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Corrosion Behavior of Chromatized Zinc-

Electroplated Mild Steel
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ABSTRACT

The electrochemical noise (EN) technique has been used to
study the corrosion processes of mild steel substrate first
coated with electrodeposited zinc, and then with a yellow
chromate conversion coating treatment. The electrodes were
tested in borate buffer solutions of pH 9.2. During the experi-
ments, sodium chloride (NaCl) solutions were added to these
solutions. After salt addition, current fluctuations of a smaller
magnitude were observed, but only in one direction. Potential
and current noise data were collected simultaneously. Before
the statistical analysis, the recorded potential and current
raw data were detrended by polynomial methods. Standard
deviation of potential, current, and resistance noise were cal-
culated. The standard deviation of noise resistance (calcu-
lated through potential and current measurement) allowed the
delection of early changes on corrosion processes. Through
the potential and current noise fluctuations, it was possible in
this case to obtain valuable information to study the corrosion
and protection mechanisms and thus to analyze the difference
that appears between the processes carried out both in alka-
line borate solutions and in alkaline borate solutions contain-
ing the aggressive chloride ion. There is not a good agreement
between the corrosion rate values determined using the linear
polarization technique and EN techniques. Kurtosis of poten-
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tial (Ey,). current fluctuations (Iy,.). and the ratio Kurtosis
potential/Kurtosis current (Ey,/Ix.,) were calculated.

KEY WORDS: chromate conversion coating, corrosion monitor-
ing. electrochemical noise, zinc

INTRODUCTION

The electrolytic zinc plating is one of the alternatives
to protect steel from the corrosion process. Accord-
ing to the position of the zinc and iron in the stan-
dard oxidizing potential table, when zinc is in contact
with steel, a galvanic cell is formed, in which zinc is
the anode. (In the presence of a corrosive environ-
ment, zinc is oxidized and oxides, hydroxides, and
salts such as hydrozincite [Zng(OH)4(CO3),: usually
named white corrosion] are formed). In the passiv-
ation of zine, two types of surface oxidation products
are formed when it is immersed in alkaline environ-
ments such as borate solutions. The outer layer is
white, loose, and flocculent and is formed by precipi-
tation from a supersaturated layer of zincate near the
surface. The precipitated layer is formed by either zinc
oxide (ZnO) or zinc hydroxide (Zn[OH],). The second
film acts as a barrier layer, which forms directly from
the metal Zn rather than by precipitation, and its for-
mation is considered responsible for the transition
from the active to the passive state.’

MacDonald, et al.,’ suggested that the potential of
zero thickness of the barrier layer, E,, can be consid-
ered as the equilibrium potential of the zinc(Il) oxide
film on zinc:
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ZnO +2H* +2e” = Zn + H,0O (1)
E, =-0.640-0.059 pH vs. SCE 2)

The potential of zero thickness can be determined
from a graph of ZnO barrier layer thickness vs. oxide
formation potential under steady-state conditions.

McKubre and Macdonald,” suggested that, in the
prepassive region, the dissolution current is dimin-
ished by the presence of a three-dimensional porous
film formed by Zn(OH),, which possibly reduces the
effective surface area.

To prevent the early corrosion of zinc, pieces are
usually treated with an oxidant chromic solution to
obtain a conversion coating. In this way, it is possible
to reach a passive state.

In a simplified form, the first reaction is a chro-
mic attack of zinc in acid solution:

3Zn+2CrO% +10H" = 3Zn0O +2Cr* +5H,0 3)
and the second reaction is:
2CrO? +10H" + 6e” = Cr,0; + 5H,0 4)

In the chromium Pourbaix diagram,’ it can be
observed that the passivity range is notably reduced
in the presence of chloride ions, and at pH 9.2, the
chromium is out of the passive zone, where the chro-
mium oxide/hydroxides are stable.

According to McCluskey,* the basis for corrosion
protection of the chromate coating is due to the fol-
lowing two principle causes: barrier coating of zinc,
which is related to the film thickness, and anodic pro-
tection due to Cr(VI).

To obtain an effective anodic protection, it is nec-
essary to have water of hydration available for the
reduction reaction; therefore, drying at temperatures
higher than 70°C could eliminate this beneficial effect.

The electrochemical noise (EN) technique has
been used to study corrosion processes since the early
1980s, and the sensitivity of the technique for the
detection of spontaneous changes in corrosion pro-
cesses was established. Mansfeld and Xiao® concluded
that, at present, the EN technique can produce qual-
itative information concerning coating performance
and, therefore, it is suited for corrosion-monitoring
purposes.

In this paper, the corrosion behavior of chroma-
tized zinc-electroplated mild steel in borate buffer
solutions with and without the presence of chloride
ions by means of the EN technique was studied.

EXPERIMENTAL PROCEDURES

Samples of mild steel substrate were taken from
a rod with a diameter of 2.5 cm having the following
nominal weight percentage composition: 0.04 C,
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0.35 Mn, 0.023 P, 0.018 S, 0.08 Si, and balance Fe.
After embedding the mild steel electrode in two com-
ponents of epoxy resin, the total exposed surface area
was 3.8 cm?®. The electrode surface was mechanically
polished with consecutively finer grades of metallo-
graphic emery paper until emery grade 1000, and
finally with particles of 2 um diamond paste.

The polished mild steel was first coated with zinc
electrodeposited from an alkaline, cyanide-free com-
mercial bath at 0.063 A/cm? for 15 min. After the zinc
deposition was concluded, the samples were rinsed
with distilled water, immersed in 0.5% nitric acid
(NHO,) solution for 15 s, dipped in a commercial bath
of yellow chromate conversion coating for 30 s, rinsed
with water, and finally dried in an oven at a temper-
ature of 60 + 2°C. The average zinc thickness on the
steel substrate was 8 um. The thickness was mea-
sured using an x-ray fluorescence method.

Test solutions were made from analytical-grade
reagents and distilled water. Borate buffer solutions
of pH 9.2 + 1.0 x 10™® M sodium sulfate (Na,SO,) were
used at 25 + 2°C. NaCl solution was added to these
solutions during the experiments up to a concentra-
tion of 0.1 M in aerated conditions.

An electrochemical cell, machined from a poly-
methylmethacrylate resin bar, was used. Two identi-
cal samples were located parallel to each other in the
electrolytic solution. A saturated calomel reference
electrode (SCE) was placed between the two electrodes
in the proximity of one of them by a Luggin capillary.

The current noise signal was amplified by means
of an electronic circuit designed by the authors, and
both current and potential noise were simultaneously
recorded with a commercial acquisition data card sys-
tem, controlled by a PC through commercial software.

The measurements were carried out for 24 h. The
sampling rate was 2 points per second up to a total
of 1,024 points, once every hour during a period of
24 h. In all the experiments, the samples were first
immersed in the borate buffer solution, and during
the second stage of the experiment, NaCl was added
up to a concentration of 0.1 M.

Scanning electron micrographs were obtained
from a scanning electron microscope. Specimens
were previously cleaned in bidistilled water and etha-
nol (C,HgO), dried, and gold-coated. Additionally, the
specimens were analyzed using energy-dispersive x-
ray microanalysis (EDAX).

Linear polarization (LP) measurements were car-
ried out with a potentiostat. A three-electrode elec-
trochemical cell was used for the LP measurements.
The counter electrode was a platinum sheet, the ref-
erence electrode was SCE, and the same electrode
used in the EN measurements was used as the work-
ing electrode. The polarization curves were recorded
in a potential range of +20 mV around the corrosion
potential, E_,, at a scan rate of 0.1 mV/s. The polar-
ization resistance, R, data was calculated.
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FIGURE 1. Potential-time data for chromatized zinc-electroplated
mild steel in borate buffer solution at pH 9.2 under two different
conditions, before and after the addition of NaCl at about 18 h: (a)
raw data and (b) after polynomial method detrending.

METHODS OF ANALYSIS

For the analysis of EN, potential (E) and current
() noise data must be collected simultaneously. The
experimental approach for the collection of the EN
data requires the use of two nominally identical work-
ing electrodes.

The calculated values of the standard deviations
of the potential (o) and current (o) fluctuations, as
well as the noise resistance, R,.° taken from EN data,
can be affected by drifts. Thus, the recorded current
and potential raw data were detrended by polynomial
methods.”

Potential and current noise were recorded in time
and analyzed statistically from calculating the stan-
dard deviation.

The Kurtosis was calculated according to the fol-
lowing equation:

KM:{ n(n+1) z(xj—i)}_ Sn-1’ o
n-)n-2)n-3)“ o n-2)(n-3)

where X is the mean value of E or I; x; is the value of E
or I; kg, is E or I Kurtosis.

The Kurtosis is a measure of whether the data are
peaked or flat relative to a normal distribution. A posi-
tive Kurtosis value suggests a relatively peaked distri-
bution, while a negative Kurtosis indicate a relatively
flat distribution.®

' UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.
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The Kurtosis values for the potential and current
signals are sensitive indicators of changes in corro-
sion rate and mechanisms.’

The R, was calculated as the ratio between oy
and o;. The values of R, can be compared with the R,
so that the corrosion rate can be deduced by means
of the Stern-Geary relationship.'® Chen and Bogaerts
showed that in certain circumstances (i.e., reactions
are activation-controlled; electrode potential is far
from the equilibrium potential; and the reaction is in
a steady-state condition) the R, is indeed equivalent to
the R,."" However, Mansfeld, et al., for the passive sys-
tem Type 316L (UNS S31603)" stainless steel (SS)/
Ringer’s solution, found that R, was much smaller
than R,."

The corrosion rate (I,), applying the Stern-Geary
equation, was calculated according to:

B

Ieorr = — 6

R, (6)

= Dabe__ @
2.3(ba +b.)

where b, and b, are the anodic and cathodic Tafel con-
stants.

RESULTS AND DISCUSSION

In Figure 1(a), the potential-time raw data ob-
tained in the borate buffer solution are shown under
two different conditions: before and after the addition
of NaCl at about 18 h. Before the addition of NaCl, the
electrode potential fluctuates at around -0.65 V. After
adding the NaCl solution, the potential abruptly varies
to a value of around -0.9 V, and the amplitude of the
potential fluctuations results are smaller than that
observed before the addition of the chloride ions.

Figure 1(b) shows the detrended potential-time
data, where the potential is uniformly distributed
around O V and the potential drift has been elimi-
nated. As a consequence of this data treatment,
important information about the corrosion processes
provided by the electrode potential value is lost.

Both fluctuations of electrode potential and
its variation in the mean value observed after add-
ing NaCl can be explained with the consideration of
the reactions that take place in the corrosion pro-
cess. Before the addition of NaCl, a mix potential is
established in the electrode as a consequence of two
different possible anodic reactions: the Zn and Cr oxi-
dation. According to Pourbaix,’ the most thermody-
namically stable oxidation state for Cr is +2, and thus
the following hemi-reactions can be proposed:

2Cr* + 3H,0 = Cr,0;(c) + 6H '+ 2 €~

8)
E = -1.05 Vyue at pH 9.2
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FIGURE 2. Potential vs. time curves for (B) mossy Zn electrode in
buffer borate solution at pH 9.2 and 25°C before and after 0.1 M NaCl
addition and (®) mild steel substrate/Zn/yellow chromate coating in
the same electrolyte conditions.

Zn = Zn*" + 2e”

9
E =-0.7618 Ve = -1.0091 Vg
The cathodic reaction is oxygen reduction:
O, + 2H,0 + 4e” = 40H" (10)

E = -0.401 Vi =—0.642 Vi

The observed mix potential was close to -0.65 V; this
value is consistent with those obtained from the ther-
modynamic equilibrium of equations (Equation [10]
cathodic reaction).

When the NaCl solution is added, the electrode
potential changes to a value around -0.9 V, and the
electrode potential fluctuations are smaller in ampli-
tude with respect to the previous situation to the salt
addition.

Equation (8) could be one of the redox reactions
that promote the Cr depassivation by the chloride
action. Nevertheless, it can be seen in the Pourbaix
diagram?® that there are several possible reactions for
the Cr. In Figure 2, during the experiment with the
mossy Zn electrode in the buffer borate solution at pH
9.2 and 25°C, it is possible to observe the following
evolution: in the beginning of the experiment the pure
Zn grit potential increased from —0.75 Vg to =0.5 Vg
after 5 h. When the NaCl solution is added up to a
concentration of 0.1 M in the aerated condition, the
mossy Zn grit potential electrode falls rapidly and at
—0.94 Vg is stabilized (-1.18 Vyyg).

The initial potential evolution, before the chlo-
rine addition, could be attributed at the formation of
a ZnO film. According to Macdonald, et al.,' this film
grows up to a certain thickness, which, if it was com-
pared with the experiment realized by them at pH
10.5, a thickness circa of 0.6 nm could be obtained.
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After chlorine is added, the electrode potential can be

compared with those from the following reactions:
Zn=27Zn* +2e" E=-0.986 Vyue (11)

This potential was calculated at pH 9.2 using the sol-

ubility product constant, K., to assign a Zn(Il) con-
centration in the solution.

Zn +40H™ = Zn0Z +2H,0 +2e”
E = -1.109 Vg, using the corresponding equilibrium*

Zn+20H™ = Zn(OH), +2e"

(13)
E =-0.962 Vyz'

On the other hand, with a chloride concentration
of 0.1 M and pH 9.2, in the diagram log[activity] vs.
pH.'® the thermodynamically stable phase is ¢ Zn(OH),
and the ionic species are ZnOH*, Zn(OH);, and Zn**,
respectively.

In one of the experiments, the coating was
detached in only one of the two electrodes after
the electrochemical noise experiments in chloride
medium. In spite of the objective to obtain a homo-
geneous solution in chloride, it is very probable that,
initially, when the chloride is added, the chloride con-
centration is not distributed homogeneously in the
solution bulk. In these conditions, during the homog-
enization process, one of the electrodes could receive
preferentially a considerable chloride concentra-
tion, which determines the formation of concentra-
tion cells. Two processes appeared: an attack of the
chloride ions preferentially to one of the working elec-
trodes and a slow process of diffusion to homogenize
the chloride concentration of the solution in the cell.
For this reason, one of the working electrodes devel-
ops preferably an anodic reaction, leaving the other
electrode to act as the cathode. The experiment was
repeated with similar results.

The detached coating sample after being in con-
tact first with the borate solutions and then with the
NaCl solution, to identify the corrosion origin site,
was removed from the electrochemical cell, dried, and
examined using SEM and EDAX. Figure 3(a) shows
that the electrode surface presents cracks and smooth
regions (plaques). Some cracks were attacked while
others were not. Figures 3(b) and (c) show an EDAX
average elemental Zn and Cr mapping in the same
electrode area presented in Figure 3(a). Table 1 shows
the semiquantitative composition realized by EDAX
on the surface coating inside one of the cracks and
one of the plaques, respectively. In the crack, the Cr
weight percentage concentration is about 3% and the
Zn weight percentage concentration is about 93%. In
the plaque, the Cr weight percentage concentration is
10.5% and the Zn weight percentage concentration is
87%. This means that, from the corrosion point

CORROSION—DECEMBER 2008
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FIGURE 3. (a) SEM micrographs of the electrode surface presenting
cracks and smooth regions (plaques), (b) EDAX average elemental
Zn mapping of the same area of the electrode, and (c) EDAX average
elemental Cr mapping in the same area.

of view, in the crack region, where the Cr concentra-
tion is smaller than in the plaques, the action of

the Cr,0; oxides is diminished and the zone is less
protected.

CORROSION—Vol. 64, No. 12

TABLE 1
Energy-Dispersive X-Ray Microanalysis

Concentration Concentration

(% p/p) Plaques (% p/p) Cracks
Cr 10.5 3.0
Fe 2.9 2.84
Zn 86.6 92.98
Si — 1.18

The results presented in Figure 2 seem to sup-
port the idea that the anodic process is governed by
Zn oxidation. In this figure, the potential evolution vs.
time of a pure zinc electrode is shown together with
an electrode of mild steel substrate/zinc/yellow chro-
mate coating in a buffer borate solution at pH 9.2 and
25°C, before and after the addition of chloride ion up
to a 0.1 M concentration. When the NaCl solution is
added, a decrease of around 300 mV in the poten-
tial is observed in both electrodes. The similitude in
the behavior of both electrodes strongly suggests that
the conversion coating does not affect the zinc probe
potential. It is worth noting that the abrupt potential
change is the same magnitude of that observed during
the electrochemical noise experiments.

The fact that the potential noise range diminished
when the chloride ion was added can be explained
because the system is controlled by a redox reaction
that has a low resistance. In this condition, the poten-
tial does not oscillate between the zinc corrosion pro-
cess and the oxygen discharge reaction (polarization
of electrodes).

When a potential measurement is carried out
with a ordinary voltmeter, the result of the measure-
ment is in general the average of a burst of potential
measurement; however, the EN technique is able to
record the fast potential fluctuations that take place
during the corrosion processes.

The current noise of the raw data vs. time can be
seen in Figure 4(a). During the first stage of the exper-
iment, positive and negative fluctuating values of cur-
rent, with an amplitude of around 4 x 10™ A, were
recorded. After NaCl solution was added, the current
had fluctuations of only one sign (positive in this case)
and the amplitude was approximately 1 x 107 A.

When the chloride ion is added, the decrease of
the current fluctuation amplitude can be explained in
terms of the acceleration of the corrosion processes
promoted by the chloride ion, diminishing the barrier
layer thickness. On the other hand, the precipitated
layer of ZnO and Zn(OH),, which form the white cor-
rosion products, blocks the active sites for the anodic
process and thus promotes the decrease of the cur-
rent noise amplitude.

The observation of current noise of only one sign,
in the case that one of the electrodes is attacked and
loses part of the coating after the chloride ion addi-
tion, is very similar to the process of galvanic coupling
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FIGURE 4. Current-time data for chromatized zinc-electroplated mild steel in borate buffer solution at pH 9.2 under two
different conditions, before and after the addition of NaCl at about 18 h: (a) raw data and (b) after polynomial method

detrending.
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FIGURE 5. Time evolution of (a) current noise standard deviation and (b) potential noise standard deviation.

between two metals, in which one of them is more
noble than the other. The oxidation process is always
produced at the less noble metal and the current is
observed in only one direction.

Figure 4(b) shows the data presented in Fig-
ure 4(a) after subtracting the drift by a polynomial
method. The current noise is uniformly distributed
around null current. However, the important infor-
mation related to the sign of the current noise is lost
when the drift is removed.

Figure 5(a) shows the curve of standard deviation
current noise, o, vs. time. During the first step of the
experiment, the o, values were in the range from 4 x
10®° Ato 5 x 107 A, When NaCl was added, at around
18 h of the running experiment, both o, values were
about 2.5 x 107 A, and at the same time, the fluctua-
tion amplitude of ¢, values decreased. The main ideas
given for the behavior of o, vs. time are the same that
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were used to explain the variations of current vs. time
shown in Figure 4(a).

The time evolution of the potential noise standard
deviation, og, can be seen in Figure 5(b). During the
first stage of the experiment, the curve oy vs. time
shows oscillations of o in the range of about 26 mV.
When the NaCl solution was added, a sudden
decrease of o at about 12 mV occurred.

The time evolution of the R, can be seen in Figure
6. The R, values do not show practically any impor-
tant change before and after the chloride ion was
added, in which the average R, values stayed at about
5.6 x 10%> Q. That means the R, does not distinguish
any change in the corrosion process.

The time evolution of current noise Kurtosis (Ix,.J,
potential noise Kurtosis (Ey,,), and the ratio potential
noise Kurtosis/current noise Kurtosis (Ey,./Ix.J can
be seen in Figure 7. During the first step of the exper-
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FIGURE 6. Time evolution vs. noise resistance.

iment, both curves Eg,, and I, respectively, present
Kurtosis oscillations around 5. When the chloride ion
is added, a significant change is observed by which
Eyur grows in an abrupt form, but I, diminishes in
the same form. During the first step of the experi-
ment, the ratio E,./Ix. remains practically con-
stant around 1, and after the chloride ion is added,
an abrupt drop was observed, which means the ratio
Exur/Ixun Tevealed the change of corrosion process.

In Table 2, the corrosion rate data determined by
both EN and LP techniques are compared with those
obtained from the references. In the system steel/
zinc/yellow chromate conversion coating in a buffer
borate solution, pH 9.2 + 1.0 x 10 M Na,SO, at 25 =
2°C, the R, value is three orders smaller than R, val-
ues. Similar results were reported by Mansfeld, et
al.,'? for the passive system Type 316L SS/Ringer’s
solution, by which R, resulted in two orders smaller
than R,. These results suggest that, to calculate the
corrosion rate, if we assume that R, = R,, the result of
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FIGURE 7. (2) Time evolution vs. current noise Kurtosis, () potential
noise Kurtosis, (4) and ratio potential noise Kurtosis/current noise
Kurtosis.

the corrosion rate in this case would be overesti-
mated. In Table 2, an example can be seen by which
to calculate the corrosion rate with the Stern-Geary
equation, where R, = R, and B =0.0018 mV." In the
system steel/zinc/yellow chromate conversion coating
in the buffer borate solution at pH 9.2 + 1.0 x 10° M
Na,S0, at 25 = 2°C, R, = 5.8 x 10* Q, and the corro-
sion rate is 8.2 x 10 A/cm?. On the other hand, the
corrosion rate value calculated from R, = 1.4 x 10° Q
is 3.4 10® A/cm?, which means the corrosion rate ob-
tained from EN technique is 2 orders larger than that
calculated from the LP technique. These results are in
disagreement with the work of Chen and Bogaerts,"’
who showed an equality between R, and R, and
Torres, et al.,’® who reported that from pH 1 to pH 14,
there is a good agreement between both resistances
(R, and R)) for steel and stainless steel. In this last
work, important variations appear when compared to

TABLE 2
Comparative Values of Corrosion Rate, Noise Resistance, and Polarization Resistance
Linear
Noise Polarization Corrosion
Resistance, Resistance, Rate
System R, (Q) R, (Q) (A/lcm?)
Steel/zinc/yellow chromate conversion coating in buffer borate solution
pH 9.2 + 1.0 x 10° M Na,SO, at 25°C = 2°C 5.8 x 10° 8.2x 107
Steel/zinc/yellow chromate conversion coating in buffer borate solution
pH 9.2 + 1.0 x 10° M Na,SO, + 0.1 M NaCl at 25°C + 2°C 5x 10° 9.5x 107
Steel/zinc in buffer borate solution
pH 9.2 + 1.0 x 10° M Na,SO, at 25°C = 2°C 6.2 x 10° 7.6x10°
Steel/zinc in buffer borate solution
pH 9.2 + 1.0 x 10° M Na,S0, at 25°C + 2°C 1.4 % 10° 3.4x10°
Steel/zinc/yellow chromate conversion coating in buffer borate solution
pH 9.2 + 1.0 x 10° M Na,S0, at 25°C + 2°C 1.4 x 10° 3.4x107°
Zn coating in 3% NaCl solution™ 3.4x10°

Zn in soils™
Zn in seawaters’

From 2.8 x 10®t0 2.1 x 107°
From7.5x 107 t0 2.9 x 10°®

CORROSION—Vol. 64, No. 12

897



CORROSION SCIENCE SECTION

the values obtained for the carbon steel at pH 4 and
pH 5 with a variation of two orders of magnitude in
both R, and R,. Similar behavior appears when the R,
and R, values are compared at pH 1 and pH 2. This
means that the pH value determines the corrosion be-
havior, as it was predicted by Pourbaix diagrams.

On the other hand, when the Zn behavior was
analyzed by Macdonald, et al.,' they mentioned the
existence of a local change in pH. It was then possible
to attribute these changes to the differences in the R,
and R, values obtained, because the EN experiment
takes 24 h (in this period the oxide film developed
on the surface electrode). On the other hand, the LP
technique takes a few minutes and does not allow the
the oxide film to develop on the surface electrode.

For the system steel/zinc coating and steel/zinc/
yellow chromate conversion coating in the buffer
borate solution, pH 9.2 + 1.0 x 10 M Na,SO, at 25 *
2°C, the R, values are of the same order (1.4 x 10° Q).
As a consequence, the chromate conversion coating
does not reduce the corrosion rate (3.4 x 10°® A/cm?
in the buffer solution.

As can be seen in Table 2, in the system steel/
zinc/yellow chromate conversion coating in the buffer
borate solution, pH 9.2 + 1.0 x 10 M Na,SO, at 25 =
2°C + 0.1 M NaCl solution, the R, value is 5.8 x 10* Q
(that means 8.2 x 10°° A/cm? and in steel/Zn in the
same electrolyte, R, is 6.2 x 10*> Q (7.6 x 10° A/cm?).
According to these results, from the corrosion point
of view, both techniques EN and LP proved that the
chromate conversion coating in the studied case does
not produce additional protection.

In Table 2, for the system Zn coating in 3% NaCl

“solution,’* the corrosion rate reported from the ref-
erences (3.4 x 10 A/cm?) is the same order as that

in the system steel/zinc/yellow chromate conversion
coating in buffer, pH 9.2 + 1.0 x 10> M Na,SO, at 25 =
2°C + 0.1 M NaCl solution (9.5 x 10° A/cm?) obtained
from the EN technique.

CONCLUSIONS

4 The polynomial method of removing the drift from
the recording potential and current noise contributes
to the data treatment, but masks the potential step,
which allows the changes in the reactions that take
place on the electrodes to be seen.

% The SEM analysis of the samples shows that the
attack in the presence of chloride ions occurs pref-
erably in the cracks (edges of the plaques), and this
is due to the following: the mechanical stress of the
coating in the cracks and the lesser amount of chro-
mium detected in the crack. Taking into account the
Pourbaix diagram, the result is reasonable because
the chromium is not a passive film in the presence of
chloride ions at pH 9.2.

< Both the electrochemical noise and the resistance
polarization techniques show that the chromate con-
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version coating on Zn surfaces in a medium-like buf-
fer borate solution at pH 9.2 does not perform any
protective effect.

< The R, values were three orders smaller than R,
values. Similar results were reported by Mansfeld,

et al.,'? for the passive system Type 316L SS/Ringer’s
solution.

< It is necessary not to overestimate the corrosion
rate when it is assumed that R, is equal to R,. The
corrosion rate values using LP and EN techniques are
in the range of the reference data.

# The decrease of the amplitude in the current fluc-
tuations is a clear signal of the introduction of the
chloride ions on the surface film, the so-called “white
corrosion” that appears and covers the pores and
thus makes it difficult for the arrival of the reactive

to the active surface, as suggested by McKubre and
Macdonald.?

“ According to our results, chromate conversion coat-
ing does not seem to improve the corrosion resistance
behavior of Zn/steel in the studied medium, in oppo-
sition to what was found in other conditions.*
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FIGURE A-1. Normal distribution (Kurtosis zero) and “trapezoidal”
distributions (negative Kurtosis).
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FIGURE A-2. Normal distribution (Kurtosis zero) and Pearson-type
Vi distributions” (positive Kurtosis).

APPENDIX

Kurtosis
The fourth moment about the mean is given by
the following equation:

W = | £(x)(x —p)dx (A-1)

where f is the probability density function and u is the
mean value.
Although, Kurtosis is more commonly defined as:

k=H _3 (A-2)

where o is the standard deviation.

As was pointed out in the paper, Kurtosis is a
measure of whether the data are peaked or flat rela-
tive to a normal distribution.

Notice that all the members of the family of dis-
tribution of probabilities, f,(x) = Z}f (i) have the same
kurtosis value, because the fourth moment about the
mean and the fourth power of the standard deviation
are both proportional to a*.

In Figures A-1 and A-2, curves of positive and
negative Kurtosis are shown, all of them with unit
standard deviation. In Figure A-1, distributions with
negative Kurtosis of 0, -0.6, -0.9, and -1.2, respec-
tively, are shown, which have a flatter distribution.
Finally, in Figure A-2, distributions with positive Kur-
tosis values of 0.2, 8, and <, respectively, are shown.
The more kurtosis they have, the more peaked they
are.
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