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Current density and impedance mapping measurements have been used to locate and 
monitor corrosion and defects on painted surfaces in solution. Measurements are reported 
for painted zinc and aluminum-zinc alloy coated steel surfaces. When scratched, current 
density mapping showed corrosion of the metal coating started at localized sites in both 
dilute chloride and sulfate solutions. Different scribing techniques were tested exposing 
only the metal coating and both the coating and the underlying steel. Effect of roll 
forming was investigated. Current density mapping located corrosion susceptible defects 
on painted roll formed materials that were not readily discernible optically. Scanning ac 
mapping showed that artificially formed defects were readily observed. Local impedance 
variations with frequency were measured for simulated defects and defect free areas of 
painted surfaces. Variations in paint thickness and the presence of defects were detected 
using the ac techniques. 
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INTRODUCTION 

Metallic coatings such as electroplated zinc, hot dipped galvanized steel, and zinc- 
nickel are widely used for protection of automobile bodies against corrosion. Aluminum- 
zinc alloys are used for automobile parts where combined corrosion and high temperature 
resistance is required.l-5 

In situ current density mapping offers a rapid method for monitoring the progress of 
c o r r o ~ i o n . 6 . ~  The technique makes it possible to locate where corrosion takes place, 
monitor its intensity and identify causes of change. Consequences of environmental 
variations can immediately be observed and assessed. In contrast, ex situ measurements 
integrate effects during periods of exposure and suffer the consequences of the statistical 
nature of corrosion and the changes in corrosion rate with time. This often makes it 
difficult to compare a series of measurements and correlate sequences of events that take 
place during exposure. 

Impedance mapping has not been used extensively. It offers a possible method for 
locating variations attributable to corrosion, flaws in coatings o r  the presence of different 
metallic phases on the exposed metal ~ u r f a c e . ~ ? ~  

THEORY 

The mapping method measures potential (voltage) gradients in solution. The 
gradients depend on currents and solution resistivity according to Ohm's law. It is 
important to note that in the absence of current no voltage differences are established in 
the electrolyte and no variations are observed. Two mapping methods are presented. One 
measures the dc current flowing as a consequence of the separation of cathodic and anodic 
areas during corrosion.6.7 The second measures the flow of ac current due to an applied ac 
potential.8-9 The potential gradients are measured between two points in solution. These 
methods are illustrated in Figure 1. When mapping the dc current density a single 
electrode is used and is vibrated between the two points. When measuring surface 
variations of impedance two electrodes are separated by a fixed distance. Therefore, in 
both cases an ac voltage is d e t e ~ t e d . ~  

C u r r e n t  Dens i ty  M a p p i n g  

A single electrode is used to measure the dc current flowing from cathodic to anodic 
sites. The electrode senses the change in potential between the two points in solution and 
produces 'an ac voltage. The frequency of the ac voltage is the same as the vibration 
frequency. The peak to peak amplitude of the ac voltage signal has a magnitude equal to 
the potential drop in solution between the two points. The potential gradient is the voltage 
difference divided by the distance. The current density in  the vibration direction is 
calculated knowing the potential gradient and resistivity of the s o l ~ t i o n . ~ * ~ '  0 
Alternatively the signals can be calibrated using known current densities. 

In many cases the ac signal generated cannot be measured on an oscilloscope because 
of noise predominantly due to pickup of 60 Hz mains frequency. In order to extract the 
signal a lock-in amplifier (phase sensitive detector) is  used. The instrument measures 
only the signal at a reference frequency. This frequency is derived from a source used to 
induce the vibration of the electrode. The lock-in amplifier filters out all higher and 
lower frequencies thus eliminating the noise observed on an oscilloscope and measures 
the signal buried. Lock-in amplifiers also makes it possible to measure two (or three) 
different directional components of the current. For example if the electrode is made to 
vibrate horizontally at one frequency and vertically at a d.iffereni frequency then by 
using two lock-in amplifiers the  current components can be simultaneously measured in 
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both directions. 

The scanning equipment used is shown schematically in Figure 2. It was purchased 
from Applicable Electronics, West Yarmouth MA. The vibrating electrode generally 
consists of a platinum black deposit, about 30 mm in diameter, at the pointed tip of an 
insulated platinum-iridium wire. Piezoelectric reeds are used to produce orthogonal 
vibrations at two frequencies. The equipment incorporates a T V  microscope to observe 
the surface being scanned, a scanning stage, potentiostat and a computer for control of the 
probe position, data acquisition and data analysis. 

One mode of  displaying the current measurements is as  the vectorial sum of 
horizontal and vertical current density components superimposed on an image of the 
surface. '  An example is shown in Figure 3(a). The arrows are currents in a plane normal 
t o  the image shown. Upward pointing arrows represent anodic currents downward 
pointing arrows are cathodic currents. The length of an arrow is a measure of the current 
magnitude. Alternatively a plot of the vertical component (Le. the component normal to 
the corroding surface) can be displayed as shown in Figure 3(b). 

Surface  Impedance  M a p p i n g  

Surface impedance mapping899 requires an imposed ac voltage V u p  c o n v e n i e n t l y  
supplied via a potentiostat. The measurements assume that the applied ac voltage is 
uniform across the entire surface solution interface of the sample being studied. This is 
equivalent to saying that the total IR drops in solution associated with the ac current is 
small in comparison to the ac potential across the interface. Nevertheless it is the local ac 
IR drop in solution that is measured 

The ac potential difference is again measured with a lock-in amplifier. Both the in- 
ph'ase and quadrature of the signal are  measured and the equivalent resistance, 
capacitance, phase angle or impedance of the surface can be calculated and displayed. 

An equivalent diagram of the interface is included in Figure I(b). The uniform 
applied ac potential V u p ,  across the local interfacial impedance, Z i n  produces the local ac 
current density flowing into the solution, i in .  (The area related quantities are normalized 
to a unit surface area.) This can be expressed as 

This local ac current density is found from the ratio of the measured ac potential 
difference, V m e  , and the effective resistance between the two sensing electrodes. The 
effective resistance is the product of the solution resistivity r, and the distance between 
the probes, d ,  . 

and on equating Eqs. 1 and 2 the local impedance is given by 



EXPERIMENTAL TECHNIQUES 

A schematic of the scanning equipment is shown in Figure 2. Steel electroplated with 
10 mm of Zn, and pure zinc sheet were phosphated and electro-coated with 20 pm of epoxy 
paint. hot-dipped AI-43.5% Zn and 1.5% Si alloy coatings 25 pm thick 
were painted with an epoxy primer and a silicone modified polyester topcoat. 

Samples of steel with 

The cells used were generally constructed by gluing a plastic cylinder to the surface 
to be studied and filling it with a solution of either 10 mM NaCl or 10 m M  Na2S04.  

RESULTS AND DISCUSSION 

The purpose of this presentation is to demonstrate the application of surface mapping 
techniques for the study of painted surfaces. It has been limited to painted Zn and Zn-AI 
alloy surface-coated steels. Scratched painted surfaces are a major cause of degradation in 
normal field exposure. Thus, a series of measurements was performed during the early 
stages of corrosion of these defects. The corrosion of scratched surfaces depends on many 
factors. The morphology of the scratch, the shape and application of the scribing tool, 
physical properties of paint and metal coating, the adhesion of the paint to the coating and 
the coating to the metal, the size and depth of scratch, and scratch penetration to the 
coating or to the underlying steel. Brittle coatings or paints will lead to surface cracking 
and ductile layers will tend to smear when scribed. Roll forming o r  other forms of 
deformation of steel sheet that has been pre-painted may also lead to cracking of the paint 
o r  coating layer o r  both. Current density maps were collected for samples with shallow 
scratches to the coating, and deep scratches to the underlying steel and after mechanical 
deformation. Impedance mapping was used to study undamaged painted surfaces and 
showed that variations in paint thickness and the presence of blisters could be detected. 

S c r a t c h e d  Painted Surfaces  

Figure 3 shows a single line scan across two parallel scribes 2 mm apan on a painted 
Al-Zn coated steel surface. Figure 3(a) shows the current density vectors at about 150 mm 
above the sample surface. The vectors represent current flow in a plane perpendicular 
both to the surface and to the scratch lines. The origins of vectors are shown at points on 
the surface above which the measurements were made. The length of the vectors are a 
measure of the magnitude of the current density. The arrows pointing up represent 
currents flowing from the surface i.e. anodic currents and downward pointing vectors are 
cathodic. Figure 3(b) is a plot of only the vertical component of these vectors. 

The regions 'of the two scratches scanned behaved differently. These scratches 
exposed the underlying steel. On the left-hand scratch. high currents were observed. 
Distinctly anodic currents were on the one side of the scratch and the center of this 
scratch was cathodic. The right-hand scratch showed only a smaller cathodic current 
d e n s i t y .  

Non-uniform currents were observed with most scratched paint layers. Variable 
currents were not a consequence of exposing alternating sections of zinc and t h e  
underlying steel nor were they due only to pitting in only chloride solutions. A painted 
pure zinc sample with a scratch was exposed to a chloride solution. Figure 4 shows 
mapping of the current densities in solution. Distinct anodic current peaks indicative of 
pitting, were present along the length of the scratch producing the non-uniform current 
densities. The results in Figure 5 were for a scribe that only penetrated the Al-Zn layer. 
Current density mapping displayed two separated anodic sites over a distance of 2 mm 
when exposed to a sulfate solution. Five distinct anodic areas were present along the 



3.5 mm of scribe in Figure 4 for the pure zinc. 
localized corrosion but it was not was the only cause. 

It is likely that the chloride intensified the 

Figures 6 and 7 show results for scratched electrogalvanized surfaces that exposed the 
underlying steel. The results in Figure 7 for the Al-Zn alloy in sulfate solution clearly 
show the cathodic behavior of the steel. The anodic areas were again non-uniform. With 
the electroplated zinc in chloride solution in Figure 6, the anodic areas were again highly 
localized due to pitting but in addition the cathodic areas were considerably less uniform 
than in Figure 7. A distinct cathodic site was on the facing plane of the figure at x-200 and 
y=-600 pm. 

One possible cause for the non-uniform cathodic sites was incomplete removal of the 
coating on scribing the surfaces. The zinc coating may be extruded between the scriber 
and the steel as the latter is deformed. The non-uniform cathodic currents may also be due 
to variations in cathodic reduction of oxygen because of precipitation of Zn hydroxide at 
cathodic sites. Reduction of oxygen produces hydroxyl ions that increase the pH and lead 
to the deposition. The results of experiments designed to separate these two effects are 
shown in Figure 8. Distinct cathodic sites were again observed within 15 minutes of 
immersion. With time the intensity of the cathodic sites did change. After 1 h in Figure 
8(b) the two major sites were more active, causing larger cathodic currents. However, 
after 2 h the intensities had decreased somewhat, but a third site had become active. These 
results suggest that the zinc had spread over the surface and there were sites at which the 
steel was exposed. Precipitation of zinc hydroxide may occur but as the changes in the 
current distribution was slow over the period of 2 h, precipitation was not a significant 
cause of cathodic variations. 

To ensure a more thorough removal of the electroplated zinc coating, a saw blade 
about 1 mm wide was used. The current density map over the area is shown in Figure 9. 
Here the cathodic current density was more uniform. The anodic current still showed 
variations in intensity along the edges of the scribe but were present along virtually its 
entire length. 

An important application of the scanning technique is the ability to determine 
damage of the surface coatings following plastic deformation of the steel. It may also be 
used to assess the subsequent susceptibility to corrosion. Painted Al-Zn coated steel that 
had been roll formed resulted in crazing of the paint layer was tested in 0.01 M Na2SO4. 
Figure 10 shows an example of a site clearly of fine cracking where anodic currents were 
clearly seen. Locations of the cathodic sites were not defined but subsequent studies will 
be carried out to locate where the reduction reactions take place. The sample did not have 
extensive cracking of the paint layer. The location of the this anodic site was not obvious 
by visual or other methods. Several other samples of painted roll formed Al-Zn alloy 
coatings were also examined using the scanning vibrating electrode. Current 
distributions ranged from very uniform to very non-uniform with significant differences 
in current magnitude. 

A C  scanning 

Figure 11 shows the ac current distribution over a painted electrodeposited Zn coating 
on steel tested in 0.01 M NaCl and measured at a frequency of **Hz. The surface was 
indented to produce an artificial defect 1 mm in diameter exposing the steel. Above the 
defect the ac current is clearly detected. The currents over the painted surface were very 
much lower than over the defect. The differences were a function of the frequency. The 
dependence on the frequency is readily seen in Figure 12 The impedance at low 
frequencies differed by about 3 orders of magnitude but showed a difference of only about 
a factor of 5 at the highest frequencies. The differences are very large making it a very 



sensitive method for locating defects in coatings. 

The ac method was also found sensitive to the thickness of the paint layer. Figure 13 
shows the ac current variations over an area with an additional paint layer 10 mm thick. 
The paint layer increases the impedance to the surfaces arid reduces the current from the 
areas with the extra layer of paint. 

CONCLUSIONS 

1) The vibrating probe has been used to measure the distribution of current density 
on scribed, painted surfaces and detects corrosion currents associated with the exposed 
underlying Zn or AI-Zn coatings. 

2) The initial current densities were non-uniform indicating that the initiation of 
corrosion occurred at localized sites. The corrosion was localized in both dilute chloride 
and sulfate solutions. Localized corrosion occurred when only Zn or Al-Zn was exposed to 
the solution and became more uniform when large areas of the underlying steel were 
exposed. 

3) The current density mapping of crazed painted coatings on deformed steel showed 
that anodic currents were not always observed but that the technique appears sensitive to 
defects not readily observed using optical methods. 

4) Impedance methods have been shown to detect the presence of artificial defects in 
painted coatings. 

5) The impedance method was used to locate differences in coating thickness. 
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Fig. 1. Schematic diagram of the methods 
used. (a) The vibrating probe for dc 
current density mapping , and (b) its 
equivalent circuit diagram. (c)  Local 
impedance mapping and (d) its equivalent 
c ircui t .  
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(b) 
Fig. 2. Schematic of scanning equipment. 
(a) vibrating probe , (b) local impedance 
mapping .  
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Fig. 3. Current density scans in 0.01 M 
Na2SO4 over a painted AI-Zn coating with 
scr ibes  to the steel substrate 2 rnrn apart. 
(a) 2-D vectors. (b) Normal component. 
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Fig. 4. The current density distribution 
over a scribed Zn metal sample in 0.01 M 
NaCl . 

Fig. 5. The current density distribution 
over a painted scribed AI-Zn surface 
coating in 0.01 M Na2SO4. The sample was 
scribed only within the Al-Zn coating. 

Fig. 6. The current density distribution 
over a scribed electropgalvanized steel 
sample in 0.01 M NaCl The sample was 
scribed to the steel substrate. 
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Fig. 7. The current density distribution 
over a scribed electropgalvanized steel 
sample in 0.01 M Na2S04. The sample was 
hand scribed to the steel substrate. 
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Fig. 8. The current density distribution 
over a scribed electropgalvanized steel 
sample in 0.01 M NaCl as a function of 
exposure time. The sample was scribed to 
the steel substrate. (a)15 min.. (b) 1 hour, 
(c) 2 hour. 
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Fig. 9. The current density distribution 
over a scribed electropgalvanized steel 
sample in 0.01 M NaCl The sample was 
scribed to the steel substrate with a saw 
b lade  



Fig. 10. The current distribution over a 
roll formed steel sample in 0.01 M Na2S04.  
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Fig. 12. Comparison of the measured 
impedance over the artificial defect and 
over a defect free area of painted surface 
in 0.01 M NaCl as a function of frequency. 

~i~~ 11. The ac current density distribu- 
tion over an artificial defect on painted 
Zn-electroplated steel in 0.01 M Nac1- 

Fig. 13. The ac 
region with two paint layers. 

distribution Over a 

* 
(Y E 10~00 

E 
E 
0 10000 x 

On t e defect 9 - 
* *  

4 0 

2 a 
3 

a 81 - 
-0' 1000 

' 

0 

e e 4  * 
ma 

5 

a 100 

10 -a 
,01 , 1  I 10 100 1000 10000 100000 

Frequency, Hz 


