






Figure 3-Irreversible behavior of a coating during thermal cycling. 
Open circles indicate heating, closed circles are cooling. (Figure 8 
from reference 9.) 
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controlled exposure of some sort. There 
is a fundamental difference between 
pulling the coating off with tape and 
lifting the coating with a knife, and 
some workers prefer the latter. 

An unscribed panel is used to test for 
rusting (ASTM D 610), blistering (ASTM 
D 714), or adhesion (ASTM D 3359) 
through the coating. Both D 610 and D 
714 provide a semi-quantitative ranking 
technique involving the comparison of 
the tested panel to a series of photo
graphs. The quantitative numerical re
sults from EIS are seen as a major tech
nical advancement in this area. 
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B 11 7 in three key 

factors: UV expo
sure, more dilute 
salt solution, and 
wet/dry cycles. The 
intense UV radia
tion at 340 nm 
photochemically 
degrades the coat
ing and is a key fac
tor in simulating 
exposure in exterior 
conditions. The wet 
and dry cycles pro-
vide realistic condi
tions for corrosion. 
The test involves: 

• A one-week ( 168 hr) exposure cy
cle of 4-hr UV at 6O° C and 4-hr
condensation at 50 ° C followed
by:

• A one-week ( 168 hr) fog/dry cycle
of 1-hr fog (0.05% NaCl and
0.35% NH4S04) at ambient tem
perature and 1-hr dry-off at 35 ° C.

• The cycles may be repeated if
agreed by the parties involved.

ASTM D 5894, unlike B 117, was de
veloped specificaHy for coatings and is 
generally agreed to give more realistic 
results. These results, however, are com
parative and not absolute. ASTM D 
5894 is also referred to as a Prohesion 
Test, from "Protection by Adhesion." 

ASTM D 5894 has enjoyed wide ac
ceptance by the coatings community. 
Bierwagen4 recommends the use of D 

Since one of the key advantages of 
EIS is the ability to simultaneously 
measure the barrier properties and the 
corrosion properties, scribed panels are 
rarely used with EIS. The scribe inflicts 
physical damage to the paint film and 
underlying substrate and contributes to 
poor reproducibility.7 

1 5894 with weekly EIS analysis to track 
the status of the coating. 

To employ EIS as a quantitative sen
sor of coating degradation during D 
5894, remove the panel from the fog cy
cle, immerse the panel in an electrolyte 
of 0.05% NaCl and 0.35% NH4SO 4, al
low the sample to equilibrate for 

the automobile manufacturers and their 
vendors. The development involved 
comparing several different test condi
tions on standard panels that had been 
exposed to an urban industrial environ
ment for five years. The test conditions 
that gave the best correlation to the ex
posure tests were selected. The condi
tions of J2334 were selected primarily 
to simulate the effects of road salts. It is 
interesting that J2334 does not employ 
UV exposure. 

One 24-hr cycle of SAE J2334 con
sists of three stages: 

• Humid Stage-5O° C and 100%
relative humidity for 6 hr.

• Salt Application Stage-Dip, fog,
or spray a salt solution (0.5%
NaCl, 0.1% CaC12, 0.075%
NaHC03) for 15 min.

• Dry Stage-6O ° C and 50% rela
tive humidity for 17 hr, 45 min.

The typical SAE J2334 test is con
ducted for 60 cycles for coated samples. 
The test allows for either manual or au
tomatic operation. Because SAE J2334 
was developed for a relatively specific 
sample, there is a correlation to actual 
exposure time: 80 cycles of SAE J2334 
corresponds to about five years of expo
sure. 

ACCELERATED TESTS 
Even though a cabinet test is faster 

than real-world exposure, it still takes a 
long time. One cycle of ASTM D 5894 
requires two weeks. One cycle of SAE 
J2334 takes 24 hours and the normal 
test requires 60 cycles, or two months! 
Since nothing is ever fast enough, sev
eral attempts have been made to de
velop quickertests for paints. These 
short-term tests introduce more aggres
sive stress conditions to induce failure 
in a shorter time. The user of the accel
erated tests must be concerned that ( 1) 

ASTM B 117 Salt Spray is the oldest 
standard cabinet test and, therefore, the 
test with the most history. B 117 is used 
to test bare metals and painted metals. 
With regard to painted metals, history 

has not been kind to ASTM B 117 and 
most users accept that B 11 7 does not 
correlate well with actual exposure. 
Nevertheless, it is still in common use, 
particularly for quality control applica
tions or comparing different materials. 
ASTM B 117 uses a salt fog of 5% NaCl 
to accelerate the natural torrosion 
process. 

30 min, then run the EIS curve. To 
obtain the most consistent results, 
the samples should be removed 
from the cabinet at the same 

Figure 4-Equivalent circuit used in the REAP proce
dure. The ConstantPhase Element is indicated by 0. 

Based on comments from within the 
industry, ASTM B 117 is not considered 
to be a useful technique for evaluating 
coatings and its use with EIS is not rec
ommended. 
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point in the cycle. If possible, co
ordinate multiple panels so they 
are outside of the cabinet for the 
same amount of time. 

SAE J2334 Laboratory Cyclic 
Corrosion Test8 was developed by 
the automotive and steel industry 
specifically for automotive coat
ings and is widely used by both 
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the stress method does not change the 
mechanism of failure and ( 2) the stress 
method is sufficiently analogous to the 
service conditions to be relevant. The 
ultimate goal is a short test that pro
duces a predictive result. 

Thermal Cycling 

Bierwagen9 has investigated the ac
celeration of coatings failure by high 
temperature. An increase in temperature 
will increase the rate of diffusion of the 
electrolyte into the coating, reducing 
the barrier properties of the coating and 
possibly enhancing the chemical and 
physical "aging effects" from attack by 
the electrolyte. 

The sample is immersed in the elec
trolyte (0.05% NaCl and 0.35% 
NH4SO 4) from ASTM D 5894. An EIS 
curve is obtained at room temperature, 
35° , 55° , 75° , and 85°C, then in the 
same sequence back to room tempera
ture. The EIS data is obtained at each 
temperature after equilibrating for 20 
min. A complete test procedure consists 
of three temperature cycles, followed by 
a three-day immersion, and a final EIS 
scan. A complete test period requires 
about one week. To obtain similar re
sults with a Prohesion Test may require 
4-12 weeks.

The behavior of the EIS curves dur
ing the thermal excursions provides an 
indication of coating quality and corro
sion resistance. As the temperature is in
creased, the total impedance at low fre
quencies is reduced. When the sample 
is cooled, the low frequency impedance 
may (Figure 2), or may not (Figure 3), 
return to its original value. The return of 
the impedance at low frequency to its 
initial value is an indication of good cor
rosion resistance of the coated sample. 

If the temperature range of the ther
mal cycling test includes the glass tran
sition temperature (T ), it might be wise 
to run two tests: one fhat remains be
low T and another that incorporates 
the nirmal temperature limits. 

Rapid Electrochemical 
Assessment of Paint (REAP) 

In 1996, Kendig and coworkers pub
lished an electrochemical approach to a 
24-hour determination of the time-to
failure of an automotive coating on 
mild steel. 10 The Rapid Electrochemical 
Assessment of Paint (REAP) protocol in
corporates an impedance measurement 
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to determine the 
barrier properties 
of the coating and 

Figure Sa-Impedance response of an epoxy coating on steel to the 
AC-DC-AC procedure. (Figure 3 from reference 12.) 
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a cathodic dis
bonding procedure 
to determine the 
damage caused by 
corrosion at the 
metal-paint inter
face. To our knowl
edge, the REAP test 
is the only pub
lished procedure to 
combine an EIS 
measurement with 
a physical test for 111.01 mH, ioo.o mHz i.ooo Hz 10.00 Hz 100.0 Hz 1.000 kHz 10.00 kHz 100.0 kHz 

paint adhesion. Frequency (Hz) 

The EIS meas-
urements were per
formed in 0.5 M 
NaCl. The imped
ance was measured 
immediately after 
immersion and 
again after 24 hr. 
Although a fre
quency sweep from 
104 to 0. 1 Hz is 
sufficient to charac
terize the sample 
initially, a lower 
frequency of 0.01 
Hz is needed for 
the later scan. The 
lower frequency is 

Figure 5b-Phase response of an epoxy coating on steel to the AC
DC-AC procedure. (Figure 3 from reference 12.) 
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necessary to define 
the EIS curve after 
the development of 
a Pore Resistance 
and a Polarization Resistance. 

The equivalent circuit shown in 
Figure 4 was used to model the system. 
Notice that the authors chose to use a 
Constant Phase Element (CPE) instead 
of a capacitor to model the coating
metal interface. A CPE has been de
scribed as an "imperfect capacitor" and 
is mathematically expressed as: 

Zcpe = ( 1/Y0)/ (jco )" 
YO is a constant, j = ( -1 )'i', co = 2rcf, and 
a is a constant between O and 1. If a = 
1, Y0 is the capacitance. The use of the 
CPE as an element in the equivalent cir
cuit is left to the discretion of the user. 
Use of a CPE can sometimes give a bet
ter fit with a model. Even though the 
CPE does not have a simple explana
tion, it is relatively popular in the elec
trochemical literature. 

The cathodic disbonding experiment 
is performed on a second identical sam
ple. The sample is scribed through the 
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paint to expose the underlying metal. 
The scribed sample is immersed in 0.5 
M NaCl and a potential of - 1050 mV is 
applied for 24 hr. The primary reaction 
is the reduction of oxygen. 

02 + 4e- + 2H20 ➔ 40H-

The alkaline environment produced 
by the cathodic reaction is particularly 
detrimental to the adhesion of the coat
ing to the metal. The coating is further 
stressed by the oxidation of the metal 
(usually iron) to the oxides, which have 
a higher volume than the base metal. 

After completion of the cathodic po
larization, delamination of the coating 
is measured by placing tape across the 
scribe and pulling to remove the por
tion of the coating that has disbonded. 

The goal of the REAP technique is 
ambitious, since the authors not only 

1 had to define the parameters to predict 
time-to-failure, they also had to define 
time-to-failure itself, a not insignificant 
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