times at
80 °C: (a) Nyquist plots; (b) Bode-phase plots

It is shown in Fig.8 that the values of 1/R and J.opy
first decrease with phosphating time and increase at the
later stage of immersion. This is the same as the case at
50 °C. It should be pointed out that there is some dis-
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Fig.7 Potentiodynamic polarization results of samples with

different phosphating times at 80 ‘C
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Fig. 8 Relationship of 1/Ry and J.,, with phospating time
(phosphating temprature 80 C)

Table 4 Fitted results of high frequency part of EIS of samples
phosphated at 80 C

Phosphating R/ Yo/ R/

time/min  (Qecm?) (Q 'ecm Zes™) (Q *cm?)

5 552 4.82x107° 0.82 120.1
10 8.86 467<107° 0.82 612.9
20 9.27 2.02x107° 0.81 522
30 9.25 5.86x107° 0.73 140.9

Table 5 J.,, for samples with different processing times at
80 C

Phosphating
) ) 5 10 20 30
time/min
Joon/(MA * cm™) 0903 8 0.494 0.1519 2224

crepancy between the EIS results and the
potentiodynamic results. In the EIS measurements, the
largest value of R appears in the sample with processing

time of 10 min, but the J., acquired from
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potentiodynamic tests shows that the sample with 20 min
processing possesses the least J,, value. This
phenomenon should be ascribed to the different
principles of the two techniques. The EIS measurement
is a nearly non-perturbative technique, and it will not
change the
potentiodynamic measurement needs large current
density to polarize the sample to the Tafel region, which
may change the surface state of the samples and bring

surface state of samples. But the

some errors. This may be the reason for the discrepancy
in the EIS and potentiodynamic result in this experiment
and the criterion for the corrosion resistance of the
samples should be taken according to the EIS
measurements in large part. As a result, the best
phosphating time is 10 min at 80 ‘C according to Fig.8.

It can be seen in this experiment that there is an
optimum processing time in phosphatation. If the
immersion time 1s shorter than the best time, the film is
not completely formed and it is very thin and loose,
which will cause low anti-corrosion properties. If the
immersion time is too long, the corrosion resistance is
decreased, which may be caused by the dissolution of the
film by the free-acid ion. The film become loose, the
crystal will be much coarser and the anti-corrosion is
lower. So it is importance to choose a proper time. At 50
‘C, the proper time is 20 min and 10 min at 80 C.

3.3 Effect of temperature

Temperature is another factor which affects the
phosphatation. The R of the samples prepared at 50 ‘C
and 80 ‘C are plotted with phosphating time in Fig.9. It
shows that the R, of the samples at 80 “C 1is higher than
that of 50 “C. The higher the phosphating temperature,
the higher the Ry is. This means the film’s corrosion
resistance will be high when the phosphatation
temperature increases.

700
»—507C
600 - °o—80°7C

500}

400+

300

R /(Q+cm™2)

200

100

0 5 10 15 20 25 30
Phosphating time/min

Fig.9 Relationship of R, of samples treated at 50 C and
80 ‘C with phosphating time

Phosphatation is a decalescence reaction. When the
temperature is lower, the heat of the reaction is not
enough to drive the reaction. At this situation, the rate of
the phosphatation is slow, the formation time of the film
is long, and the phosphate layer is thin and its
good. When the
temperature is higher, the activation energy of the
reaction declines, the rate of phosphatation will be
accelerated and the phosphating film will be thicker with
good corrosion resistance.

anti-corrosion 1S not reaction

3.4 Micro-morphology and XRD patterns of samples

The coatings formed at 50 “C, 10 min and 80 C,
10 min are shown in Fig.10. The XRD pattern of film
formed at 80 ‘C, 10 min is shown in Fig.11.

Fig.10 Metallographic morphologies of phosphate film formed
at50 ‘C, 10 min (a) and 80 °C, 10 min (b)

From Fig.10, there are many crystal particles on the
film. At the higher temperature, the crystal is bigger.
This is due to the reaction rate at higher temperature is
larger and the crystal formed at higher temperature is
bigger.

Fig.11 shows the XRD patterns of the phosphate
film formed at 80 °C, 10 min. It can be seen that there
are three phase components in the phosphate film. The
a-Mg and p-Al;Mgy; are
microstructure of AZ31. a- Mg is a solid solution of Mg-

two phases in the

Zn-Al with the same crystal structure of pure magnesium.
The p-Al;,Mg;; is an intermetallic phase containing
more than 40% aluminium. The XRD patterns show that
the film in this experiment mainly consists of hopeite
(Zn3(PO,),xH,0).
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Fig.11 XRD pattern of phosphate film formed at 80 “C. 10 min

4 Conclusions

1) It is possible to form a well-crystallized zinc
phosphate layer on magnesium alloy AZ31 in the
phosphating solution.

2) There is an optimum time in the phosphating
process. At 50 ‘C, the optimum phosphating time is 20
min and the optimum phosphating time is 10 min at 80
C.

3) The temperature has an obvious influence on the
corrosion resistance of phosphate films. The film formed
at high temperature(80 C) owns higher corrosion
resistance than the film formed at low temperature
(50 C).

4) In this phosphating bath, when the phosphating
temperature is 80 C and the phosphating time is 10 min,
the film has the highest anti-corrosion resistance, and the
film consists of hopeite (Zn;(PO,), * xH,0).
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