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Hydroxylamine sulphate was added to the phosphating solution and constant-intensity ultrasonic
vibration was applied during the zinc phosphating treatment of 20# steel. The influence of synergistic
effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration on the appearance, surface
morphology, phase and corrosion resistance of zinc phosphating coating was studied, and was
compared with hydroxylamine sulphate or constant-intensity ultrasonic vibration alone. The results
show that the zinc phosphating coating is incomplete without hydroxylamine sulphate and has poor
corrosion resistance. Both hydroxylamine sulphate and constant-intensity ultrasonic vibration
contribute to the formation of a complete and relatively dense zinc phosphating coating, which is
primarily composed of Znz(POa4)2.4H20 and ZnzFe(PO4)2.4H,0 phases with better corrosion resistance.
The synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration can not
only reduce the added amount of hydroxylamine sulphate but likewise prepare a zinc phosphating
coating with better compactness and optimal corrosion resistance, which can better inhibit the
corrosion of 20# steel.

Keywords: Zinc phosphating coating; Corrosion resistance; Hydroxylamine sulphate; Constant-
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1. INTRODUCTION

Traditional chemical conversion coating is a commonly utilised surface treatment process for
steel components prior to painting, such as phosphating coating, passivation coating, and so on [1-6].
Phosphating coating, in particular, has the advantages of simple operation and low cost, and has
received widespread attention. Hydroxylamine sulphate is an employed accelerant in phosphating
process. Compared with the toxic oxidizing accelerants such as sodium nitrate, sodium nitrite and
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potassium chlorate, hydroxylamine sulphate offers non-toxicity, and environmental protection, along
with better stability [7]. However, the consumption rate of hydroxylamine sulphate during phosphating
process is fast. In order to ensure the quality and performance of the phosphating coating,
hydroxylamine sulphate must be added frequently, making the phosphating solution difficult to
stabilise. Therefore, to ensure the quality and performance of the phosphating coating, reducing the
added amount and adding times of hydroxylamine sulphate is necessary.

Some scholars have proposed the idea of mixing the hydroxylamine sulphate with other
accelerants for phosphating solution, such as the mixing of hydroxylamine sulphate and sodium
chlorate, the mixing of hydroxylamine sulphate and sodium nitrobenzenesulfonate, and so on [8-11].
Even though the amount of hydroxylamine sulphate added can be lowered, the introduction of other
reagents is also not conducive to the maintenance of phosphating solution. Some studies have
confirmed that introducing ultrasonic vibration in the chemical reaction process can accelerate the
chemical reaction rate [12-16]. In the phosphating process, if hydroxylamine sulphate and ultrasonic
vibration are used synergistically, it can not only reduce the added amount of hydroxylamine sulphate,
but also is expected to obtain a phosphating coating with good quality and performance. In this paper,
different zinc phosphating coatings are prepared on the surface of 20# steel. During the phosphating
process, hydroxylamine sulphate is added as an accelerant and constant-intensity ultrasonic vibration is
introduced so as to improve the morphology and corrosion resistance of the zinc phosphating coating.
The research conclusions have reference value for optimizing the zinc phosphating process.

2. EXPERIMENTAL

2.1 Pretreatment of 20# steel substrate

The chemical composition of 20# steel plate is 0.14~0.22% C, 0.30~0.65% Mn, 0.30% Si,
0.05% P, 0.05% S, and the rest is Fe. The 20# steel plate was cut into 40 mmx20 mmx2 mm as the
substrate. And then, the substrate was polished, degreased, activated, cleaned and dried sequentially
before the experiment.

2.2 Preparation of zinc phosphating coating

An electronic balance was used to weigh analytical pure reagents such as zinc dihydrogen
phosphate 40 g/L, zinc nitrate 80 g/L, phosphoric acid 12 g/L and citric acid 2 g/L, which was
dissolved and stirred evenly. And then distilled water was added to prepare 1200 mL basic zinc
phosphating solution. The basic zinc phosphating solution was divide into four equal portions of 300
mL each and put in labeled beakers A, B, C and D. Beakers A and B were placed in an ordinary water
solution at the temperature of (50+0.5)°C. Beakers C and D were placed in a water solution equipped
with an ultrasonic generator and the temperature was also controlled at (50+0.5)°C. The ultrasonic
power and ultrasonic frequency were set to 135 W and 40 kHz respectively, and the constant-intensity
ultrasonic vibration was transmitted to the phosphating solution through water as the medium. The
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constant-intensity ultrasonic vibration applied to the phosphating solution produces a special effect,
which affects the crystallization process of phosphate precipitation and changes the performance of
zinc phosphating coating. Hydroxylamine sulphate was used as accelerant and added to beakers B and
D at a concentration of 3 g/L and 1.8 g/L, respectively.

The pretreated substrates were immersed in beakers A, B, C and D for 16 min respectively, and
a series of reactions occurred on the surface of the substrate to generate four kinds of zinc phosphating
coatings. After the experiment, the samples were cleaned and dried.

2.3 Testing of zinc phosphating coatings

2.3.1 Surface morphology characterization and composition analysis

The surface morphology and composition of different zinc phosphating coatings were
characterized by VEGA 1l XMU scanning electron microscope combined with X-Max 50 energy
dispersive spectrometer. The magnification of scanning electron microscope was 1000 times. The
working mode of energy dispersive spectrometer was set as surface scanning.

2.3.2 Phase analysis

D8 Advance X-ray diffraction and Jade software were used to analyze the phase of different
zinc phosphating coatings. The scanning step length was 0.02° and the scanning angle was ranged
from 15° to 85°.

2.3.3 Corrosion resistance testing

The polarization curves and electrochemical impedance spectroscopy of different zinc
phosphating coatings immersed in 3.5% sodium chloride solution for 96 h were tested using a
CHIG60E type electrochemical workstation. The three-electrode system was as follows: phosphated
samples were utilised as the working electrode with 10 mmx10 mm exposed working area while the
platinum was employed as the auxiliary electrode and saturated calomel electrode was used as the
reference electrode. The scanning rate of polarization curve was 1 mV/s, and the scanning potential
ranged from -250 mV to +250 mV. The frequency range of electrochemical impedance spectroscopy
was 100 kHz~10 mHz, and the signal amplitude was 10 mV.

Moreover, the corrosion morphology of different phosphating coatings immersed in 3.5%
sodium chloride solution for 96 h was characterized by scanning electron microscopy. The corrosion
products on the surface were removed and the corrosion weight loss of different zinc phosphating
coatings were calculated by weighing.
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3. RESULTS AND DISCUSSION

3.1 Appearance of different zinc phosphating coatings

During the experiment, it is observed that the zinc phosphating coating is incomplete without
hydroxylamine sulphate, as shown in Figure 1(b). However, a complete and compact zinc phosphating
coating with compact gray appearance can be prepared by adding hydroxylamine sulphate, as shown in
Figure 1(c). This is because hydroxylamine sulphate aids in promoting phosphating reaction and
accelerating phosphate precipitation crystallization in order to form a compact phosphating coating.
The function of hydroxylamine sulphate or hydroxylamine is studied in some papers [17-18]. A
compact phosphating coating can also be prepared by introducing constant-intensity ultrasonic
vibration, as shown in Figure 1(d). Due to the cavitation effect caused by constant-intensity ultrasonic
vibration transmission in phosphating solution, the local high-temperature effect and micro jet effect
promote the chemical reaction and accelerate the formation of a zinc phosphating coating with
compact surface [19-20]. Moreover, the appearance and compactness of zinc phosphating coating
prepared by synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration
are nearly identical to those prepared by hydroxylamine sulphate or constant-intensity ultrasonic
vibration alone, as shown in Figure 1(e).

. .
Figure 1. Appearance of 20# steel and different zinc phosphating coatings: A-20# steel; B-zinc
phosphating coating (without hydroxylamine sulphate and constant-intensity ultrasonic
vibration); C-zinc phosphating coating (adding hydroxylamine sulphate); D-zinc phosphating

coating (introducing constant-intensity ultrasonic vibration); E-zinc phosphating coating
(synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration)

3.2 Surface morphology of different zinc phosphating coatings

Figure 2(a) shows the surface morphology of 20# steel and Figure 2(b) shows the surface
morphology of zinc phosphating coating prepared without hydroxylamine sulphate. By comparison,
the zinc phosphating coating prepared without hydroxylamine sulphate is thin and incomplete, and the
surface of 20# steel is not completely covered. Figure 2(c)~2(e) shows the surface morphology of zinc
phosphating coating prepared by adding hydroxylamine sulphate, introducing constant-intensity
ultrasonic vibration and synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic
vibration respectively. As can be seen from Figure 2(c), the zinc phosphating coating prepared by
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adding hydroxylamine sulphate is complete and compact on the surface of 20# steel, and the grains
have a flake shape with disordered accumulation. Because hydroxylamine sulphate is a reductive
accelerant, its high reduction potential can play a depolarization role in the phosphating process for the
purpose of eliminating hydrogen ions on the surface of the cathode region, which is conducive to
improving the phosphating coating forming efficiency. At the same time, it also has a strong oxidation
ability and stimulates the phosphating reaction so as to accelerate phosphate precipitation
crystallization to form phosphating coating. As can be seen from Figure 2(d), the zinc phosphating
coating prepared by introducing constant-intensity ultrasonic vibration also completely covers the
surface of 20# steel, but the grains are staggered and stacked in lamellar and rod-like structure, which
is different from the zinc phosphating coating prepared by adding hydroxyamine sulphate. It can be
concluded that cavitation effect induced by transmission of constant-intensity ultrasonic vibration in
phosphating solution produces a powerful shock wave that refines parts of the primary grain and
causes grain morphology to change. Compared with Figure 2(c), the compactness of the zinc
phosphating coating shown in Figure 2(d) has been improved. As reported in the literature, the grains
refined by ultrasonic vibration cavitation effect are dispersed and can minimise the crystallization
defects, thereby improving the compactness of zinc phosphating coating to some extent [21-22].

It can be seen from Figure 2(e) that the synergistic effect of hydroxylamine sulphate and
constant-intensity ultrasonic vibration can prepare a zinc phosphating coating with better compactness
under the condition of reducing the added amount of hydroxylamine sulphate. The synergistic
mechanism of hydroxylamine sulphate and constant-intensity ultrasonic vibration can be summarized
into two aspects: on the one hand, the cavitation effect caused by the transmission of constant-intensity
ultrasonic vibration in the phosphating solution promotes the full dispersion of hydroxylamine
sulphate, drives the hydrolysis of zinc dihydrogen phosphate, while also accelerating the phosphate
precipitation on the surface of 20# steel. The cavitation effect caused by ultrasonic vibration has been
proved and reported by some scholars in detail [23-25]. Simultaneously, the local high temperature
causes the coating formation period to be shortened and the nucleation rate to be increased, resulting in
more compact phosphating coating. On the other hand, the transmission of constant-intensity
ultrasonic vibration in the phosphating solution produces a strong shock wave, which can produce
many small heterogeneous crystal nuclei. The phosphating coating formation with compact surface
morphology can be promoted by the adsorption of hydroxylamine sulphate on the surface of these
crystal nuclei.
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Figure 2. Surface morphology of 20# steel and different zinc phosphating coatings: A-20# steel; B-
zinc phosphating coating (without hydroxylamine sulphate and constant-intensity ultrasonic
vibration); C-zinc phosphating coating (adding hydroxylamine sulphate); D-zinc phosphating
coating (introducing constant-intensity ultrasonic vibration); E-zinc phosphating coating
(synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration)

3.3 Phase and surface composition of different zinc phosphating coatings

The zinc phosphating coating prepared without hydroxylamine sulphate is incomplete, so
structure analysis is not performed. Figure 3 shows the XRD patterns of zinc phosphating coating
prepared by adding hydroxylamine sulphate, introducing constant-intensity ultrasonic vibration and
synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration respectively.
The comparison shows that adding hydroxylamine sulphate, introducing constant-intensity ultrasonic
vibration and synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration
have little effect on the structure of zinc phosphating coating. All the zinc phosphating coatings are
composed of Zn3(PO4)2.4H20 and Zn2Fe(PO4)2.4H20 phases.

Figure 4 shows the surface composition of different zinc phosphating coatings prepared by
adding hydroxylamine sulphate, introducing constant-intensity ultrasonic vibration and synergistic
effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration respectively. Zn, O, P and
Fe elements are detected on the surface of different zinc phosphating coatings with little difference in
the mass fraction of each element. These elements are important elements for the formation of
Zn3(P04)2.4H,0 and ZnyFe(PO4)2.4H,O phases. The similar composition and structure of zinc
phosphating coating can also be found in some paper [26-27].
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Figure 3. XRD patterns of different zinc phosphating coatings: A-zinc phosphating coating (adding
hydroxylamine sulphate); B-zinc phosphating coating (introducing constant-intensity ultrasonic
vibration); C-zinc phosphating coating (synergistic effect of hydroxylamine sulphate and
constant-intensity ultrasonic vibration)
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Figure 4. Surface composition of different zinc phosphating coatings
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3.4 Corrosion resistance of different zinc phosphating coatings

3.4.1 Polarization curves analysis

Figure 5 shows the polarization curves of 20# steel and different zinc phosphating coatings
immersed in 3.5% sodium chloride solution for 96 h. As can be seen from Figure 5, the polarization
curve of the zinc phosphating coating prepared without hydroxylamine sulphate does not deviate
significantly from that of 20# steel, indicating that the zinc phosphating coating could not effectively
inhibit corrosion of 20# steel.
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Figure 5. Polarization curves of 20# steel and different zinc phosphating coatings immersed in 3.5%
sodium chloride solution for 96 h: A-20# steel, B-zinc phosphating coating (without
hydroxylamine sulphate and constant-intensity ultrasonic vibration); C-zinc phosphating
coating (adding hydroxylamine sulphate); D-zinc phosphating coating (introducing constant-
intensity ultrasonic vibration); E-zinc phosphating coating (synergistic effect of hydroxylamine
sulphate and constant-intensity ultrasonic vibration)

The reason is that the zinc phosphating coating prepared without hydroxylamine sulphate is
incomplete and has a limited protective effect on 20# steel. The polarization curves of zinc
phosphating coatings prepared by adding hydroxylamine sulphate and introducing constant-intensity
ultrasonic vibration deviate to the upper left compared with the polarization curve of 20# steel,
indicating that both kinds of zinc phosphating coatings can enhance the protective effect of 20# steel,
and both can inhibit the corrosion of 20# steel to a certain extent. The polarization curve of the zinc
phosphating coating prepared by synergistic effect of hydroxylamine sulphate and constant-intensity
ultrasonic vibration has a more offset polarization curve than that of 20# steel, indicating that the zinc
phosphating coating can better inhibit corrosion of 20# steel.

As can be seen from Table 1, compared with 20# steel, the corrosion potential of different zinc
phosphatizing coatings prepared by adding hydroxylamine sulphate, introducing constant-intensity
ultrasonic vibration and synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic
vibration respectively has varying degrees of positive shift, and the corrosion current density has
different degrees of decrease. Among them, the phosphating coating prepared by synergistic effect of
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hydroxylamine sulphate and constant-intensity ultrasonic vibration has the best corrosion resistance
with the lowest corrosion current density of 1.56x10° A/cm? which is better than some zinc
phosphating coatings reported [28-29].

Table 1. Polarization curves fitting results

. Corrosion potential | Corrosion current
Different samples

IV density/ (A-cm?)
20# steel -0.510 6.071x10°
zinc phosphating coating
(without hydroxylamine sulphate and -0.506 5.184x107°
constant-intensity ultrasonic vibration)
zinc phosphating coating -0.485 8.249x10°

(adding hydroxylamine sulphate)
zinc phosphating coating
(introducing constant-intensity -0.476 7.050%x10°®

ultrasonic vibration)

zinc phosphating coating
(synergistic effect of hydroxylamine
sulphate and constant-intensity
ultrasonic vibration)

-0.441 1.563x10°®

3.4.2 Electrochemical impedance spectroscopy analysis

Figure 6 shows the electrochemical impedance spectroscopy of 20# steel and different zinc
phosphating coatings immersed in 3.5% sodium chloride solution for 96 h, Table 2 shows the
analytical results of electrochemical impedance spectroscopy. The charge transfer resistance and
coating resistance are proved that can be used to evaluate the corrosion resistance of materials [30-31].
As can be seen from Figure 6, there is little difference between the arc radius of zinc phosphating
coating prepared without hydroxylamine sulphate and that of 20# steel, which also proves that the
phosphating coating cannot effectively inhibit the corrosion of 20# steel. The capacitive resistance arc
radius of the zinc phosphating coating prepared by adding hydroxylamine sulphate or introducing
constant-intensity ultrasonic vibration both increases, but is smaller than that of the zinc phosphating
coating prepared by synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic
vibration. Compared with 20# steel (charge transfer resistance and coating resistance are 1830 Q-cm?
and 572 Q-cm?, respectively), the charge transfer resistance of the zinc phosphating coating prepared
by adding hydroxylamine sulphate or introducing constant-intensity ultrasonic vibration is about 3240
Q-cm? and 3820 Q-cm?, respectively. Furthermore, the coating resistance of the zinc phosphating
coating prepared by adding hydroxylamine sulphate or introducing constant-intensity ultrasonic
vibration is about 1830 Q-cm? and 1232 Q.cm?, respectively. The charge transfer resistance and
coating resistance of the zinc phosphating coating prepared by synergistic effect of hydroxylamine
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sulphate and constant-intensity ultrasonic vibration are increased to 4370 Q-cm? and 1440 Q-cm?,
respectively. The increase of capacitive resistance arc radius, charge transfer resistance and coating
resistance means that the corrosion resistance of zinc phosphating coating is improved [32-33].

Adding hydroxylamine sulphate or introducing constant-intensity ultrasonic vibration can
promote the phosphating reaction and form a complete and relatively dense zinc phosphating coating
to block corrosion medium and reduce the corrosion tendency of 20# steel. However, the synergistic
effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration can not only reduce the
addition amount of hydroxylamine sulphate, but also promote more compact zinc phosphating coating
with the best corrosion resistance, so as to better inhibit the corrosion of 20# steel.

2.1+

05 1.0 15 20 25 3.0 35 4.0 45 50
z,/ (x10° aem?)

Figure 6. Electrochemical impedance spectroscopy of 20# steel and different zinc phosphating
coatings immersed in 3.5% sodium chloride solution for 96 h: A-20# steel; B-zinc phosphating
coating (without hydroxylamine sulphate and constant-intensity ultrasonic vibration); C-zinc
phosphating coating (adding hydroxylamine sulphate); D-zinc phosphating coating
(introducing constant-intensity ultrasonic vibration); E-zinc phosphating coating (synergistic
effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration)

Table 2. Analytical results of electrochemical impedance spectroscopy

Different samples Charge transfer |Coating resistance/

resistance/ (Q-cm?) (Q-cm?)
20# steel 1830 572
zinc phosphating coating
(without hydroxylamine sulphate and 2265 730

constant-intensity ultrasonic vibration)
zinc phosphating coating
(adding hydroxylamine sulphate)
zinc phosphating coating
(introducing constant-intensity 3820 1232
ultrasonic vibration)

3240 1080

zinc phosphating coating
(synergistic effect of hydroxylamine
sulphate and constant-intensity
ultrasonic vibration)

4370 1440
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3.4.3 Corrosion weight loss and corrosion morphology analysis

Figure 7 shows the corrosion weight loss of 20# steel and different zinc phosphating coatings
immersed in 3.5% sodium chloride solution for 96 h. It can be seen from Figure 7 that the corrosion
weight loss of the zinc phosphating coating prepared without hydroxylamine sulphate is not much
different from that of 20# steel, which is owing to the limited protective effect of the phosphating
coating on 20# steel. The corrosion weight loss of the zinc phosphating coatings prepared by adding
hydroxylamine sulphate or introducing constant-intensity ultrasonic vibration is both reduced to a
certain extent. The corrosion weight loss of the zinc phosphating coating prepared by synergistic effect
of hydroxylamine sulphate and constant-intensity ultrasonic vibration has been reduced even further to
2.7 g/m?, confirming that it has the best corrosion resistance and can better inhibit the corrosion of 20#
steel.
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Figure 7. Corrosion weight loss of 20# steel and different zinc phosphating coatings immersed in 3.5%
sodium chloride solution for 96 h: A-20# steel, B-zinc phosphating coating (without
hydroxylamine sulphate and constant-intensity ultrasonic vibration); C-zinc phosphating
coating (adding hydroxylamine sulphate); D-zinc phosphating coating (introducing constant-
intensity ultrasonic vibration); E-zinc phosphating coating (synergistic effect of hydroxylamine
sulphate and constant-intensity ultrasonic vibration)

Figure 8 shows the corrosion morphology of 20# steel and different zinc phosphating coatings
immersed in 3.5% sodium chloride solution for 96 h. As can be seen from Figure 8(a), 20# steel is
severely corroded and its surface is cracked with deep cracks.

Loose corrosion products accumulated on the surface of 20# steel will guide chloride ions and
other corrosive media to penetrate, so as to further aggravate the corrosion of 20# steel. The corrosion
mechanism of steel has been widely reported in the literature [34-35]. It can be seen from Figure 8(b)
that the zinc phosphating coating prepared without hydroxylamine sulphate also has serious corrosion,
which further confirms poor corrosion resistance and limited protective effect on 20# steel. As can be
seen from Figure 8(c) and Figure 8(d), the corrosion degree of the zinc phosphating coating prepared
by adding hydroxylamine sulphate or introducing constant-intensity ultrasonic vibration is
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significantly reduced compared with the zinc phosphating coating prepared without hydroxylamine
sulphate.

Figure 8. Surface morphology of 20# steel and different zinc phosphating coatings immersed in 3.5%
sodium chloride solution for 96 h: A-20# steel, B-zinc phosphating coating (without
hydroxylamine sulphate and constant-intensity ultrasonic vibration); C-zinc phosphating
coating (adding hydroxylamine sulphate); D-zinc phosphating coating (introducing constant-
intensity ultrasonic vibration); E-zinc phosphating coating (synergistic effect of hydroxylamine
sulphate and constant-intensity ultrasonic vibration)

According to Figure 8(e), the surface of the zinc phosphating coating prepared by synergistic
effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration is still smooth and
compact after corrosion, with few defects, and the corrosion degree is the lightest.

4. CONCLUSIONS

(1) Adding hydroxylamine sulphate or introducting constant-intensity ultrasonic vibration can
promote phosphating reaction and contribute to the formation of a complete and relatively dense zinc
phosphating coating, which is primarily composed of Zn3(POa)2.4H20 and ZnzFe(PO4)2.4H20 phases.
Compared with the zinc phosphating coating prepared without hydroxylamine sulphate, the corrosion
resistance of the zinc phosphating coating prepared by adding hydroxylamine sulphate or introducting
constant-intensity ultrasonic vibration is improved and the protective effect on 20# steel is enhanced.

(2) The synergistic effect of hydroxylamine sulphate and constant-intensity ultrasonic vibration
can prepare a zinc phosphating coating with better compactness under the condition of reducing the
amount of hydroxylamine sulphate added. The zinc phosphating coating prepared by synergistic effect
of hydroxylamine sulphate and constant-intensity ultrasonic vibration has a corrosion current density
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of only 1.56x10° A/cm? and corrosion weight loss of only 2.7 g/m?, which can better inhibit the
corrosion of 20# steel.
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