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Corrosion Resistance of Electroplated
Sn-Zn Alloy & Its Improvement

By K. Wang, H.W. Pickering & K.G. Weil

A 70% Sn-30% Zn alloy was deposited from a neu-
tral non-cyanide bath. Measurements of the cor-
rosion rate by use of an electrochemical quartz
crystal microbalance (EQCM) and observation
by scanning electron microscopy (SEM) of the
deposit’s cross section show that, without suffi -
cient agitation in the plating bath, a fi Im of zinc
hydroxide is formed on top of the metal fi Im. In
order to obtain a uniform deposit layer without
the formation of hydroxide, one has to agitate the
solution during the plating process. The effects of
different chromate treatment methods are tested
and compared with those on pure zinc samples.
1,2,3-benzotriazole (BTA) was added to the cor-
rosive solution and found to be an effective cor-
rosion inhibitor that acted mainly on the anodic
zinc dissolution reaction.

Electroplated cadmium coatings have been widely used in
many areas such as cars, ships and on fasteners. Because of
the toxicity of cadmium and its compounds, however, its
application has been restricted.’® In Japan, further use of
cadmium coatings has been prohibited. As the concern for
environmental protection has increased, a viable replace-
ment for cadmium coatings has become more important.
Electroplated tin-zinc aloys have been proposed to be
good cadmium substitutes.*> A preliminary study of their
corrosion behavior was the subject of our previous work.5’
It was shown that a tin-zinc deposit was a fine mixture
of the two pure components. The open circuit potential
(OCP) of these deposits was close to the OCP of pure zinc,
which meant that zinc dissolution was the corrosion reac-
tion. The sacrificial property of zinc cathodically protected
the steel substrate and the tin.

At the same time, comparison of the polarization curves
of the tin-zinc deposit with those of the pure components
and of the steel substrate showed that the anodic current
of thetin-zinc deposits remained very small, aslong asthe

Nuts & Bolts:
What This Paper Means to You

Tin-zinc is one of the many alloys used in place of pure zinc,
in this case for fasteners for electrical grounding applications,
among others. This work, part of the AESF Research program
(Project #99), takes a look at how the process works (agita-
tion is critical) and how the coatings respond to chromates.
The researchers also found that the old benzotriazole used to
protect copper solderability in electronics finishing works as a
corrosion inhibitor on this alloy. Who knows where this might
lead?
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Fig. 1—Mass loss of a Sn-Zn deposit during corrosion in
0.1M Na,S0, (pH=3.6) solution.

potential was more negative than the potential where the
tin began to dissolve. The combination of sacrificial and
barrier properties of tin-zinc coatings was similar to the
properties of cadmium coatings. In the current study, we
electroplated a 70 wt% Sn-30wt% Zn deposit onto a steel
substrate from a neutral non-cyanide bath, and examined
the effects of chromate treatment and benzotriazole (BTA)
as corrosion inhibitors.

Experimental

The substrates used in this investigation were carbon steel
coupons cut from 0.07-cm (0.27-in. —> 0.027-in.) thick,
cold-rolled and annealed steel sheets. A copper wire was
connected to the back side of the steel plates by soldering.
An insulating lacquer covered the sample surface so that
only al cm x 1 cm area of the front surface was exposed
to the solution. The tin-zinc aloy plating bath is a newly
developed commercial neutral non-cyanide solution. Prior
to deposition, the steel plates were polished with #300
SiC polishing paper, degreased with acetone, and rinsed
with double-distilled water. After plating, the sampleswere
again rinsed with double-distilled water and air-dried.

Chromate treatment is acommon post-plating treatment
for zinc coatings to improve corrosion resistance.®° In this
study, several chromate treatment methods were applied on
the 70% Sn-30% Zn coatings. The treatments are listed in
Table 1. After treatment, the samples were rinsed and dried
inair for severa hours. Their properties were examined by
subsequent corrosion and pol arization experiments, aswell
as by surface observation. The results were compared with
pure zinc coatings that had been produced from an alkaline
bath.

Corrosion experiments were performed at room tem-
perature in a2 0.1M Na,SO, solution, with the pH adjusted
to 3.6 with sulfuric acid. Voltammetric curves were taken
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Table 1—Chromate Treatment Methods

Solution Treatment
0.IM H,CrO, Immersion for 60 sec
(pH=0.5)

0.1M K,Cr,0,
with 30mA/cm?
0.1M K,Cr,0,

0.15M K,Cr,0,
0.04M Na,SO,
(pH=1.6)

Immersion for 30 sec

with a potentiostat connected to a personal computer. A saturated
calomel electrode (SCE) was used as the reference, and a carbon
rod as the counter electrode. All experiments were done in deaer-
ated solutions.

An electrochemical quartz crystal microbalance (EQCM) was
used to measure the mass loss rate of the coatings during the corro-
sion process. The EQCM isahighly sensitive device for measuring
the mass change of coatings. The principle of EQCM is explained
elsawhere

To observe the inhibition effect of BTA, 20 mM of BTA was
added to the corrosive solution. Polarization curves of samples
were measured and compared with those obtained in solutions
without BTA. The EQCM was aso used to measure the corrosion
rate.

Results & Discussion

For the electroplated 70% Sn—30% Zn deposits, corrosion experiments
were performed with an EQCM to determine the mass|oss through
corrosion. A typical curve of the masslossisshownin Fig. 1.

Figure 1 shows that the dissolution process can be divided into
two stages. The first stage lasts less than one hr, and here the mass
loss is quite rapid. Following that stage, the mass loss rate slows
down and reaches a more steady state.

A cross section of the tin-zinc deposit on a stedl substrate was
analyzed by scanning electron microscopy (SEM). The image is
shown in Fig. 2. The coating consists of two layers: an outer layer
and an inner layer. A comparison by SEM of the sample surface
appearance before and after a two-hr period of corrosion at open
circuit potential is shown in Fig. 3. It can be seen that notable
changes occurred on the surface during corrosion. A cross section
of the corroded sample was again observed with the SEM. The
outer layer had disappeared. This indicates that the outer layer
rapidly dissolved in the acid solution, accounting for the high
rate of mass loss during the first stage. EDX analysis showed the
outer layer to be mainly Zn(OH),. The formation of Zn(OH), is
understandable because, during the electroplating process, copious
amounts of hydrogen bubbles evolved at the cathode. Because of

Fig. 3—S1-Zn deposit surface before and after two-hours of corrosion at OCP in 0.1M Na,SO,
(pH=3.6) solutions (a) before (b) after.
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60 sec anodic + 15 sec cathodic treatment

30s cathodic treatment with 30mA/cm?

- o=, ;
Fig. 2—Without agitation, the deposit is composed of
two layers (cross section).

this, the H* ion concentration at the metal surface decreased. If the
transport of H* ions from the bulk solution to the cathode surface
is less than the consumption rate, the local pH value will increase.
At acertain critical pH value, zinc hydroxide will precipitate on the
surface.

To prevent the formation of the hydroxide, nitrogen gas bub-
bling was introduced into the bath to provide sufficient agitation
during plating. The cross section of a sample produced with such
agitation isshownin Fig. 4. Here, the deposit isasingle layer with-
out hydroxide on the top. SEM observation also showed that, after
two hr of corrosion exposure, the sample surface showed no appar-
ent changes.

The effect of agitation was also reflected by the mass |oss mea-
surements with the EQCM. Figure 5 shows the curve of mass loss
vs. time during corrosion at OCP of a sample that was produced
with agitation. Compared to the previous curve (Fig. 1), theinitial
stage of rapid mass |oss does not exist.

The polarization curves of tin-zinc deposits after different chro-
matetreatmentsare shownin Figs. 6 and 7. Compared with untreated
samples, there are two common features of these curves. Firgt, the
OCPs of the treated samples are tens of millivolts more positive
than those of the untreated samples. Second, the anodic current
densities of the treated samples are usually smaller than those of
the untreated samples. Both of these features can be explained by
the protective function of the chromate layers. The chromate forms
abarrier layer on the surface that hindersthe dissolution of zinc. As
aresult of the increased difficulty of the anodic reaction, the OCP
increases and the anodic current density decreases.

Among the treatment methods summarized in Table 1, the
first treatment, using chromic acid, resulted in a sample surface
that appeared rough, and the chromate layer did not adhere well.
For the second process—anodic/cathodic trestment in potassium
dichromate sol ution—the layer was col orless, which meant that the
chromate layer was very thin. It also did not improve the charac-
terigtics of the anodic polarization curve. For the third treatment—
cathodic treatment only in potassium dichromate solution—the
anodic current was good at lower potentials, but the layer was

A=t b

Fig. 4—Cross section of a deposit produced with N,
gas bubble agitation.
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Table 2—Polarization Resistance* of
Deposits In Different Solutions

Chromate treatment PureZn Sn-Zn
No Yes No Yes

0.IM Na,SO, (pH=3.6) 167 323 676 806

5% NaCl (pH=5.5) 195 1840 2048 2406

R, (Q.cm?)

also very thin, and the current became larger at higher potentials.
For the fourth treatment—immersion in the potassium dichromate/
sodium sulfate solution—the surface showed an iridescent yellow
color, which meant that the thickness of the chromate was moder-
ate. The anodic current density showed an apparent decrease after
treatment. It also showed good adhesion. Therefore, the forth treat-
ment was chosen for the further experiments.

On pure zinc coatings, chromate treatment showed polarization
results similar to those for the tin-zinc deposits. Figure 8 shows
the polarization curves of pure zinc coatings with and without the
fourth chromate treatment. With a chromate layer on the surface,
the anodic branch of the curve still did not exhibit a passive region.
This means that its protection is limited. It is likely that the struc-
ture of the chromate layer is not compact; therefore, it can only
retard zinc dissolution to alimited extent.

The EQCM was used to measure the mass loss of pure zinc and
tin-zinc coatings in 0.1M Na,SO, solution (pH=3.6). Contrary to
expectation, however, for both metals, the mass loss rates of the
treated samples were dightly higher than those of the untreated
samples. This may be because of the dissolution of the chromate
layer in the dlightly acid solution. The soluble ingredients in the
chromate layer, such as Cr*¢ and SO,?, will dissolve in this solu-
tion. Furthermore, from the Pourbaix diagram, Cr,O, or Cr(OH),,
the dominant species in the chromate layer, is not stable in acid
solutions and can also dissolve. This can lead to additional mass
losses beyond zinc dissolution. It appears, therefore, that such
experiments cannot show the beneficial effect that achromate treat-
ment may have under different environments.
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Fig. 5—Mass loss of a Sh-Zn deposit produced with
agitation during corrosion.
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Fig. 6—Polarization curves of samples with the
first two chromate treatments and without treat-

Because the mass changes detected with the EQCM may
not have truly reflected the rate of zinc dissolution, the polariza-
tion resistance was measured for different metals by use of the
linear polarization technique. The results are shown in Table 2.
Comparing the results, one can see that the protection by chromate
ismore effective on pure zinc than on tin-zinc aloys. For pure zinc,
chromate treatment was more effective in neutral solutions than
in acid solutions. For the tin-zinc alloy, there were no major dif-
ferences among the various solutions. The polarization resistances
increase by less than 20 percent in both cases. Thisis not surpris-
ing, because we know that for tin-zinc deposits, the tin provides
barrier properties that are similar to the way in which chromate
layers act. Therefore, it makes the chromate treatment less impor-
tant.

Benzotriazole (BTA) has been widely used asacorrosion inhibi-
tor for copper, its aloys, and for mild steels.*?*® Inhibition data of
BTA for zinc and its alloys, however, are not readily available. In
this study, mass loss vs. time curves for tin-zinc deposits during
corrosion in 0.1M Na,SO, (pH 3.6) solutions, with and without
20mM BTA, were determined. They are shown in Fig. 9. The mass
loss of tin-zinc coating in BTA solution is about one-third of that
in the solution without BTA. This meansthat BTA has an apparent
inhibition effect on the corrosion of the tin-zinc coating. Because
we aready know that the corrosion of the aloy is, for all practical
purposes, the dissolution of zinc, polarization curves of zinc in the
corrosive solutions were determined. From the polarization curves
for pure zinc in the solutions with and without BTA (Fig. 10), it can
be seen that the anodic polarization curve of zinc was drastically
shifted to the left by BTA, while the cathodic polarization current
was amost unchanged. Consequently, the open circuit potential
of zinc was increased by about 100mV with BTA. This suggests
that BTA mainly inhibits the anodic dissolution of zinc, rather than
the cathodic reaction, the hydrogen evolution reaction in deaerated
solution.

Conclusions

During electroplating of tin-zinc alloys, agitation is necessary to
prevent the formation of hydroxide on the surface. In acidicNa,SO,
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Fig. 7—Polarization curves of samples with the
third and the fourth chromate treatment and with-

= ment. out treatment.
T %
1k - L0
ALl P4 i T BT fip-1t bl ITA !
- 1. M . il st .\ F,
- g F, .
= i 1.0+ Ie=
E 1000 - i AL L I B \
e - . w e JLEA |
4G s, Mot | j s i
T ]
1ad0 _.-_|_.._|_.._|.. _._..__d- a3 134
R d <3 ! a8 A di ey -
Lizg. fileg, A} W ] TeT] ] | TR T R I T . TRNL: (|

Fig. 8—Polarization curves of Zn in 0.1M
Na,SO, (pH=3.6) solutions with and without
chromate treatment.
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Fig. 9—Mass loss of Sn-Zn deposit in 0.1M Na,SO,
(pH=3.6) solutions with and without BTA.
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Fig. 10—Polarization curvesof Znin0.1M Na,SO,
(pH=23.6) solutions with and without BTA
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solutions, a chromate treatment can decrease the corrosion rate of
zinc or tin-zinc aloy, but its effect islimited. Chromate treatment is
more effective for pure zinc than for tin-zinc deposits, and is more
effective in neutral solutions than in acid solutions. Because of the
dissolution of the chromate layer, its protection could ultimately be
lost. BTA isan effective inhibitor for the corrosion of zinc fromtin-
zinc alloy coatings. It primarily effects the anodic partial reaction
of the zinc dissolution.
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