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Abstract: Initial atmospheric corrosion of zinc in the presence of Na,SO, and (NH,),SO, was investigated via quartz crystal
microbalance(QCM) in laboratory at relative humidity(RH) of 80% and 25 °C. The results show that both Na,SO, and (NH,),SO,
can accelerate the initial atmospheric corrosion of zinc. The combined effect of Na,SO, and (NH,),SO, on the corrosion of zinc is
greater than that caused by (NH,),SO, and less than that caused by Na,SO,. Fourier transform infrared spectroscopy(FTIR), X-ray
diffractometry(XRD) and scanning electron microscopy(SEM) were used to characterize the corrosion products of zinc.
(NH,),Zn(S0y),, Zn,SO4,(OH)s SH,O and ZnO present on zince surface in the presence of (NH,),SO, while Zn,;SO,(OH)s 5H,O and
ZnO are the dominant corrosion products on Na,SO,-treated zinc surface. Probable mechanisms are presented to explain the

experimental results.
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1 Introduction

In view of the widespread use of zinc, as metallic
sheet or zinc coatings, it was desirable to study its
corrosion behaviour in the wide variety of atmospheres.
The atmospheric corrosion of zinc has been studied in
field exposures as well as in laboratory with controlled
environments[1—12]. The tarnishes of zinc often start at
points where dust particles have settled on the surface.
ASKEY et al[13] have given a review of studies on the
effect of particulate matter on the corrosion of zinc and
pointed out that the corrosivity was related to the
quantity of water-soluble ionic species in the particles.
Major components in aerosols include sea salt and other
1onic substances such as ammonium salts, sulfates and
nitrates created by acid rain processes in the atmosphere.
However, except the studies on the effect of NaCl,
investigations of the influence of other atmospheric
particulates on the corrosion rates of zinc are scare.
Additionally, the initial atmospheric corrosion of zinc in
the presence of atmospheric particulates is rarely
reported due to difficulties. The
information of the initial atmospheric corrosion is very

measurement

important and helpful to understand the corrosion
mechanism.

With the development of highly sensitive instrument
quartz crystal microbalance(QCM) in recent years,
corrosion effects can be observed after several hours’
exposure. Several studies on atmospheric corrosion of
different metals using QCM have been carried out in
laboratory exposure and field exposure[9,14,15], their
studies show that QCM can be well used to survey the
atmospheric corrosion of metals. Thus it is possible to
study the initial atmospheric corrosion in the presence of
some particles via QCM.

In the present work, the initial atmospheric
corrosion of zinc in the presence of Na,SO, and
(NH4),S0O, is investigated by means of QCM. The
corrosion products are characterized by Fourier
transform infrared spectroscopy, X-ray diffractometry
and scanning electron microscopy. Meanwhile, probable
corrosion mechanisms are presented to explain the
experimental observations.

2 Experimental

The equipment used in the experiments was
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described in detail in Ref.[9]. It was made entirely of
glass and Teflon. Relative humidity was kept at (80£2)%
which was achieved by mixing flows of dry air and the
air saturated with water vapor at 60 ‘C. And the
experimental temperature was kept at 25 C in the
whole test process by means of a thermostatically
controlled water tank. The environmental temperature
was kept at (25£1)°C to avoid condensation in the parts
of the system outside the water tank.

To study the initial atmospheric corrosion of zinc in
the presence of Na,SO, and (NH,),SO,, the QCM
(EG&G) with a sensitivity better than 107 g/cm® was

applied to measure in situ the small mass changes of zinc.

The QCM method for mass change monitoring is based
on the inverse piezoelectric effect in which a voltage
applied to an ionic crystalline solid, such as quartz, will
produce physical distortions of the crystal. Piezoelectric
materials have been used as stable oscillators, and 1t was
soon recognized that the addition of mass to an oscillator
would change its frequency. For rigid deposits, the
change in resonant frequency of the oscillating crystal
(Af) is proportional to the change in mass per unit area
(Am/A) of the working electrode. As long as Af is less
than a few percent of the resonant frequency of crystal,
the linear relation between Af and Am/A is constant. The
equation is expressed as[14, 15]

Af = 2Amfy; )
nA\ pp

where f; is the fundamental frequency of the crystal,
is order of the harmonic (for rigid deposits, n=1), w is the
shear modulus of quartz (2.94x10" g-em 's™), and pis
the density of quartz (2.648 g/cm®). Thus, for a 9 MHz
crystal operating in the fundamental mode, Eqn.(1) can
be rewritten as

AT’” = —5.45Af )

Platinum was evaporated on each side of the AT-cut
quartz crystal disk to form circular electrodes with an
area of 0.2 cm” and a thickness of around 300 um.
Before plating zinc, the electrodes were rinsed in ethanol
and dried with warm air. Then zinc was plated in an acid
bath to the platinum surface of one side of the AT-cut
quartz crystal with a thickness of 1.3 pum. The purity of
platinum and zinc used for the QCM electrodes is
99.99%. After washed with ethanol and dried with a hair
drier, they were stored in a desiccator over silica gel.
Na,S04, (NH,),SO, and Na,SO,+NH,),SO, were
pre-deposited on the sample surface by spraying solution
of different percent of ethanol saturated with Na,SO,,
(NH4),S0O, and Na,SO,+(NH,),SO,, respectively. The

amount of salt applied was equal on a molar basis with
respect to SO?{ ion (about 0.34 pmol/cm®), and the
amount of Na,SO, was equal to (NH,),SO, in the mixed
electrolyte. The samples were stored dry for about 12 h
before the start of exposure to test atmosphere. The
change in resonant frequency was recalculated into mass
variation per unit area (ng/cm’) using Eqn.(2). Corrosion
products were then analyzed by SEM(XL30PHILIPS),
XRDPW1700) and FTIR(Magna-IR 560), respectively.

3 Results and discussion

Fig.1 shows the mass gain of zinc as a function of
the exposure time at 25 C and 80% RH. All the mass
gain in Fig. 1 has subtracted the amount of salt deposition
and the amount of irreversible water absorbed by
corresponding salt[9]. Fig.1 indicates that the mass gain
of zinc increases with the exposure time with and
without salt deposition. But the mass gain of zinc in the
absence of salt deposition is very small. The mass gain of
zinc follows the order as: Na,SO,>Na,SO,+(NH,),SO,
> (NH4),S0, > no Na,SO, and (NH,),SO,. So the
combined effect of Na,SO; and (NH,;),SO, on the
corrosion of zinc is greater than that caused by
(NH4),S0O, and less than that caused by Na,SO,.
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Fig.1 Curves of mass gain vs exposure time for zinc samples
treated with different salts at RH 80% and 25 °C: (a) No
Na,SO, and (NH,4),SO,; (b) 0.34 umol/cm2 (NH,4),SOy; (¢) 0.17
pmol/em®* (NH,),SO, and 0.17 pumol/em® Na,SO,; (d) 0.34
umol/cm2 Na,SO,

The initial atmospheric corrosion products on zinc
surface in the present of Na,SO, and (NH,4),SO, were
respectively analyzed by XRD and FTIR. Analysis of the
samples by XRD[16] under that condition revealed that
zinc hydroxysulfate, Zn,SO,(OH)-5H,O and zincite,
ZnO were the main corrosion products in the presence of
Na,SO,4 while ammonium zinc sulfate, (NH,),Zn(SO,),,
/n,SO,(OH)s:5H,0 and ZnO were detected in the
products in the presence of (NH,),SO,. The position and
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relative intensities for the three compounds agree well
with the standard values obtained from the database.
Figs.2(a), (b) and (c) give the FTIR spectra of the
products on zinc deposited with Na,SO,4, (NH,),SO,4 and
Na,SO,+(NH,),SO, exposed to air after 25 h,
respectively. The different reference compounds have
characteristic absorption bands at different positions[17].
Zincite only has the bands in the 350 to 600 cm ™' region
corresponding to the zinc-oxygen bond. Hydrozincite has
strong bands at 1 380 and 1 510 cm™', corresponding to
the asymmetric stretching vibrations of carbonate ion,
and hydrozincite also has bands at 830, 735 and 675
em ' In Fig.2(a), strong bands at 1 510 and 1 380 cm™’
and weak bands at 830 and 710 cm™' suggest that
hydrozincite may exist in the products of zinc in the
presence of Na,SO,. The broader band at 3 420 cm s
for OH stretching, and the absorption bands at 1 120
cm ' and 1 040 cm™ are attributed to SO ion, which
indicates that hydroxysulfate also exists in the products.
In Fig.2(b), the absorption bands around 3 500, 1 630,
1 120, 1 070 and 980 cm™ can be assigned to the
characteristic absorptions of Zn,;SO,(OH)s-5H,O, the
strong bands around 3 330 cm™' and weak band at 1 426
cm ' are attributed to NH," bending, and the absorption
band around 1 750 em™' corresponds to N—H, which
probably originates from an ammonia-zinc complex,
(NH4)»Zn(SO,),. The characteristic curve in Fig.2(c) is
similar to that in Fig.2(b), and the transmittance of each
band in Fig.2(c) is lower than that in Fig.2(b). These
indicate that the corrosion products on zinc deposited
with Na,SO,+(NH,),SO, are the same as the corrosion
products on zinc deposited with (NH,),SO,, but the
amount of corrosion products on zinc deposited with
Na,SO,+(NH,),SO, are more than that deposited with
(NH4),S0,. With the FTIR it was possible to observe the
formation of phase that was not detectable with XRD
(hydrozincite) after exposures to air. This may be
attributed to the higher surface sensitivity of FTIR; That
is, due to the air used in the experiment has been cleaned,
only a little amount of CO, is present in the air,
hydrozincite formed on the corrosion products is so
minor that it cannot be detected by XRD in the present of
Na,SO,. Furthermore, due to the spectra in the
experiment were obtained in the region from 650 cm™" to
4 000 cm™!, and zincite only has the bands in the 350
em ' to 600 cm ' region corresponding to the
zinc-oxygen bond, so zincite can not be detected by
FTIR in this study. The combined results obtained from
XRD and FTIR indicate that (NH,),Zn(SO,),,
Z1n,S0,4(OH)¢5H,0 and ZnO present on zinc surface in
the presence of (NH,),SO, while Zn,SO,(OH)s5H,0
and ZnO are the dominant corrosion products on
Na,SO,-treated zinc surface.

Fig.3 shows the SEM morphologies of the Na,SO,
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Fig.2 IR spectra of products on zinc deposited with Na,SO,(a),
(NH4)2504(b) and Na,SO,+(INH,),504(c)

and (NH,),SO,-treated sample after exposure to air for
about 30 h at 25 ‘C and RH 80%, respectively. As can
be seen from Fig.3(a) that the zinc surface in the
presence of Na,SO, is covered by an inhomogeneous
corrosion products layer. The uneven distribution of the
corrosion products is due to the migration of aqueous
ions in the electrical field established between anodic
and cathodic areas on zinc surface. In contrast, the
distribution of the corrosion products on zinc in the
presence of (NH,),SO, is rather even (Fig.3(b)).
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Fig.3 SEM morphologies of zinc samples treated with
Na,SO,(a) and (NH,),SO,(b) after exposure to air at 25 ‘C
and RH 80%

The present study shows that the presence of
Na,SO; and (NH,),SO,; can accelerate the initial
atmospheric corrosion of zinc, which can be explained
by using the electrochemical process that takes place in
the corrosion of zinc. When the surface of zinc 1s wet,
the anodic dissolution of zinc is balanced by oxygen
reduction in the cathodic areas. During the corrosion
process of the sample treated with Na,SO,, cations, i.e.
Na®, Zn’" will migrate towards the cathodic areas while
anions, i.e. SO; and OH will move towards the zinc
dissolution sites. Then the pH and the concentration of
SO; gradually rise in the anodic sites, so the insoluble
zinc hydroxysulfate, 7Zn,SO,(OH)¢5H,O, forms gra-
dually:

3Zn0+7Zn* +8H,0+S02™ —7Zn,S0,(0H)s-5H,0  (3)

In the cathodic areas where sulfate activities are low
and pH is high, ZnO tends to form. So the corrosion
products in the cathodic areas are different from those in
the anodic sites, which leads to the uneven distribution of
the products (Fig.3(a)).

According to studies by LOBNIG et al[18], the
corrosion of metals in the presence of NH} may be
separated to anodic and cathodic sites. The following
anodic reaction leads to a decrease in pH:

Zn+ANH — Zn(NH,) 2" +4H +2e )

The cathodic reaction of oxygen, which in this

initial stage, is most likely the reduction of oxygen,
occurs at the outer edges, and leads to an increase in pH

0,+2H,0+4e—40H (5)

Resembling the initial process in the presence of
Na,S0,, Zn,SO,(OH)s'5H,0 tends to form gradually in
the anodic sites. However in the cathodic sites where pH
is higher, NH, will react with OH :

NH} +OH —NH;+1,0 ©)

The above reaction decreases the pH of the
electrolyte, and the following reactions will take place in
these areas

Zn(NH;)3" +2(NH,),S0, —~
(NH,),Zn(SO,),+6NH;+2H" (7)

A(NH,)Zn(SO )+ 11,0
71,80,(0H)¢SIL,O+8NI+7IL,S0,  (8)

So ammonium zinc sulfate, (NH,),Zn(SO,), and
zinc hydroxysulfate, Zn,SO,(OH)s5H,0O present in zinc
corrosion layer.

As can be seen from the above analyses,
Zn,SO4(OH)s-5H,0 can accumulate both in anodic and
cathodic sites on zinc surface, so the distribution of the
corrosion products in the presence of (NH,;),SO, is more
even than that in the presence of Na,SO,. The insoluble
and insulating zinc hydroxysulfate is unfavorable to
oxygen diffusion and blocks the active areas, so the
corrosion of zinc becomes more difficult.

Therefore, it is suggested that the lower corrosion
rate of zinc in the presence of (NH,),SO, be attributed to
the acidity of the ions and the formation of the insoluble
zinc hydroxysulfate, Zn;SO4(OH)s-5H,O. Equilibrium 2
and 4 imply that the formation of Zn(NH;)3"and NH,
decreases the concentration of NH, at the beginning of
the corrosion, resulting in a decrease of conductivity in
the electrolyte. Furthermore, Zn,SO,(OH)s-5H,0, which
may inhibit the electrochemical corrosion, can form in
both cathodic and anodic sites. This can be confirmed by
the more even corrosion attack in the presence of
(NH,)>S0;.

4 Conclusions

1) The present study by QCM shows that both
Na,S0,4 and (NH,),SO, dissolved in the absorbed water
present on the zinc surface give rise to corrosion attack.
Mass gain of zinc increases with the exposure time, and
mass gain decreases in the order as: Na,SO, >
Na,SO,+(NH,),SO, > (NH,),SO4 > no Na,SO, and
(NH4)250;.
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2) The corrosion products are evener distributing on
the zinc surface in the presence of (NH,),SO, than that in
the presence of Na,SO,. The lower corrosion rate of zinc
in the presence of (NH,),SO, may be attributed to the
decrease of conductivity in the electrolyte and
precipitation of insoluble zinc hydroxysulfate both in
anodic and cathodic sites. (NH,4),Zn(SOy)s,
Z1n,S0,(OH)¢5H,0 and ZnO present on zinc surface in
the presence of (NH4),SO, while Zn,SO,(OH)s5H,0
and ZnO are the dominant corrosion products on
Na,SO,-treated zinc surface.
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