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The experimental results have demonstrated convincingly the importance of proper surface preparation. |t has
been found by a comparison of coated metals and a free film that corrosion products of steel can cause stressss in
the coating which produce defects. Surface preparation can also affect the structure of phosphate layers which in
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turn can change theé nature of transport phenomena. Using EiS it has been shown that an anodized surface layer 2
on Al produces pe’tter corrosion protection of the polyurethane coated surface than a conversion coating layer. S
New insight intb reactions at the metal/coating interface has been obtained with the use of segmented electrodes %

which allow.the recording of EIS data under the coating. This new technique has beer applied to steei/steel,
Cu/stee! and Zn/steel electrodes. Analysis of the EIS data allows an estimate of the effective delaminated area
under ghé coating and the corrosion rate of the surface. Cathodic protection was observed for steel in the Zn/steel
couplé. The role of pigments such as phosphates, chromates and Zn dust and the importance of transport pheno-
meria has also been studied with EIS during exposure of coated steel to NaCl.
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1.0 INTRODUCTION

The objective of this research program has been to develop a method-
ology for predicting the lifetime of polymer coated metals exposed to aggres-
sive environments. A major result of the work is the roadmap introduced in
Fig.1l showing the steps involved in the degradation of the polymer/coating
compound. Several relatively new concepts have been developed during the
course of this study to evaluate the relative probability for a polymer coated
metal to proceed to each of the steps in a global model for corrosive degrada-
tion, New experimental techniques such as electrochemical impedance spectro-
scopy have been developed for the study of polymer coated metals since it
became obvious very early that traditional techniques such as measurements of
the coriusion potential or the polarization resistance were not suitable to
cbtain the information which was thought to be necessary for the development
and application of a lifetime prediction model. Previous work devoted to the
determination of the corrosion mechanisms of polymer coated metals concen-
trated on the bulk transport of corrodents through the polymer coating. While
the importance of the hydrophobic nature and the barrier properties of the
polymer coating in providing protection of the metal substrate against corro-
ston should not be ignored, it must be recognized that the initiation and
propagation of corrosion is related to coating defects. Furthemmore, the
mechanical strength and adhesive properties of the coating play perhaps a more
important role in the overall integrity of the polymer/metal compound than the
transport of corrodents through the bulk polymer. Based on the information
generated during the course of this project it is concluded that a general
model of the interaction of the substrate, the coating/metal interface, the
coating and the environment as represented in Fig, I provides the most fruit-
ful means for evaluating the relative lifetime of polymer coated metals.

1
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2,0 DESCRIPTION OF THE LIFETIME MODEL

The schematic in Fig. 1 contains the elements of the lifetime modei
which is the result of the research performed during the duration of this
project. The elements of the model fall into the category of system variables
describing the surface of the substrate, the coating and the environment, or
the category of processes which determine the degradation of the coating/metal
compound. These processes include formation of defects in the coating and at
the metal/coating interface, transport of corrodents to the metal, loss of
adhesion, corrosion and failure, The lines joining the processes and varia-
bles in Fig. 1 indicate the causal relationships of the system variables and
processes and their independence,

.
INVIRONWNT ——  BURFACE CNEPUSTRY —4{ COATHIS CHENISTRY b
(E} o mowamen s

-0;1 OLTLCT FORMATION 4 bo-—end{ DRCOMUSION OF COATING'
L . ’
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!

LOSS OF ADNESION &

- ——— s - —

e st 1 e e ¢ e v el

i
Ot
H
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EEE R T N T T T TR T T T S T S

Fig. 1 Schematic of the lifetime prediction model,
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2.1 System Variables

The environmental variables which may include UV and other radiation,
pH, oxygen concentration, water activity, temperature, electrolytic conductiv-
ity, and the concentration of other corrosive species such as SO or sulfide
provide the driving force for the penetration of the corrodents (e.g., through
the dependence of the diffusion rate on the activity gradient). The environ-
rental variables may also have an effect on the mechanical properties of the
coating (process 1-5 in Fig. 1). For example, water may swell the coating and
UV radiation can have an embrittling effect on the coating which may lead to
the formation of defects in the coating via decohesion of the film as shown by
the lines 8-4 and 6-4 in Fig, 1,

The surface chemistry of the substrate is governed by the bulk
chemistry of the metal and can be affected by the method of pretreatment, A
Ygood" or “bad" surface resulting from a certain pretreatment process may lead
directly to loss of adhesion (process 2-8 in Fig.l1), corrosion (process 2-9)
and defect formation in the coating as a result of poor wetting of the surface
by the liquid coating (process 2-4).

Coating chemistry governs the mechanical properties of the coating5
and the permeation rate of corrodents’ such as oxygen, water and electro-
lyte. For example during the course of this research it has been found that a
coating which is very hydrophobic, but also very brittle provides poor protece
tion, Evidence exists to suggest2'5‘7 that corrosion itself contributes to
the rupturing of the ccating and hence the propagation of corrosion as
indicated by the process 9-6 in Fig. 1.

2,2 Degradation Processes

The corrosion of polymer coated metals involves the processes of
defect formation, penetration of corrodents, lgss of adhesion and corrosion,
which eventually lead to failure of the coated metal.2 The defect formation
accelerates the penetration of corrodents and provides initiation sites for
the corrosion reaction. This can produce extensive corrosion leading to

3
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failure provided a loss of adhesion takes place. Loss of adhesion is, in
fact, promoted by corrosion itself throuygh the formation of cathodic sites
adjacent to the anodic defect. The reaction at the cathode in neutral NaCl:

1/2 0y + HoO > 20H" - 27, (1)

produces a local increase in the pH which has a detrimental effect on the
adhesion of the polymer to the substrate. A number of mechanisms could
account for this behavior including alkaline hydrolysis of the polymer, the
oxide interphase or the metal oxide-polymer bond., Most likely a number of
different effects contribute to this process.,

The initial stages of the corrosion reaction at the metal/coating
interface depend somewhat upon the surface preparation.2“7 Certain surface
preparations can remove metal sulfides from steel substrates which serve as
initiation sites.d The presence of unremoved scale on the surface can cause
formation of crevices and lead to poor adhesion or wetting which can provide
sites of rapid initiation of corrosion.8

Inhibiting pigments placed in the coating slow down the corrosion
rate of the metal and improv2 the lifetime of the coating/metal system.
Experiments performed in this project have shown that chromates that are
slightly soluble produce highly permeable and boorly adhering coatings on
steel, but increase the lifetime of the coated metal if a sufficiently
adhering layer exists next to the coating/metal interface.

The definition of ultimate failure of the coating/metal system de-
pends somewhat on the use of the structure involved and the purpose for which
the coating is applied. In many cases, all that is required of the coating is
that the structural integrity of the system be preserved. In this case the
appearance of small rust spots or filiform corrosion will not define fail-
ure. On the other hand, any corrosion in food containers will define failure

4
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of the coating/metal system. In other cases any corrosion which provides a
slight dimensional change defines failure. Coatings often protect against
functional failure. Coated electrical components fail when the component does
not operate properly despite the possible absence of any gross corrosion
products.

The schematic shown in Fig,1 provides a roadmap to follow in speci-
fying the rate determining step and the uitimate lifetime of polymer coated
metals, For any given system a certain number of the paths shown in Fig.l
will be either active or inactive. The relative probability of a coating
failure can in principle be determined by evaluating the probabilities for
each of the processes leading to failure. Only a qualitative description of
the mechanism of corrosion of polymer-coated metal can be made at present,
although the relative ratos for several of the processes described here have
been evaluated for certain specific systems (polybutadiene or epoxy coatings
on steel or Al) during the course of this project. The results of this work,
however, suggest the validity of the overall mechanism outlined in Fig,1,

Any evaluation of the lifetime of coated metal should endeavor to
find which of the pathways shown in Fig., 1 is followed and which process is
rate determining in the failure sequence. The following section describes
methods for evaluating the relative rates for each of the processes described
in Fig. 1.

5
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3.0 EVALUATION OF DEGRADATION PROCESSES

As shown in Fig.l and discussed above, degradation of polymer coat-
ings can occur in several steps which involve formation of defects, transpert
of corrodents, loss of adhesion and finally corrosion at the metal/coating
interface. For the evaluation of these degradation processes a number a new
techniques have been developed and applied mainly to coated steel during the
course of this project.

3.1 Defect Formation

The formation of defects can occur during application of the coating,
as a result of reaction of the coating with the corrosive environment and/or
due to the build-up of stresses resulting from the formation of corrosion

a products at the coating/metal interiace. Defect formation has been studied
mainly with electrochemical impedance spectroscopy (EIS) during exposure to
air-saturated NaCl solution. Some preliminary tests have been performed with
the scanning impedance probe (SIPT). Use of these methods along with mechan-
ical testing has demonstrated the importance of the mechanical properties of
polymer coatings in determining the propagation of defects in polymer coated
steel,

3.1.1. Electrochemical Impedance Spectroscopy {(EIS)

grsé4-12 provides an excellent tool for determining the presence and
development of defects in polymer coatings on steels and aluminum, The fre-
quency dependence of the electrochemical impedance distinguishes various
properties of the polymer coating from the response of the polymer/metal
interface,

For the evaluation of the impedance of a polymer coated metal, an
equivalent circuit has been found to be most suitable which consists of the
solution resistance Ry of the test electrolyte, the capacitance C. of the
nondefective portion of the coating layer, a resistance Rpo that shorts the

6
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coating dielectric, and a general impedance Zy, which characterizes the
reactions at the metal interface (Fig. 2a.). C. depends on the dielectric
constant and the thickness of the polymer:

Cc = e gA/d, (2)
where

¢ = the dielectric constant of the coating

gg = the dielectric constant of free space

A = the cross sectional area of the coated specimen

d = the coating thickness

Typical dietectric constants for polymer coatings range between 2-
4,13 Since the dielectric constant of water equals 80, absorption of even
smali quantities of water by a polymer film produces a significant increase.
As a result C. provides a sensitive measure of the penetration of the coating
by water.14

Rpo 1s refirred to as a pore resistance because it results from the
penetration of electrolyte into defects of the coating which causes a conduc-
tive path to the serfice. These defects may be actual pores containing bulk
electirolyte or they may Le virtual pores of heightened ionic conductivity
formed as a result of insufficient c.ross-h'nlulng.13'16

For the systems studied here, Zj cIn be characterized by a polariza-
tion resistance Rp in paraliel with a double layer capacitance, Cyq (Model I in
Fig. 2(a)) or by Rp in series with a Warourg or pseudo-Warburg tmpedance Z,
(Modet II in Fig. 2(&1)).4"8 Details of these interfacial m:cels will be dis-
cussed in greatar detcil in Sec. 3.3 and 3.4, which deal with the interfacial
phenomena of adhesion loss and corrosion, respectively.,

7
C7509TC/bje

................ T — —— ey



’l‘ Rockwell International

Science Center

SC5222.FR
GENERAL MODEL §C81-14045
(4
11
L
wl —
L—MN—- Z |
Rpo
MODEL 1 MODEL ||
c, c
L 11
1l 1l
= AAA— Cyq p—— e AAA—— e
Rg !I Ra
Rpo 4 Rp Zg
P (a)
r Rg = 10 Q 90
Rpg = 1000 Q
o po -
Ry = 10 KQ 7N
e 6F C =10nF { " '
& N h-
] / g
£ P 2
: >
§ :
(-4
[ £
1200 L] Ll LE L] T T L T N L)
- Rg=10Q y
10000 Rpg = 1000 @ 1
- Rp= 10KQ
] 2 4 6 8 8000 I C =10nF ~
o Cy s 1UF Ny
{b) Log w, w in radians /s g d
6000 - 4
&
] L -
},I, 4000 | -
2000 4
0 03000 4006 6000 9300 10000 12000
{c) Z', ohms

Fig. 2 Electrochemical impedance of polymer coated steel: {(a) Circuit

analogs, (b) Bode-plots for Mode

I with parameters in the inset,

(c) Nyquist plot (-2" vs Z')of spectrum in Fig. 2(b).
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For simple cases, the frequency dependence of the impedance for a
polymer-coated metal allows the different components to be evaluated. For
example, Fig 2(b) shows a Bode-plot (log of the impedance modulus, log |Z|
(|Z| in ohm), vs the log of the measurement frequency, log «{win rad/s )) for
a hypothetical case of Model I (Fig 2(a)). The dashed lines show the fre-
quency characteristics for each of the elements of Model I. At high frequen-
cies, |Z| becomes independent of frequency and equal to Rn. At intermediate
frequencies between w ~ 103 and 10° rad/s, a plateau in the log |Z| vs 109 w
. curve occurs as a result of the shorting of the coating capacitance by Rpo‘

N The impedance ‘ZI for the plateau equals Rpo + Rg. Only at the lowest fre-

B
o S A3 ;.

T L P

b

g )

)

%’;' quencies does the polarization of the interface become apparent as an increase
3 ' of |Z| with decreasing v due to the ! frequency response of the double layer
& ' capacitance Cq. For w » 0, a Vimiting value for |Z| is approached which is

? k- the dc 1imit Ryc = Rg+ Rpg + Ro. In many situations Ry >> Rg+ Rpg, for

9 " which case Ry. ~ Rpye The phase angle in Fig. 2(b) shows the presence of two

time constants, which is typical for simple cases of filmed electrode

- v
R e

surfaces,

Co

Impedance spectra may also be presented as Nyquist plots (negative
out-of-phase impedance (imaginary component), -Z", vs in-phase impedance (real
component), Z'). The Nyquist presentation of the example of Model 1 appears
in Fig. 2(c), where two semicircles occur. The small, high frequency semi-
circle intersects the real axis at points equal to R, and Rq + Rpo' respec-
tively, and allows, therefore, an evaluation of Rpo' Bode-plots are preferred
for analysis of impedance spectra, since all frequencies are equally repre-
sented, The phase angle is very sensitive to the existence of additional time
constants and/or deviations from a specific model used for analysis.

The measurement of the electrochemical impedance of polymer-coated
steel has been described in detail in various papers resulting from this
work,4=12 & number of advances related to enhancing the speed and accuracy of
the impedance measurement have been made . 17

9
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As a test of the validity of the model, Fig. 3 shows the impedance
for a polymer-coated steel exposed to 0.5 M NaCl after a defect was placed in
the polybutadiene coating with a pin, Very good agreement of the characteris-
itic features with those of model I in Fig. 2(a) and the typical spectrum in
Fig. 2(b) is observed. Two time constants occur as becomes obvious from the
maxima of the phase angle at frequencies exceeding 2 » 10% Hz and at about
5 Hz. The capacitance (. determined at the highest frequencies corresponds to
that calculated from Eq. (2) for the exposed area A = 20 cm? and the coating
thickness d = 8-10 yn. The pore resistance Rpo has a value close to
500 @ (10000 Q - cmz)and Rp is approaches 5 104 Q. The analysis of this
spectrum is facilitated by the wide separation of the two maxima of the phase
angle.

$C38438
6 | T T T T T T 90

POLISHED & DEGREASED/PB

5 b STEEL/0.5N NaCl
ONE PINHOLE (3 x 103 cm2)

LOG Z (jZ] in ohm)
PHASE ANGLE (DEGREE)

0 1 1 1 1 i 1 i 0

-1 0 1 2 3 4 6 6 7
LOG wlw in rad/s)

Fig. 3 Bode plot for a polymer coating after damaging with a pin,
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EIS was applied to 8-10 um polybutadiene coated specimens having the
different pretreatments listed in Table 1. The pretreatments in Table 1 were
used as discussed in Federal Specification TT-C-490B. Other pretreatment
processes were selected in an attempt to produce a wide variety of initial
surface structures,

Table 1
Surface Pretreatments

Treatment Description

Degreased (D) Trichloroethylene, 15 min
TT-C-490 Method II

Polish (P) Wet polish, 600 grit SiC

P+0D P followed by D

D + HA Polished (P) followed by 5 min, 100°C hot alkaline
treatment (TT-C-490) :

D+ AD Degreased followed by alkaline derusting (AD) 10 min,

50°C, TT-C-490, method V, Type III

P +D +inh, HCL Polished (P) and degreased (D) followed by treatment
for 5 min in room temperature 42 v/o HC1 + 5.8 g/1
2-butyne-1,4-diol

D + AE Degreased (D) followed by an anodic etch for 2 min at
0.1 A/em2 in 30 v/o H2504
D + HNO3 Degreased (D) followed by passivation for 30 min in

concentrated HNO3 at room temperature.

Examples for the changes of the impedance for coated steel during
exposure to 0.5 M NaCl are given in Figs. 4-7, Figure 4 shows the Bode-plot
for a surface which was degreased and then treated in the alkaline derusting
procedure (Table 1), Deviation from capacitance behavior occurs only for

. frequencies below 1 Hz (Fig. 4). This deviation does not change very much
with time, The coating capacitance stays constant at about 0.1 F, indicating
that the film thickness (about 6 m) does not change during the short exposure
time,

11
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Fig. 5 Bode-plots for coated steel (D + HNO,),
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Fig. 6 Bode plots for coated steel (initial rust spots not removed).

l Ladhiadid

Y

\‘)

A

10 sagenl

T T
Ly spaxsl

Pefthgategyt
[ X4

*
"
LI SR )
FTYTOy i
O sees N
& st
& eswmd)
WD a8
MRYED .
- 1 - B N | ] )
. - [ » - - - »

E LR Xll"l

) S II!IHJ
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While the coating on the surface which was cleaned by alkaline

« derusting stayed very protective, relatively rapid deterioration of the pro-
tective properties of the coating occurred for the treatment of concentrated
HNO4 (Fig. 5). Already after 2 h exposure, pronounded changes from that of an
intact coating can be observed. After 19 h and 45 h exposure, the impedance
and the phase angle have changed drastically and two semicircles are observed
in the complex impedance plot. Using a curve-fitting procedure for determina-
tion of semicircles in the complex impedance plot,18 Rpo and Rp were calcu-
lated as Rpo = 12.8 kQ and Rp = 122,2 kQ for 19 h exposure and Rpo = 395 kq,
and Rp = 21.3 kQ after 45 h, In both cases, the low frequency circle had its
center below the real axis in a complex plane plot. After 45 h, the coating
has become thinner or has an increased dielectric constant due to water
uptake.14 as indicated by the increase of the capacitance from 0,012 w to
0.17 wF. A number of rust spots were observed after the 48 h test. This
pretreatment gave by far the pourest results.

While for most surface pretreatment procedures (with the excpetion of
HNO3-passivation), very little degradation of the coating properties occurred
as shown by the impedance measurements, relatively rapid changes were observed
for surfaces from which rust particles were not removed before application of
the coating. Figure 6 shows examples for surfaces with a small (A) and a
large amount of rust particles (C). After 7 h exposure for the first case,
Ryo was about 2.3 « 109 o, while after 5 h, Roo was about 8.9 . 103 a for the
second case, Complex impedance plots showed a semicircle at high frequencies
corresponding to the time constant related to Rpo and C.. The lower frequency
impecance behavior determined by |Z| could not be accurately resolved into
individual components. These results show that AC impedance measuraments can
detect in a very short time the harmful effects of surface contamination on
the protective properties of an organic coating.

. The impedance data for the coated steel seem to follow Model 1 shown
in Fig, 2. Since in most cases very little corrosion occurred in the 48 h ex-
posure period, Rp remained very high and could not be determined at the pres-
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ent low-frequency limit of 20 MHz, The pore-resistance Rpo has been deter-
mined from the experimental Bode-plots for the surface pretreatments in Table
1. Figure 7 shows the time dependence of Rpo for exposure to 0.5 N NaCl, For
the alkaline derusting treatment and the sample which was degreased only, the
impedance at w = 1 rad/s (0.16 Hz) exceeded 10’ Q, at all times., The impe-
dance for the sample with the hot alkaline treatment initially also exceeded
10 Q, but then dropped to lower values with increasing exposure time and
stayed below the values for the anodic etch and the acid pickling treatments.
For polished surface and for passivation in concentrated HNO5, Rpo decreased
faster than for the other surface treatments. For the surface from which rust
was not removed before coating, the lowest initial and final (with the excep-
tion of the HNO3 treatment) Rpo values are observed.

The data in Fig. 7 can be used for a ranking of the effect of surface
pretreatments on corrosion protection by the polybutadiene coating., This
ranking in order of decreasing resistance to environmental effects based on
the values of Rpo at 48 h is the following: degreased = alkaline derusting
> anodic etch = HC1/Inh, = hot alkaline > polished + degreased = polished »
low rust = high rust = concentrated KNOj.

This ranking results in four groups of different resistance to
corrosion attack,

Figure 8 shows the variation of Ryg vith time in the first 7 days of
exposure to 0.5 M naCl, for films formed on steel with different surface pre-
treatments, as compared to Rpo for a free-film surface measured in the Hittorf
cell, Since the exposed areas of the free film and the polymer-coated metal
were different, the data for the free film have been normalized by multiplying
the raw impedance data by the area ratio 5.1/19.7. The thickness of the free
film was comparabie to the thickness of the coating on steel, as determined
fron normalized capacitance data. The values of log Rpo for the different
surface pretreatments and the free film extrapolate back to nearly the same
Rp0°, the value of Ry, at zero time. However, Ry, for the coatings on the
metal substrate decreased in time, while Ry, remains virtually unchanged for
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Fig, 8 Time dependence of the pore resistance Rp0 for a free film
(polybutadiene) and for the same coating on steel with different
pretreatments,

the free film, Rpo for coatings on the metal substrates decrease by different
amounts, depending on the surface pretreatment, The polished and degreased
specimen showed only an order of magnitude decrease, but Rpo for the samples
which were polished or treated in concentrated HND3 or in the hot alkaline
solution before coating decreased to a much greater extent upon prolong
exposure, For the sample with the hot alkaline treatment (Table 1), Rpo
decreased by more than a factor of 10% after 7 days.

Rpo would seem a priori to depend entirely on the nature of the
polymer coating and would have no significant reiationship to the surface
preparation, In fact. at initial times before significant exposure to the
electrolyte, Rpo shows little variation with pretreatment (Fig. 8). However,
as time progresses, the value for Rpo of the coatings on differently prepared

16
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substrates decreased at different rates., Significantly, Rpo for the free film
remains essentially constant. Clearly, the presence of the substrate enhances
the short circuiting of the polymer film by the conducting electrolye, Al-
though the chemical or electrochemical gradients across films formed on metals
might provide the driving force which decreases Rpo of coated substrates, it
seems more likely that mechanical stresses produced by growing corrosion pro-
duct films or Hy evolution enlarge defects initially present in the polymer
coating. Hence, for a given polymer coating, the coating/metal interface most
susceptible to corrosion will induce the most rapid decrease in Ry,

These results emphasize the importance of the mechanical stresses
provided by the generation of corrosion prducts at coating defects and lead to
the model shown in Fig, 9 for the degradation of polymer coated steel, Corro-
sion initiates at critically present defects in the coating (pores or virtual
pores of heightened ionic conductivity). As the corrosion reaction proceeds,
oxide developes at the anodic site of the defect which drives the adjacent
interface cathodic causing cathodic disbonding.2 The stresses in the coating
produced by the growing oxide rupture the coating, thereby propagating this
process. Two mechanical processes, coating rupture and adhesive failure, are
impoitant to the propagation process and will be discussed in greater detail
in Sects. 3,1.2 and 3.3, '

3.1.2 The Role of Mechanical Stress

The evaluation of Ry, for coatings as a function of coating extension
demonstrates the role of stresses in propagating the development of coating
defects. Figure 10 shows the dependence of Rpo on strain for a PB-coated
steel as compared to the stress vs strain behavior of the coated coupon, A
significant decrease in Ryg occurs between the elastic region of the metal and
its yield point, Ry decreases further with additional strain. The decrease
of Ry occurs within the elastic limit of the steel and indicates a brittle
coating., A more ductiie coating, however, will nol show a significant de-

. crez 2 in Ryo at such a small % strain, as {s the case for the specimens

17
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Fig. 9 Mode! for the coating degradation process due to build-up of
corrosion products.
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Fig. 10 Pore resistance Rp vs extension for coupons of polybutadiene-
coated steel (P + 8).
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ey %i coated with epexy (EPON 1001)/polyamide (Versamide 125), where the epoxy wt.
N - < . . .

ﬁ;;b_:, fractions are 0.6 and 0.7, respectively {(Fig. 11). The polyamide component of
f}k,?i3 the epoxy, a condensation product of a polyamine with ratty acid, imparts
%jﬁ% b, ductility to the coating. Hence, the coatings having lower epoxy cantent (0.7

?iiﬁ' : , and 0.6 wt. fraction epoxy content) contain more polyamide than the 0.9 and 0.
: 8 wt, fraction materials and are more ductile. Accordingly, they show no

W\

Ei'é.ﬁf. sharp drop in Ry, upon going from an elastic strain (1.8% or 0.14 cm for the
;’ B coupon) to plastic strain at 0.28 cm. Too much polyamide (0.6 wt. fraction
Sﬁ;I?{; epoxy), however, results in a coating which has an initial Rpo that is toc low
; _”“-: (ca. 104-10° Q) for adequate protection, The more brittle 0.8 wt. fraction
l;f'il epoxy shows a high initial Rpo which drops rapidly with strain (Fig. 11). The
Z- ;;-i most brittle material (0.9 wt. fraction epoxy) has a low initial Rpo of 10° ¢
ff ) which drops to a very low value of 100 @ with only 5.2% strain (Fig. 11). The
Zfldff"' . coating with 0.7 wt. fraction epoxy performs the best having a high initial
%g; .lﬁ: Rpo that changes little with up to 5.2% strain. These results demonstrate the
,&v- -;; ‘ need for a compromise between high initial Rpo and polymer durability under

kﬁ strain, High polyamide fraction produces sufficient ductility, but lowers the
B initial Ryo. Good corrosion protection requires high values of Roo (Tow

gy number of defects or low jonic mobility within the coating), and no mechanism

for Rpo to decrease as a result of stress produced, for example, by growing
corrosion products at the coating/metal interface.

3.1.3 Analysis with the Scanning Impedance Probel9,20

A potentially useful tool for detecting the presence of defects in
coatings is the scanning impedance probe technique (SIPT), a schematic for
which appears in Fig.,12, This device evaluates the impedance between the tip
of a porous fiber containing a neutral electrolyte and the substrate., The
measurement is highly localized and the impedance measured at a constant

: frequency may be evaluated as a function of positition of the probe tip on the
specimen, For example, drops of concentrated NaOH were placed at one spot on
a coated Al alloy. After a period of time, a point of low resistance appeared
which could be mapped by the probe (Fig. 13). This technique has yet to be

19
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Fig. 13 SIPT map for polymer coated Al alloy subjected to localized
degradation by 1.0 M NaOH.,

exploited to its fullest. It will be most useful for evaluating the existence
of defects which are initially present in polymer coatings on metals.,

3.2 Transport of Corrodents

Permeation of organic coatings by various constituents of corrosive
electrolyte has been studied extensively. The reader is referred to the
literature covering this subject, in particuiar, the work by Ruggeri and
Beck .2}

Initially the coating itself represents the major barrier to the
transport of corrodents to the interface, Rpo as described in Sec. 3.1 is
related to the transport of corrodents to the surface of the metallic
substrate, The coating capacitance increases with water uptake., With time
and after significant disbonding of the coating from the metallic substrate,
significant transport occurs parallel to the coating/metal interface at the
disbonded portion of the metal., Details of this process will be discussed in
Sec. 3.4.
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3.3 Loss of Adhesion

Once corrosive species have reached the metal/coating interface,
corrosion and disbonding of the coating can occur. In some cases where the
metal surface is quite corrosion resistant, loss of adhesion of the coating
does not lead to corrosion damage., Disbonding of the coating has been studied
in this project with the reflected pulse and the acoustic emission tech-
niques. Some indirect evidence for the degree of disbonding has been obtained
by recording impedance spectra between segmented electrodes under the coating
as will be discussed in Sec. 3.4.2.

3.3.1 Cathodic Disbonding

As discussed above, the cathodic half of the corrosion reaction (Eq.
(1)) is extremely detrimental to the adhesion of the polymer coating to the
substrate, This fact may be demonstrated by a rather simple test. A scratch
placed in a polymer-coated steel which was then exposed to 0.5 M NaCl and
polarized to potentials more negative than the corrosion potential caused
extensive disbonding of the polymer coating., On the other hand, when the same
scratched surface was polarized to potentials positive to the corrosion poten-
tial, only highly localized anodic dissolution was observed with no signifi-
cant disbonding at the perifery of the scratch.

This simple procedure forms the basis of a test similar to that of
ASTM G8-79 for the relative susceptibility of a coating to undergo cathodic
disbonding., Coated steel specimens were scribed using a silicon carbide chip
to place two 2.5 cm marks bisecting at 90°, The specimens were polarized at
-1050 mV vs SCE typically for 1 h, The time for the test may be modified for
coating systems which have a high resistance to cathodic disbonding., The
current and total charge passed during the test were recorded. Following the
polarization, adhesive tape was immediately applied to the coated surface. A
pull of the tape removed the portion of the coating delaminated by the cath-
odic disbonding. The area delaminated Ay was determined by integration from a
photomi.rograph,

22
€7509TC/bje




‘L‘ Rockwell International

Science Center

SC5222.FR

During the polarization of the defect, most of the cathodic current
eminates from the initial defect, and only a small amount of the current comes
from the delaminated region. An estimate of the relative delamination rate
may be made from the delamination efficiency g

e = Ag/0 | (3)

where Q is the total cathodic charge that is passed,

Table 2
Cathodic Disbonding Results for Various Pretreatments
Time of Ad Q &

Treatment test (h) (cm2) (coul,) (cm?/coul.)
1. Polybutadiene
HA 1 34 0.69 20.4
HNOS 1 3 1.00 29.5
D 1 36 1.13 31.3
P+D 3 138 4.43 32.8
HAL 1 37 1.29 34.8
P 1 41 1.88 46,2
AD? 1 40 2,34 58.8
P + AL 3 140 8.45 60.4
inh HQ 1 40 2.51 62.6
AD 1 40 1.7 67.9
2. EVA Laminate
No adh, prom, 0.5 55 0.77 14.0
adh, prom,3 0.5 5 0 0.0

21; No silicates
2) Ending with cathodic cycle

(3) Formulated organosilane - Springborn A11861
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Table 2 shows ¢4 for specimens with the treatments described in Table 1. The
samples with the hot alkaline treatment showed a significant resiciance to
cathodic delamination with g4 = 20.4 cmz/c as compared to the degreased, as
received specimen (D) with ¢ = 31.3 cm/C.  The HNO- treated and the polished
and degreased surfaces (P + D) showed efficiencies similar to the blank

(P + D) with efficiencies of 29,5 and 32.8 cmZ/C, respectively, The alkaline
derusting and inh, HCl pretreatments apparently enhance the probability for
cathodic disbonding to take place,

Delamination of an inflicted defect does not require mass transport
through the coating, Thick (> 0.1 mm EVA) laminates also exhibited cathodic
delamination from the steel in the absence of a suitable adhesion promoter
(Table 2). The dimensions of these films preclude transport through the film
during the short 0.5 h test. Consequently, the delamination results from
lateral transport of the cathodically generated OH™ at the defect.

When the cathodic delamination results are comparted to surface
properties obtained previously by Auger electron spectroscopy.2'3 it is found
that the cathodic delamination shows no preference for either substrates with
thick oxide films (> 50A) or thin films (< 50A), nor for degree of hydroxy-
lation of surface oxides as indicated by XPS analysis of surface OH™ concene
tration, Further analysis of these surfaces suggests that the presence of
small quantities silicon-containing compounds on the surface improves the
resistance of the coated surface to cathodic disbonding,

A number of methods for evaluating the loss of adhesion of a coating
from the metallic substrate have been investigated. Disbonding about a cathe
odically polarized defect produced a dramatic change in the electrochemical
impedance spectrum (Fig. 14), except for the ohmic resistance of the coating
defect which remained constant at 11 g (Fig. 14a). After the polarization, an
approximate 2.5 cm diameter region of delamination appeared around the defect
and the corrosion resistance (approximately equal to the d.c, limit of the
impedance spectrum) decreased from 583 Kohm to 4.6 Kohm., In addition, a large
drop in the maximum of the phase angle and a decrease in the slope of the
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Fig. 14 Impedance spectra for a coating defect before and after cathodic
disbonding around the defect.

log|Z| vs log wcurve in the 10-1000 rad/s region occured after delamina-
tion, This is consistent with the model for the delaminating defect shown in
Fig. 15a which comprises a transmission line analog for the electrochemical
impedance. A pore resistance, Ryorq, and a shunt resistance, Rgp, define the
initial defect, where the shunt resistance represents the polarization resis-
tance at the initial defect, However as the disbonding takes place about the
initial defect, parallel elements representing the corrosion resistance and
double layer capacitances of the metal/coating interface (Rpi and Cp1) and a
series resistance, Rgy, representing the series resistance of the crevice
formed between the disbonded coating and the metal surface contribute to the
impedance. The development of this transmission line type of impedance lowers
the phase angle, This is illustrated in Figure 15b which shows the Bode plot
for an interface with 10 elements representing the initiation of debonding and
that for 1000 elements representing extensive disbonding, This qualitatively
models the experimental results shown in Fig., 15a. The dc limit , i.e.,
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corrosion resistance, is also lowered as more conducting elements Rpi short
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Fig. 15 Schematic for the electrochemical impedance for a cathodically
disbonded region, (a) model and (b) Bode-plots.
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3.3.2 Analysis with the Reflected Acoustic Pulse Technique

Reflected acoustic pulses provide a another nondestructive method for
assessing the extent of disbonding or loss of adhesion at the coating/metal
interface. Figure 16 a shows a schematic for the use of the reflected acous~
tic pulse technique for evaluating the integrity of the coating/metal inter-
face. The time delay between the pulse reflected from the coating/metal
interface (Py) and that from the coating/couplant (water) interface (P,)
depends on the coating thickness and the velocity of sound in the coating
(1.62 times that for water). A pulse P, also reflects from the back of the
metal substrate, but this may be effectively eliminated by using a very thick
substrate. Figure 16b shows a schematic for the apparatus which consists of a
piezoelectric acoustic transducter mounted on a manipulator. The nominal
center frequency for the pulse is 25 MHz, Signals may be stored on a digital
oscilloscope for later transfer to a VAX 11/780 computer for analysis using
the Interactive Signal Processing programs developed at the Rockwell Interna-
tional Science Center.

Figure 17 shows the reflected acoustic pulses for different thick-

nesses of epoxy (EPON 1001)/polyamide (Versamide 125) coatings containing

0.7 wt fraction of epoxy on a 0,5 cm thick carbon steel plate, The time
difference between P, and Py for the pulses from the 25 im-thick coating can
Just barely be resolved as the time between the two maxima, while a clear
resolution of the time delay between P, and P, appears for coatings thicker
than 100 ym. The time delay between Py and Py increases with the thickness of
the coating as is to be expected. Figure 18 shows a linear dependence of the
delay time on the coating thickness as measured by a micrometer, The slope of
the thicknass vs delay time curve (Fig, 18) equals 1.6 105 cm/s which is the
velocity of sound at 25 MHz in the coating.
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The method can be used to observe gross disbonding of the coating
from the substrate. Figure 19 shows a "waterfall” plot made by placing the
transducer at different points near and over a defect (0.6 cm hole) in a coat-
ing which had been subjected to -1440 mV vs SCE for 30 h (-1.5 V vs Cu/CuSOq -
see ASTM G8-79), The transducer was translated 1.25 mm before each waveform
shown in Fig. 19 was collected, At the defect only one reflection due to the
metal/water interface occurs, while both P, and P appear when the transducer
is over the coating, Where lift-off occurs, P, arrives earlier since the
coating has been raised. The small signal between P, and Py in the 1ift-off

region is a reflection from the polymer/water interface.
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Fig. 19 Reflected 25 MHz acoustic pulse at a disbonded region next
to a defect.
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In addition to the time delay between P, and Py, the frequency spec-
trum of Py has features which sense disbonding due to acoustical impedance
differences at the interface when a disbond occurs as compared to when com-
plete adhesion exists. The acoustic impedance of a material equals the
density of the material times the velocity of sound in the material. Wren the
acoustic impedance of the substrate exceeds that for the coating, as is the
case for a well bonded coating/metal interface, then a positive spike in the
phase angle spectrum of the frequency transform of the pulse appears as shown
in Fig. 20b, Gn the other hand, when disbonding occurs a water layer which
exists between the coating and the metal acts as the acoustic substrate. In
this case the acoustic impedance of the substrate (i.e., the water layer) is
less than that Yor the coating and thereby produces a negative phase shift as
shown by the negative spike in the phase spectrum (Fig. 20a), This phase
shift allows the signal from disbond inftiation sites o be enhanced with the
proper data transformation, The signal due to the phase shift can be enhanced
by performing a transformation on the signal of the initial time domain
sigral, Pyy4 into a new signal, Ppa.:

i 4

Prew = F-2 F(Pg14)/F(Prat) } = P (4)

]

where  Ppa, = the transformed signal.
Praf = @ signal from a well-bonded region,
F and F~} refer to the operations of fourier and inverse fourier
transformation, respectively.

[

After placing a defect in a 350 ym coating on steel and exposing it
to 0.5 N NaCl severe corrosion occured at the defect. In addition several
small corrosion spots appeared at sites several centimeters removed from the
defect. An attempt was made to detect the integrity of the coating at the
smaller corrosion spots removed from the defect, Time domain acoustic pulse
data gave some indication of the initiation of corrosion at these remote sites
as shown for each 1.25 mm translation of the transducer position in Fig. 21,
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Very little differentiation appears for the time domain pulses shown in

Fig. 21. However, upon transforming the data of Fig., 21 according to Eq. (4),
the resulting signal pinpoints regions of disbonding as minima, shown in

Fig. 22, due to the negative phase shift brought out by the transformation,
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Fig., 22 Image enhancement of the data from Fig. 21.

The previously described tests were performed on relatively thick
specimens that contained an artificially produced defect. In order to evalu-
ate the ability of the method for detecting the earliest stages of corrosive
degradation of the polymer/metal interface, a steel coupon coated with a 25 um
epoxy was exposed for over 600 h to 0.5 M NaCl and the electrochemical impe-
dance spectra and reflected acoustic pulses taken from an approximate 6.5 cm
area were collected at different intervals of the exposure. The electro-
chemical impedance gave values for Rpo which decreased rapidly in the first
200 h and then increased slightly after 300 h, Little change in the acoustic
pulse spectra occur until after 672 h at which time a corrosion spot appeared
under the coating which was detected by the reflected acoustic pulse, Figure
23a shows a plot of the transformed signals taken at initial time from the

2
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position where the corrosion spot eventually appeared, and after 672 h when
the corrosion spot was initially detected. After enhancing the initial
portion of the signal by a multiplication factor and performing the trans-
formation, a clear indication of the position of corrosion spot appears in
Fig. 23b.

With the application of signal processing techniques the reflected
acoustic pulse method detects the loss of adhesion of polymer coatings from
metallic substrates and the initial growth of corrosion products at the
coating/metal interface. The technique can locate the initiation site(s) of
corrosion at early times which is not possible with EIS. The impedance
spectra suggest that defects in the coating have formed prior to the earliest
detection of corrosion product by the acoustic pulse. The acoustic pulse
method would be of use for evaluating nontransparent coatings and for
assessing the earliest stages of adhesion loss.

. 3.3.3 Analysis with the Acoustic Emission Technique

A number of investigations have used acoustic emission (AE) emanating
from polymer-coated steel pulled in tension to failure as a method for evalu-
ating the environmental degradation of adhesion and microcracking of the pro-
tective coating.22=21 A number of approaches have been used in this
laboratory for separating the different types of acoustic events observed for
coated steel with different pretreatments and exposure history.

Coupons (17.8 cm x 5,08 cm x 0,05 cmn) of carbon steel were pretreated
by 1) polishing (600 grit) and degreasing in hot xylene (P&D), 2) pickling in
inhibited HC1 (inh, HC1), 3) treating in hot NaOH (HA), or 4) passivating in
HNO4 (HNO3). 10 un polubutadiene coatings were applied to the specimens and
cured for 20 min at 100°C. From electrochemical impedance spectra Rpo was
determined as a function of time of exposure to 0.5 M NaCl at different inter-
vals over a period of 70 h, After the 70 h, the specimens were pulled in
tension at a rate of 2 mm/min in a 2000 1b Instron machine, Flat jaw grips
were used to grip the specimen firmly. A gauge length of 7.6 cm was used.
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The test set-up along with the AE monitoring system is shown in Fig, 24, The
AE events were continuously monitored as the specimens were pulled to failure.

Figure 25a-d shows the event rate and the integrated event rate vs
time for the coated steels of different pretreatments., For all of the speci-
mens, counts occur when the metal yield<; however, for the HA and inh HC1
pretreatments which showed superior resistance to degradation, a smaller
fraction of the total counts appeared at or near yield of the steel substrate
as compared to the P&D and HNO3 pretreated specimens which showed a substan-
tial fraction of the counts in the first half of the total specimen elongation
before rupture. At 50% elongation, the fraction of the total counts for the
specimens with HA, inh, HC1, P&D and HNO; pretreatment were 0.13, 0.17,0.25
and 0.54, respectively (Figs. 25a-d). This order correlates inversely with
the Ry, results in Fig. 26. The sample with the greatest fraction of counts
in the first half of the total elongation where yield occurs (HNO3) shows the
lowest Rpo at 70 h exposure to the 0.5 M NaCl environment.
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Fig. 24 Schematic of the acoustic emission apparatus.
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The P&D (Fig. 25a) and the HNO3 (Fig. 25d) treated specimens show the
largest number of events before failure of the specimen. This correlates
quite well with the Rpo data appearing in Fig., 26. The amplitude distribution
for the AE of these specimens provides further information. The amplitudes
for the coatings which are least degraded (HA and inh HC1) exhibit higher
amplitude events (see Figs. 27b-c) than the P&D and HNO3-~treated sample
(Figs. 27a and 27d). The two specimens exhibiting the greatest degradation
have amplitude distributions characteristic of brittle failure of the coat-
ing.1 This apparent embrittlement could result from the localized stress
which occurs in corrosion products formed at the coating/metal interface for
the coatings with more advanced degradation (see Fig. 9).
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The first events in the degradation of the coatings result from
penetration of electrolyte and loss of adhesion. In the later stages of
corrosion, corrosion products precipitate at local defects and locally produce
high stress sites (see Fig. 9). In the early stages, then, AE will result
from loss of adhesion producing the high amplitude, broadly distributed events
(> 50 bB). For specimens in more advanced stages of degradation, more events
will occur with amplitudes between the 40 and 50 dB level which are charac-
teristic of the brittle behavior.

These results demonstrate the role of mechanical events in the degra-
dation of polymer-coated steel, Adhesive failure of the coating interface
during exposure to electrolyte leads to the growth of corrosion products that
act as stress risers in the polymer film. This causes further degradation of
the coating by enhancing the existing porosity and initiating new pores.
Analysis of the amplitude distribution of AE from coated specimens loaded in
tension to failure pinpoints events associated with brittle failure of the
coating and adhesive failure at the interface. Most importantly, the number
of acoustic events which occur near the yield point correlates with the extent
of degradation of the coated coupons as determined from impedance analysis,

3.4 Corrosion

The combined effects of defect formation, transport of corrosive
species to the metal surface and loss of adhesion can lead to corrosion of the
surface, As discussed above, corrosion products and reaction products of the
electrochemical reactions such as OH” (Eq. (1)) can lead to further destruc-
tion of the coating. For the study of corrosion reactions at the metal sur-
face, which in many cases might be covered by a (hydrated) oxide, impedance
techniques provide again the most promising approach., The use of segmented
electrodes allows to measure the impedance of the surface under the coating
and compare the results with those for measurements across the coating.
Corrosion inhibition by primers in the coating and by surface modification
through phosphating of steel and anodizing or conversion coating of Al has
alsog been evaluated using EIS.
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v 3.4.1 Determination of the Corrosion Rate of the Substrate

As discussed in Sec. 3.1, the electrical analog of the polymer-coated
steel interface contains the polarization resistance, Rp, which is inversely
proportional to the corrosion rate. In principle, the actual corrosion resis-
tance and its changes can, therefore, be evaluated from impedance spectra.
While EIS has provided useful new information concerning reactions in the
coating, as expressed by C. and Ry (Fig. 2a), it has been difficult to
determine values of the polarization resistance Ro and double layer capac-
itance Cq for the corroding surface as a function of exposure time. This is
due to the fact that Rp and C4 are accessible only at very low frequencies for
corrosion resistant polymer-coated metals, If Rp is less than Hpo’ then its
accurate determination becomes difficult, if not impossible,

b i
FY

P s R

) The changes of the capacitance with increasing porosity and corrosion
rate can be used to determine the area fraction 6 at which active corrosion

occurs, 10 For an experimentally determined value of the capacitance C and the
known values of C = 6,2 10°9 F (Eq. (2)) and Cg= 4 10~% F, one can calculate

o from Eq. (5):
Ca(1-09) C.+Cy (5)

The corroding area fraction 6 and the pore resistance Rpo are two parameters
which can be used to characterize the deterioration of the coated metal.

3.4.2  Investigations of the Metal/Coating Interface

The study of the reactions occurring at the metal/coating interface,
such as corrosion and loss of adhesion, is very important from both funda-
mental and practical standpoints. An attempt to evaluate such fgactions has
been made using a variation of the experimental technique for ahyaining EIS.
data in coated metals. Impedance measurements are carried ou:_ggggr the coat-

’ ing and are compared with those for the more traditional approach of measuring
impedance data across the coating.12 These data have been obtained with an
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electrode system which is used in the atmospheric corrosion monitor (ACM), It
consists of a number of parallel steel plates which are isolated from each
other,12 A steel/steel ACM, which consisted of 20 steel plates 1 mm wide and
6.5 cm long, was used as the substrate. The steel (A366) plates were sepa-
rated by a 50 un thick mylar foil, Alternate steel plates were connected to
establish a two-electrode system., The epoxy coating was 20 m thick and
consisted of 0.7 weight fraction epoxy and 0.3 weight fraction polyamide,
After curing of the coating, an electrochemical cell, which contained the SCE
reference electrode and a large Pt counter electrode, was attached to the
active part of the ACM. The test electrolyte was aerated 0.5 N NaCl, The
counter and reference electrodes were used for measurement across the coating;
the measurement was carried out at the open circuit potential of the coated
steel, The measurement under the coating was carried out at 0 mV applied
potential. The ac signal was applied between alternate plates. EIS data have
been obtained as a function of exposure time (t.ope) to aerated 0.5 N NaCl for
clean steel surfaces and for surfaces which were exposed to diluted NaCl
before coating,

Figure 28 gives a typical result for the changes of the electrode
impedance |Z| as 3 function of t.,.. for measurements across the coating and
under the coating, respectively. In the former case, the capacitive behavior
observed at frequencies f = /2n exceeding 10 Hz corresponds to that of a
20 ym epoxy film (C. in Fig. 24), At lower frequencies, the pore resistance
Rpo becomes apparent, It slowly decreases with t.,.. up to 14 days, but re-
mains at the high values observed earlier for 20 un coatings.

For measurements under the coating, a much lower impedance, which
changes significantly with t.,.., 1s observed. The initial capacitance at
high frequencies corresponds to that of the bare steel/mylar/steel system.
After longer exposure times, a -0.5 frequency dependence of the impedance is
observed at intermediate frequencies which points to transmission line
effects.
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Fig. 28 Bode-plots for coated steel/steel, spectra measured across coating
and between plates,

As observed earlier with EIS and,well-known in practice, ctntamina-
tion of the steel surface before coating can lead to rapid corrosion ang 108s
of adhesion of the coating, This effect was simuiates by covering the ACM
surface with a solution of 1 mM NaCl containiny some ethaso)l which was allowed
to dry. The epoxy coating was applied to the resulting surface. As Fig. 29
shows, much more rapid changes of the impedance occur in this case for both
types of measurements. After t.,.. = 1day, Ry, is already lower than the
value for t.... = 7 days for an uncentaminated ACM surface. For measurements
under the coating, rapid changes otcur even after Rpo has become constant,
The slope of -0.5 is found at intermediate frequencies. Figure 29 also shows
an impedance spectrum for the bare surface which is dominated by the
capacitance of the mylar spacers.

The impedance spectra in Figs. 28 and 29 have been analyzed using the
model in Fig. 30 with the goal of obtaining an estimate of the corrosion rate
at the metal surface and the degree of delam{ration. A transmission line
mode116412 nas been used to fit the data to
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Fig. 29 As Fig. 28, but with NaCl pretreatment of the steel surface.

[ (Y IRATIE

COATING ~

X

T

1185557, /392/

T

ELECTR
///l/ ///

L

Fig. 30 Model for impedance at the coating/metil interface.
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gf' . The polarization resistance Rg of the delaminated area is given by

(LI 3

.

o b R C

.k S ()
i 4

55. P and the effective volume of delamination Vafs by

_C - 2
Ver = ~£%_ =x fed (8)
RCdL
where C° is the specific capacitance (F/cmz) for the interface. Equation (8)

d
defines R which is essentially a resistance related to the ionic resistance

within the disbonded region. For the calculation of Rg and Voff, the
assumption is made that p equals the bulk resistance of the electrolyte
(20 a<n) and €§ = 30 WF/emd, In Eq. (8), x is the thickness of the delami-
nated area, and f is the fraction of the steel plate of length L = 20+6.5 cm
which is delaminated. The values of Rg and Vg¢e in Table 3 are strongly
affected by the surface pretreatment, with a lower R® and a higher Vge¢ for
the surface which had been exposed to NaCl before coating., The RO values are
muych higher than those determined for corrosion of steel in bulk electrolytes
(< 103 Q‘cma). This suggests that the corrosivity of the electrolyte at the
coating/metal interface is lower. The 2ffective delaminated volume Vg¢¢ is
very small perhaps because in these experiments much of the corrosion activiiy
was located along the steel plates, but did not overlap two adjacent plates
and contribute to the measured impedance, Figure 31 shows the appearance of
the coated steel ACM after t ... = 14 d for the untreated surface and for
teorr = 7 d for NaCl pretreatment. For the former case, only a few areas
exist where the corrosion spots cover adjacent plates. In the latter case,
many more such areas have developed despite the shorter t. ... The
explanation may be that the assumed v3lves for Cg and p might not be entirely
v correct and might contribute to some error in the calculated values of R: and

Veff*
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Table 3

Corrosion Resistance RO and Effective
Delaminated Volume Vé¥f0for Coated
0

Steel ACMs Exposed 5 N NaCl
Time (h) Ry (een?)  Vogs (em®)
I, Clean Surface
24 2.7 x 10° 9.0 x 1077
168 6.9 x 10° 9.3 x 108
336 1.1 x 10° 3.1 x 10~6

II, NaCl Treated Surface

5 1.4 x 105 4,2 x 107°
24 1.7 x 105 6.9 x 1079
72 1.4 x 105 1.5 x 107

146 1.5 x 104 3.8 x 1076

Investigations of the reactions at the metal/coating interface have
also been carried out with epoxy coated segmented Cu/steel and In/steel
electrodes in order to obtain information concerning the role of electrode
polarization on corrosion and detamination. In addition to the impedance, the
galvanic current flowing between the plates has been measured continuously as
an additional qualitative indication of the developing corrosion activity,

For Cu/steel corrosion and delamination occurred fairly soon as shown in Figs.
32 and 33. Initially the impedance measured between the Cu/steel plates is
strictly capacitive, hut already after two days deviations occur (Fig. 32b),
From measurements across the coat..g, Fig., 32a, the deterioration of the coat-
ing becomes apparent after about one week and the impedance spectrum does not
follow any more the simple model in Fig. 2, After two weeks the frequancy
dependency for measurements under the coating has changed to a -0.5 dependence
as also observed for the steel/steel electrode (Figs.'28 and 29). The-
impedance measurad across the coating degraded further and showed a similar

48
C7509TC/bje

AT I T P TS IS R T e S, S L L O T A A DAL ST
Ny a?\lv',’-'. LA AR RN AT AN G '-‘,\3‘.' N “»\‘." o



’l' Rockwell International

Science Center

$C5222 .FR

STEEL/STEEL/20 ;m EPOXY COATING
teorr ™ 14 DAYS

STEEL/STEELI20 um EPOXY COATING
NaCl PRETREATMENT
toorr = 7 DAYS

Fig. 31 Photograph of coated steel/steel surface after (a) t.op, = 14 days
) for clean surface and (b) t o, = 7 days for NaCl pretreatment,

frequency debendance at the lowest frequencies as observed for measurements
between the plates {(Fig, 33a), Figure 34 gives a summary for the measurements
with coated Cu/stee’ electrodes. As the pore resistance Ry, decreases by a
factor of 100 in an exposure period of two weeks, the effective delaminated
volume Ve increases bty a factor of 1000 and the galvanic current lg by about
the same amount. Vaee and Ig show, in fact, a very similar time dependence.
The corrosion potential E. . rises inftfally to values close to that of Cu,
but then drops sharply to values characteristic of corroding iron. The
corrosion resistaace Rg first decreases and then increases again,

For In/steel the time at which corrosion of the metal was first
detected was much longer. Figures 35-37 show selected examples of the impe-
dance spectra measured across the coating and between the plates, While the
. {mpedance spectrum determined across the coating changes fairly rapidly to a
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Fig. 32 Bode-plots for coated Cu/steel, spectra measured across coating
(Fig. 32(a)) and between plates (Fig. 32(b)).
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i Fig. 33 As for Fig. 32, but for longer exposure times.
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R
5 more or less constant value of 2 - 10° @ at frequencies below 100 Hz, a devia-
§ 3 tion from strictly capacitive behavior occurs only after about 554 h., This
S indicates that after this time some delamination has occurred although it is
§ K. not possible yet to calculate the value of Vepg. As can be seen in Fig. 38,
' : Vers and Rg could be calculate only for times exceeding 900 h despite the fact
ﬁ . _- that fairly significant changes occurred in the spectra measured between the
N # plates (Fig. 37(b)). After about six weeks two time constant dominate these
S Ei spectra, The spectra recorded across the coating for steel/In are very simi-
- \ ’ lar to those obtained in other investigations for coated galvanized steel.
\fﬂ : " Ecorp dropped to the value measured for zinc after about 100 h.
N .
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Fig. 35 Bode-plots for coated In/steel, spectra measured across coating
(Fig. 35(a)) and between plates (Fig. 35(b)).
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Fig. 38 Time dependence of coating porosity R'l, polarization resistance R®,

delaminated volume Vgee, corrosion poléntial Ecorr and galvanic
current I,

g
Visual observation of the Cu/steel surface throught the clear coating

showed rusting along part of the length of three of the steel plates, while
the Cu plates remained bright and shiny, The rest of the steel plates also
remained unattacked. Apparently the adhesion of the coating stayed good
enough in these areas and on the Cu plates to prevent corrosion, For the
In/steel assembly all steel plates were as bright and shiny at the end of the
test as after polishing., Two Zn plates had developed a corrosion layer which
covered one half of one plate, but did not spread to the neigbouring steel
plates, This suggests that delamination had not occurred to a significant
extent, On the other In plate corrosion was more localized over a short
length of the plate.

Important information can be obtained from the measurement of the
galvanic current Ig. After 3 or 4 days sharp spikes of lg otcurred accompanied
by a drop of Ecopp to values characterisitic of In. Ig then stayed more or

- less constant at very low values except for another series of spikes close to
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300 h which are probably related to delamination and corrosion occurring for
some time. Ig finally increases drastically in the last 300 h of exposure by
a factor of 1000, Again this increase of Ig parallels the drastic changes of
the impedance during this time period (Fig. 37b). While the cuating delam-
inates and corrosion occurs, more current can flow between the plates.

A comparison of the results for Cu/steel (Fig. 34) and Zn/steel (Fig.
38) shows that the presence of the Zn plates provides cathodic protection.,
The level of Ig = 100 nA is reached after about 500h for Cu/steel, but only
after 900 h for In/steel.

3.4.3 Effects of Surface Modification

The corrosion resistance of coated metals can be increased by surface
modification. For steel, phospating improves the adhesion of the polymer
coating. The phosphated surface itself is not more corrosion resistant than
the bare surface as was shown by a few simple immersion tests. For Al alloys
surface modification by anodizing or by conversion coating, which also improve
the corrosion resistance of the uncoated surface, increases the corrosion
resistance of the metal/coating compound.

3.4.3.1 Phosphating of Steel

Linc phosphate coatings were applied on 1010 steel surfaces which had
been cleaned according to the procedures in Table 1. A characteristic differ-
ence of the impedance spectra for phosphated and coated steel with different
surface pretreatments can be seen at longer exnosure times when a Warburg-type
impedance occurs with either a slope of -1/2 or -1/4 in the Bode-plot and
corresponding maximum of the phase angle of 45° or 22.5°. The former case is
illustrated in Fig, 39 for the alkaline derusting treatment, and the latter
case, which could correspond to semi-infinite diffusion in pores, can be seen
in Fig. 40 for the surface which was degreased only before phosphating. A
slope of -1/4 was observed only for this sample and the polished sample. For
these two different types of impedance spectra, observation by SEM showed
pronounced differences in the crystal size of the phosphate.3'1°
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As discussed elsewhere.5 the results for the phosphated and coated
steel can be explained by a generalized Warburg impedance in Model II (Fig. 2)
in the form W = k(jw) % When W behaves as a true diffusion impedance,
= 0.5, and k = o/Z , where o is the Warburg coefficient., The general case
for -1 < « < 0 can result from tangential penetration of electrolyte at the
coating/metal interface or from heterogeneous penetration which gives rise to
a distribution of time constants. This argument is supported by the observa-
tion that a different frequency dependence was found for two different crystal
structures as discussed above. |

3.4.3.2 Anodizing and Conversion Coating of Aluminum

The importance of a proper surface pretreatment can be illustrated by
the case where Al 2024 was pretreated either with a conversion coating (Alo-
dine 1200) or anodized {sulfuric acid with dichromate seal) before application
of a 55 ym polyurethane coating which is used in airplane fuel tinks. The
impedance spectra obtained during exposure to aerated 0,5 N NaCl for the
pretreated and coateu Al samples appear in Figs. 41 and 42. The panel with a
corversion coating pretreatment develops a considerable amount of porosity of
the coating after one week of exposure, resulting in the development of two
time constants ac can be scen from the appearance of two maxima in the phase
angle vs frequency curves of Fig, 41, The pore resistance Rp0 for the H2504
anodized and coated panel, however, does not become sufficiently low for the
observation of the second time constant (Fig, 42). Figures 43 and 44 show the
changes of the pore resistance Rpo. the capacitance C. and the corrosion
potential Foqpp 35 @ function of exposure time to 0.5 N NaCl. The much faster
decay of RPO for the conversion-coated sample and the larger increase of C,
for the conversion-coated sample are readily apparent. The corrosion poten-
tial is increased markedly by the anodization treatment.
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Fig. 41 Bode plots for Al 2024, conversion coating with polyurethane
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Fig. 43 Time dependence of pore resistance Rp , coating capacitance C. and
corrosion potential Ecorr‘ for coated Rl 204 (conversion coating).
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Table 4 shows that after exposure for one day, Rpo is nearly equal
for both pretreatments, exceeding 1010 geem?, These high, nearly identical
values for Ry, indicate that no differences exist between the specimens with
regard to thé presence of initial defects. The specimen pretreated by con-
version coating clearly shows the greatest rate of degradation, as evidenced
by the greater drop in Roo and Rp throughout the two-month test (Table 4).
After two months of exposure, the porosity of the conversion coated specimen,
as measured by 1/Rpo, is nearly 500 times greater than that for the H,S0,
ancdized specimen, and the corrosion rate for the conversion coated Al 2024,
as estimated from 1/Rp is more than 35 times that for the anodized Al 2024.

Table 4

Pore Resistance and Polarization Resistance (in Qecmz) for
Polyurethane-Coated Al 2024 with Conversion Coating or
Sulfuric Acid Anodizing Pretreatment

Pore Resistance R Polarization Resistance Rp
Conversion Hzg8u Conversion H2504

Time Coated Anodized Coated Anodized

10ay 1.4 x 1010 1.2 x 1010 » yoll > 1011

1 Week 1.2x 107  2.2x 109 3.0x 108 > 1010

1 Month 8.4 x 105 1.9x 108 3.2x107 > 109

1 Month 1.2 x 10°  s.2x 107 1.6 x 107 > 6x 10

Additional information can be obtained stace C. is proportional to
the dielectric constant, ¢, of the coating (Eq. (1)). The capacitance used in
£Eq. (1) must be that of the poiymer dielectric and must not include faradaic
or double layer components, This may be assured by using sufficiently thick
coatings or by evaluating C. only from the region in the impedance spectrum
where 2 « -1 , Since ¢ is very sensitive to the uptake of water, a number of
studies have used capacitance measurements to estimate the water uptake by
polymer coatings., Using the equation of Brasher and Kingsbury14
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Cyl(t)/C,(0) = 80X (6)

where x = volume fraction of water, Leidheiser and Kendigl3 showed that for
sufficiently thick coatings, such that the measured capacitance at 1000 Hz
could be assured as being that of the coating dielectric, the calculated water
content compared well with that observed from gravimetric data, By measuring
the impedance for a coated metal over a sufficiently wide range, the
m‘l-region, where the impedance is strictly capacitive, can be determined, and
therefore the polymer capacitance can be extracted with great confidence,
Sufficiently well resolved url-regions for the spectra in Figs. 41 and 42
appear above 104 rad/s (1.6 kHz). C. was readily evaluated using a least
squares fit of the spectra from which the effective dielectric constants were
obtained (d = 55 um, Area = 20 cm2). The volume fractions of water taken up
by the coatings between one day and one week are shown in Table 5 as calcu-
lated from Eq. (6). Equation (6) assumes a uniform distribution of water and
is valid only for low volume fractions. Nevertheless, clearly the polymer
film over the conversion coated sdrface shows a greater water uptake after one
week despite its initially lower capacitance.

Table §
Effective Dielectric Constant and Water Uptake of the Coating
Dielectric Constant v/o Water Increase
Pretreatment 1 Day 1 Week in 1 Week
Conversion Coating 8.7 19.3 18
Anodized H2SOu 10,3 16.5 11

3.4.4 The Role of Pigments

Polymer coatings often contain corrosion inhibiting pigments for
Towering the corrosion rate of the substrate, Pigments used for this purpose
can inhibit corrosion by a variety of mechanisms. Phosphates act as buffering
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agents to 1imit the localized buiid-up of hydrogen ions formed by the local-
ized concentration and hydrclysis of anodic corrosion products. Chromates are
presumed to inhibit through the formation of a passive film on the surface of
the substrate where jocal defects in the coating occur. Zn dust may act by
galvanic protection or by enhancing the barrier properties of the coating due
to the growth of a voluminous Zn0 which seals defects in the film. The
necessity of transporting the corrosion inhibiting pigment to the interface
has been discussed frequently.

In order to evaluate the role of different types of corrosion
inhibiting pigments and their transport to the metal surface, experiments
using the two types of specimens shown in Fig. 45 were performed. For the
specimen in Fig 45a, two ~ 13 m layers of epoxy coating containing 50 v/o of
pigment are spin coated onto a polished and degreased steel substrate and
cured., For the specimen schematically shown in Fig. 45b, a 13 mm layer of
epoxy is first deposited and partially cured followed by a 13 wm layer of
pigment containing coating. For each pigment in Table 6 one of each of the
specimens in Fig. 45 were formed and then exposed to air saturated 0.5 M
NaCl. At intervals during the exposure the electrochemical impedance spectrum
of the exposed surface was collected. An evaluation of the extent of corro-
sion and delamination was also made following the criteria of ASTM D610, The
rating is based on a 10 point scale from 1 (50% coverage by corrosion or
delamination ) to 10 ( no corrosion or delamination).

Table 4 and Figs, 46a-i summarize the results for these experiments,
The duplex, unpigmented, 22 wm thick epoxy coating (EX/EX) (Fig. 46a) shows
good protective properties and the corrcsion rating, corr, does not drop below
a value of 4 (10% coverage by corrosion product) before 2000 h. The general-
ized pore resistance, Rpo sthat describes paths of low resistance that short
the coating reaches a steady -state plateau value, Rpt’ which is slightly below
1 megohm (2 - 107 2 em ) (Fig., 46a and Table 7).
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Table 6
Pigment Data
Densi%y Specific Dispersion
Material gm/cm Resistance .Hegman Microns Source
Q/cm
Sr Chromate 3.8 750-1000 5-6 38-26 Davis
(SrChro)
In Phosphate 3.2 25000 7-8 6 Davis
(ZnPhosg
In Ba Phosphate 3.6 N/A 7-8 6-8 Davis
(ZnBaP)
In Dust 7.0 0.0000059 7-8 5 St. Joe
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Table 7
Summary of Pigment Data - Coating Properties,
Corrosion Behavior and Pore Resistance
Coat 1 Coat 2 (um) pH Log Rot, trend (mV vs SCE)} (h) (h} Corry Cg/Cy
EX EX 22 n. 5.8 - v. -260 52000 250 5.5  1.17
EX InPhos 30 4 6.1 i, =35 1500 300 5,0 1.14
IZnPhos ZnPhos 33 4 7.4 i. =50 1100 80 4.4 1.33
EX InBaP 27 4 6.8 i, -40 >2000 550 6.0 1.17
IinBaP  InBaP 20 4§ 4,7 C. «200 570 >580 <4.0 1.55
EX SrCnre 24 7 8.2 v./i. -25 »>1370 n.d 8.9 1.10
SrChro SrChro 27 7 2.5 d. ' n. 240 n.d, <4.0 n.d,
EX Zn 30 . 690 i./V' "300 720 n.d. 3.2 1.14
Zn In 20 1.0 i. -650 >1400 n.d. 7.0 n.d.
d: ctating thiékness
1.0 generally increasing , ' Ek: Ecgrp 24 1000 0
€.: constant B
v,: varies ' - LOTT time to corr = 4 (10%)
n.d.: not determined or not applicable
In: In dust J8l: time to del = 4
£X: epoxy '
InPhos: In Phosphate Corr,: corr value at 1000 h
InBaP: In Barium phosphate Ecorpt Corrosion potential

SrChro: Strontium Chromate
Roe plateau value of the pore resistance
(% o for A = 20 em?) .

For the case of the duplex In phosphate containing coating (ZnPhos/
InPhos), the pigment causas poor adhesion when in contact with the surface as
can be seen by the rapid drop in the delamination rating, del, (Fig 46b), but
interacts with corrosion products to form a good barrier filtn as shown by the
refatively high valuss of Rpt. Better adhesion is produced when an epoxy
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f%f % layer (EX/ZnPhos) separates the pigment porticn from the interface as can be
b B

R seeri by a slower drop in del (Fig. 46(c)). Both InPhos/Zn/Phos and the
L .

f f EX/ZnPhos coating show relatively high values of Ry due to the barrier

A i enhanceme:'t produced by the ZnPhos (see Table 7 and Figs. 46{b-c)).

A duplex zinc bariuw phosphate coating (ZnBaP/ZnBaP) shows poor
adhesion and poor corrosion resistance as can be seen by the rapid decrease in
corr, del and Rpo (Fig. 46d). However, the EX/InBaP system provides good
protection as a result of the combined good adhesion afforded by the epoxy and
k if good barrier property afforded by the pigment. In fact, the pore resistance
N of the EX/InBaP increases with time probably due to interaction with corrosion
products (Fig. 46e). ‘

e 2 e

E . The slightly soluble SrChro pigment produces a very poor coating when
- dispersed throughout the two layers., Ry, drops below 1000 Q and corr de-
. creases to values below 4 in less than 300 h of exposure (Fig. 46f), When the

o

soluble chromate is dispersed throughout the coating, the resulting poor
barrier properties due to pigment solubility and poor adhesion allow a corru-
sion rate which is too large to be countered by the slightly soluble chrom-
ate, As a result the chromate accelerates corrosion., When a good barrier and
adhesion layer is provided by a first layer of pigment-free epoxy followed by
a second layer containing the inhibiting chromate pigment, the most corrosion
resistant system of this series results (Fig. 46g), Tha pore resistance for
this coating (EX/SrChro) remains above 10% o for more than 1000 h of exposure
to 0.5 M NaCl (Fig.46g). This system combines the good adherence afforded by
the epoxy and sufficient chromate activity to entirely eliminate corrosion at
any initially present defects,

T VKT K3 T ¥

The results for the In pigmented coatings demonstrate the necessity
for the In to form continuous paths to the substrate. Foir the £X/In system
where no initial contact of the In with the substrate is made, the por?
resistance, Rpo' remains near 1 Mohm throughout the 1000 h test and the
corrosion potential rises to values as high as -100 mV (Fig. 46h). However,
when the Zn contacts the substrate as in the case of the In/In specimen
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(Fig 46i1), the effective "pore" resistance remains below 100 @ throughout the
test. For this case (Fig. 461), Rpo is most likely due to the electronic
conductivity of the coating provided by the metallic Zn rather than due to
the presence of ionically conducting pores. Further evidence of the steel/Zn
contact in the case of the Zn/Zn coating appears in the corrosion potential
which remains helow -600 mV., The conductivity of the In particulates
expressed as 1/Rpo correlates inversely with the polarization resistance of
the particulates (see Fig. 46i1). As observed by Szauer and Brandt,22 the
increase in Rpg after 100 h coincides with an increase in Ecopp.

Additional evaluation of the role of Zn concentration was made by
forming epoxy coatings containing Zn dust at concentration levels of 10, 20,
30, and 50 wt. % in addition to the 90 wt. %. These specimens were evaluated
using electrochemical impedance spectroscopy after 1, 4 and 24 h exposure to
0.5 M NaCl, Figure 47 shows a Bode plot for 24 h exposure. The 10, 20 and
30 wt. % specimens appear as dielectric coatings with a pore resistances
greater than 10° ¢hm, while the 90 wt. % containing coating has an entirely
different spectrum, The high frequency resistance for the 90 wt, % specimen
of nearly 10 Q represents the resistance of the coating and the low frequency
limit relates to the corrosion of the Zn particulates coupled to the steel,
The 50 wt, % material represents a transition between these extremes. A plot
of log Rpo vs time after 1, 4 and 24 h of exposure appears in Fig, 48, where a
dramatic decrease in Rpo occurs for concentrations of Zn above 30 wt, %. This
is also reflected in the mode of protection of the steel substrate by the In
as shown in Fig, 49 by the dependence of E.on. On the wt. % of Zn. Above 30
wt. % Zn galvanic [ stection by Zn occurs with a significant loweriny of the
potential to that of metallic Zn, However, below 50 wt. % Zn, Ecorr tends
toward more pcsitive values which are typical for the other epoxy coatings
discussed above,
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The capacitance for all specimens typically increases rapidly to a
plateau value within the first several days (Fig. 46a-i) which suggests that
the water uptake of the coating is very rapid and reaches a steady-state value
at early times relative to the degradation of the coating. The ratio of the
steady-state capacitance, (g, to the initial capacitance, C,, provides a
measure of the water uptake (Table 7)., It is to be noted that the duplex
InPhos and ZnBaP pigmented coatings show the greatest water uptake as evi-
denced by the largest values of C;/Cy. The EX/Zn coating shows a very rapid
rise i capacitance., However, for longer times its capacitance steadily
decreases (Fig. 461).

These results demonstrate that pigments may act by different means
(passivation of small defects in the case of the soluble chromates, enhanced
barrier behavior imparted to the film by the ZnBaP), but will only provide
protection as long as a good interfacial bond exists, The Zn containing
coatings behave in & special way. The impedance shows that the ohmic resis-
. tance between the Zn and the substrate increases with exposure to a corrosive
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medium and correlates with galvanic protection as determined from E.,n, mea-
surements, The results of this work also show that Zn concentration must
exceed 50 wt. % for galvanic protection to occur at initial times, but
requires a larger concentration of Zn for longer term galvanic protection,
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L 4.0 SUMMARY AND CONCLUSIONS

- ; |

3 This work shows that the lifetime of polymer coated steel depends on
Z‘ - a number of complex interrelated processes. The relationships between surface
ﬁ J preparation, physical and chemical properties of the coating, adhesion and

?- y corrosion have been established and are summarized in Fig. 1. Several

4 ¥ important conclusions can be drawn from this work.

i’ It has been shown that penetration of the coating by the environment
i;_ . by itself will not cause failure of the coated metal. However, loss of adhe-
3'- R sion between the coating and the surface and cohesive failure of the coating

; B ' brought about by the corrosion reaction provide the major driving forces for
5 , 'Ii the propagation of failure. Clearly, efforts to design coating systems which
3 ﬁ only minimize the transmission of corrosive electrolyte without attention to
;3 e :E - the adhesive or cohesive properties will bring no significant benefits with

‘%ﬁ - respect to corrosion protection. Surface preparation for optimum adhesion and
if';' . polymer strength provide perhaps more important factors for the longevity of
5'» polymer coated metals exposed to adverse environments. Proper pretreatments

for steels as well as aluminum have been shown to have a significant influence
on the long term stability of polymer coatings.

The importance of adhesion in determining the corrosion rate has been

) demonstrated most dramatically by the simultaneous observation of the measured

M electrochemical impedance under the film and across the film. For coated

2 steel for which corrosion has initiated, ionit and mass transport underneath

?j_[ the film represent the primary path for the charge transfer reaction to occur

§ ‘- as shown by the fact that the under-film impedance for this corroding surface

;i' . is several orders of magnitude less than the across-film impedance, The impe-

. fl dance across the coating reflects the extent of the damage to the coating

o caused by corrosion, but it does not characterize the ongoing corrosion

%ﬁ reaction once corrosion has initiated.

5

égf Two nondestructive methods have been shown to be useful for the

M - ‘ evaluation and prediction of the corrosion behavior of polymer coated metals.
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Et; These methods include the use of a reflected acoustic pulse to detect the
f ? early stages of adhesion loss, and the application of electrochemical impe-

dance spectroscopy for the evaluation of the degradation of the polymer
coating., While the electrochemical impedance method has great sensitivity for
. the earliest stages of degradation of the coating by the corrosion process,
the reflected acoustic pulse has the ability to locate the regions of disbond-

L m_mﬂa??_v._?ﬁ‘!ﬂ’ e A B A i

LW

:‘ ing of the polymer from the metallic surface and provides a useful nondestruc-
¥ tive tool for evaluating the kinetics of corrosion induced adhesive failure,
y
.

3

q
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5.0 RECOMMENDATIONS FOR FUTURE RESEARCH

1. Additional EIS-data should be collected for coated segmented elec-
trodes to obtain information concerning the reactions at the metal/
coating interface combined with measurements across the coating which
reveal the changes in the coating during the exposure to corrosive
environments, This novel approach to the evaluation of the corrosive

. degradation of coated metals allows a complete analysis of the

E_ L changes of the metal/coating compound. In this program, only epoxy

;"'.'1' coatings have been evaluated during continuous exposure to aqueous

NaCl. Other types of coatings containing some of the pigments for

- which increased corrosion protection has been observed need to be

E} .f studied. Other types of environments should be used in the study of

) : ,--# - corrosive degradation such as humid air containing various poliutants

such as S0y, NO, and/or 03. This should be followed by exposure at

environmental test sites where the environmental parameters are
monitored. As corrosion sensors the new atmospheric corrosion rate
monitors (ACRM) and the data loggers for exposure studies (ACRMDL)
should be employed. Such an integrated approach for the evaluation
of coated metals under "real 1ife" conditions is needed to provide
additional inputs to the lifetime prediction model developed in the
present project in laboratory conditions.

i s g A

2, Stresses produced by growing corrosion products under the coating
have been shown to play a significant role in the degradation of
adhesion and cohesion of polymer coated steel. It is recommended
that the mechanism by which corrosion induced stresses are relieved
by cohesive or adhesive failure be investigated using acoustic
emission, Acoustic events from coated steel coupons exposed to NaCl
solution and pulled to failure have been explained by cohesive and
adhesive failure. Events produced in the absence of tensile exten-

“ sion from corroding or cathodically polarized coated steel should
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occur if reaction products induce cohesive or adhesive failure.
Accordingly, acoustic emission from polymer coated steel exposed to
various environmental conditions should be collected and analyzed as
a function of time of exposure, coating chemistry, and surfaqe
preparation.

Adhesion appears to function as a major component in the mechanism of
protection of metals by polymer coatings. It is recommended that the
molecular steps involved in adhesion and corrosion iuduced adhesion
Toss should be investigated., It should be possible to form a mono-
layer of an epoxy coating on a steel surface by starting with avail-
able volatile epoxide and polyamide oligomers in an ultra high vacuum
apparatus equipped with Auger and X-ray photoelectron spectroscopic
capability, in addition to an attached electrochemical cell. Spec-
troscopic evaluation of a “monolayer" or thin layer of a model
polymer interphase as a function of exposure to water, water vapor,
or cathodic and anodic electrochemical polarization, and surfac
pretreatment will give information on the type of adhesive bonding
and the mode of their attack by the corrosion processes., Previous
spectroscopic evaluation of the cathodic disbonding process has been
carried out by exemining samples after various treatments in the
1aboratory.29'30 Questions concerning the existence of chemical
changes occurring after the treatment at the disbonded interface have
been raised,31 Experiments performed in a chamber32 that allows easy
transfer from the electrochemical cell to the spectrometer vacuum
chamber will provide direct evaluation of the chemical changes of the
polymer/metal interface or interphase associated with the cathodic
disbonding process.

Recognizing that adhesion in the presence of water and dissolved ions
is critical to the stability of polymer coatings, the wetting forces
at a model three-phase metal/organic/water interface can be directly
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measured as a function of applied potential and electrolyte chemistry
using the Wilhelmy plate method.33’34 It is recommended that these
experiments be performed using compourds in the organic phase having
variocus organic functionality found in polymer coatings. Results
from these tests could aid in the design of adhesion promoters,
coatings or surface oreparation techniques that resist corrosion
enhanced adhesion 10ss.

4. Quantitative in-situ, nondestructive evaluation of the rate of
cathodic disbonding about a defect should be performed as a function
of environment, potential, =urface preparation or modification, and
polymer chemistry. Previously, cathodic disbonding has been studied
only by destructive analysis or qualitatively by visual inspection,
A need for a nondestructive in-situ method for detecting the disbond
front exists.35 The development of signal-enhancements for the
ultrasonic reflected pulse techniques in this laboratory now allows
in-situ nondestructive detection of the disbond front. This method
can therefore be used to quantitively and nondestructively follow the
disbonding as a function of time,
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7.0 APPENDIX

Definitions and Symdols:

ACM
ACRM
Ad
AD

[}

i}

[

1)

&

[ 13

atmospheric corrosion monitor
atmospheric corrosion rate monitor
delaminated area

alkaline derusting

acoustic emission

double layer capacitance

coating capacitance

corrosion rating (ASTM 0510)
coating thickness

delamination rating {ASTM D510)
corrosion potential

delamination efficiency = (/A4
electrochemical impedance spectroscopy
relative dielectric constant

dielectric Sonstant of free space
8.85 (10)71% F/cm

epoxy

fourier transform operator

inverse fourier tiransform operator
W2w

hot alkaline pretreatment

nitric acid pretreataent
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E 3 Ig = galvanic current
T inh. HCl = inhibited HC1 pretreatment
EL;‘ ; w = angular frequency (rad/s)
E j P+ D = polished and degreased
E ; P = volume resistivity of electrolyte
; ] Q = cathodic charge passed during the cathodic disbending test
: 5 K = resistance parameters for a delaminated region
tf"".é P = acoustic pulse from the coating/metal interface
. ?'_; Ry = Mim 2]
- N Py = acoustic reflection from the coating-water interface
* Rp = polarization resistance
Rpo = pore resistance
Rq = ohmic resistance
SCE = saturated calomel electrode
SrChro = Strontium chromate
teopr = exposure time
] = area fraction where corrosion occurs
Vogr = effective volume of delamination
1 = complex impedance
2 = in-phase impedance (real component)
" = out-of-phase impedance (complex component)
Y Z, = impedance proportional to {ju)d/2.
- 2 e @)?
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Z; = interfacial impedance
InPhos = Zn phosphate pigment
InBaP = In barium phosphate
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