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ABSTRACT

Polyacrylic acid, p(AA), electrolyte macromolecules
diffused into crystalline zinc phosphate (Zn°*Ph)
conversion coatings that are precipitated onto cold-
rolled steel by dissolution-recrystallization proces-
ses, enhance the corrosion protection of steel. One
of the specific subserviences was that, when the NaOH-
dissolution of Zn°*Ph is considered, the Zn-00C elec-
trostatic bonds at p(AA)-Zn°Ph interfaces are trans-
formed into Nat~00C ionic bonds which associate with
the salt complexed macromolecules. Another is the
intermolecular chemical reactions between p(AA) and
polymeric topcoats. These contributions relate
directly to a lower cathodic delamination rate.

INTRODUCTION

Insoluble crystalline zinc phosphate (Zn°*Ph) conversion coatings can be
produced on steel surfaces by immersing the surface-cleaned steel substrate
into a phosphating solution containing three components, zinc orthophosphate
dihydrate [Zn3(P04)p°*2H90], H3PO4, and water. The major phase in the conver-
sion coating derived from this simple phosphating solution is the same zinc
phosphate dihydrate as that used in the converting solution. This suggests
that the conversion to the Zn*Ph occurs through a dissolution-recrystalliza-
tion process of the original Zn3(PO4)7°2H20 powders. As a result, all of the
conversion coatings which are discussed in this paper were prepared using the
above process.

When cold-rolled steel surfaces are treated with zinc phosphating solutions
containing polyelectrolyte macromolecules having proton-donating type pendant
groups such as carboxylic acid or sulfonic acid, several corrosion protective
benefits are accrued. The positive surface sites of phosphate crystal embryos
at the beginning of the precipitation of Zn+Ph conversion coatings on the

steel surface are strongly chemisorbed by the anionically charged segments of
the.polyelectrolytes.l' This segmental chemisorption of polyanions either

on newly precipitated nuclei or on growth sites during the primary crystalliza-
tion processes, not only acts to array a uniformly packed fine crystal morphol-
ogy brought about by the suppression and delay of the crystal growth, but also



significantly improves the stiffness and ductility characteristics of the
normally brittle Zn°Ph layer. Enhancement of adhesion with subsequent poly-
meric finishers is also obtained. The latter relates directly with the chemi-
cal bonds formed at the interface between the functional organic species such
as ionic carboxylate and carboxylic acid groups existing at the outer-most
surface sites of the conversion coating and the polymeric topcoats.

On the other hand, Leidheiser, et al.* have reported that cathodic delamination
of polymeric coatings from zinc phosphated steel surfaces is due mainly to
‘alkaline dissolution of the phosphate coating. This is caused by the hydroxyl
ions generated by oxygen reduction reactions, Hp0 + 1/2 09 + 2 e~ = 2 OH™, and
the migration of alkali metal cations through the topcoat to the reaction zone
for charge balance. Thus, it has been demonstrated that the sodium hydroxide
solution dissociates a larger amount of zinc and phosphate ions from the

Zn*Ph coating surfaces. Since the OH™ ions which cause delamination at
paint/Zn+Ph interfaces form at pores and defects in the Zn°*Ph layers, the
formation of highly dense, thick, and low porosity conversion coatings should
yield inherently slow oxygen reduction kinetics.

Therefore, studies were conducted to explore the effects of polyacrylic acid
[p(AA)] polyelectrolyte macromolecules when they are internally diffused
throughout the crystalline Zn°Ph, and on the degree of the alkaline dissolu-
tion of coatings. Cathodic delamination studies for polyester—modified poly-
urethane (PU)-coated Zn°*Ph specimens were also performed to determine the
role of the intermolecular chemical reaction at PU modified Zn-°Ph interfaces
in reducing the delamination rates of the PU topcoat from the Zn-+Ph.

RESULTS AND DISCUSSION

In order to investigate the ability of p(AA)-chemisorbed conversion coatings to
provide corrosion protection to steel, p(AA) macromolecules at concentrations
of up to 5 wtZ were incorporated into a convertible solution consisting of 1.3
wt% Zn3(P04)p°2H90, 2.7 wt% H3PO4; and 96.0 wt% water. Figure 1 shows SEM
microtexture views and associated EDX data for the unmodified, and 1 and 2%
p(AA)-modified conversion coatings. It is evident from comparisons of the
topographical features of the crystals precipitated on the steel surfaces, that
the addition of p(AA) serves to decrease the crystal size. This is due pri- )
marily to the chemisorption of p(AA) on the precipitated crystal nuclei faces
at the beginning of recrystallization processes, thereby suppressing the crys-
tal growth.3 The accompanying EDX data indicate that the Fe/Zn ratios for the
conversion coatings increase with increased p(AA) concentration. Since the
only source of Fe is the steel, the extent of suppression of crystal growth by
the p(AA) relates directly to the precipitation rate of iron-rich phosphate
compounds. At a 5% p(AA) concentration, a further increase in the Fe/Zn ratio
was obtained (not shown in figure). The surface morphological image shows two
discriminable crystal phases: one is that of a reticular crystal network and
the other is the plate-like crystal network. From the EDX quantitative evalua-
tion, the former is associated with the Fe-rich phosphate crystalline coatings
and the latter is from the Zn-rich phosphate compounds. The identification of
these different phosphate phases was made using x-ray powder diffraction (XRD)
with CuK radiation at 50 KV and 16 mA.



As a result, for the 2% p(AA) samples, all of prominent spacing lines in the
XRD pattern ascribe to zinc phosphate dihydrate [Zn3(P04)3°2H0], which is
representative of the recrystallization of the starting material dissolved in
the phosphating solution.? In contrast, the XRD pattern for the 5.0% p(AA)
sample has two new spacings at 0.311 and 0.437 nm. These spacings reveal the
presence of strengite (FePO4'2H20).6 Therefore, the Fe-rich reticular and
Zn-rich plate—like crystals which were observed by SEM-EDX analyses, are
associated with the formation of FePO4°2H70 and Zn3(P04)9°2H0 phases,
respectively.

This results in the production of thinner conversion coatings containing a high
proportion of ferric phosphate compounds. Thus, the coating thickness and iron
content appears to depend on the amount of p(AA). Experimentally, the measured
thicknesses for coatings containing 0, 1, 2 and 5% p(AA) were approximately 30,
28, 25 and 20 um, respectively.

Efforts were made to determine how the proportions of Fe existing in the con-
version layers participate in the corrosion protection process. To obtain this
information, the polarization behavior of p(AA)-modified conversion specimens
in an aerated 0.5M NaCl solution was determined, and the resultant polarization
curves were correlated as a function of EDX Fe/Zn ratios for various p(AA) con-
centrations. These results are given in Figure 2. A comparison of the cath-
odic pclarization areas from the unmodified Zn+Ph and p(AA)-modified Zn°Ph
specimens indicates two noteworthy features: (1) the short-term steady-state
current value for the modified specimens is lower than that for the unmodified
one in the potential region between -1.0 and -1.1 v, and (2) the incorporation
of 5% p(AA) resulted in a shift in corrosion potential to a more negative site
and an increase in current density at the potential axis. The lower current
density for the modified specimens (result No.l above) compared to that of the
specimen without p(AA), is attributed to a low hydrogen reduction as well as to
a less active surface. This confirms that the oxygen reduction reaction is
inhibited by the p(AA) macromolecule chemisorbed on the crystal faces. With
regards to the second observation, the introduction of 5% p(AA) into the con-
version layer seemed to reduce the corrosion-resistive effectiveness. From
this observation and the previously discussed SEM-EDX data, it can be concluded
that the presence of agglomerated strengite in the Zn3(P04)9°2H70 layer

results in an increase in intrinsic phosphate porosity, thereby giving poor
corrosion protection.

Another important goal of our work was to obtain knowledge regarding possible
interactions between p(AA) and the crystal conversion coating, and then to
understand how the interfacial reaction products act to increase the corrosion
resistance of Zn-*Ph-coated steel. The former was investigated by means of
XPS, and it was observed that even when a high concentration of 5% p(AA) was
used, the p(AA) film deposited at the outermost surface sites was thin enough
to see the photoemission signal from the underlying Zn- and Fe- phosphate com—
pounds. The binding energy (BE) scale in the XPS spectra was calibrated with
the Cyg of the principal hydrocarbon, "CH,", peak fixed at 285.0 eV as an
internal reference standard.

The C;g core level photoemission spectra for bulk p(AA), and 1% p(AA)- and 5%

p(AA)- modified conversion coating surfaces are shown in Figure 3. The Cjg4
region of the bulk p(AA) (Figure 3-a) has two main peaks; 285.0 eV corresponds
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to the hydrocarbons in the main chain and 288.9 eV ascribes to the carbon
originating from the carboxylic acid, COOH, in the p(AA). The spectrum for the
5% p(AA)-modified coating (Figure 3-b) shows a shift in the peak to a lower BE
site and the appearance of a new peak at 287.2 eV, as compared to that of the
bulk p(AA). The new peak emerging at about 1.7 eV lower BE from the COOH peak,
is located between a carbonyl carbon, C=0, at approximately 288.0 eV and a
carbon—oxygen single bond at approximately 286.5 ev.? For samples containing
1% p(AA) (Figure 3-c¢), a further shift in the COOH peak toward lower BE was
observed.

Figure 4 shows typical 2p doublet separation spectra for the Zn2p3/2 and 2pl/2
lines from unmodified and modified conversion coatings. The distance separat-
ing the 2p3/2 and the 2pl/2 energies for both the unmodified and modified coat-
ings is in the range of 23.7 to 23.5 eV. This means that the presence of p(AA)
in the conversion coatings does not change the separation distance. There-
fore, these peaks appear to be assigned to zinc originating from the zinc phos-
phate dihydrate crystal.- The main difference between these spectra is the
shift of the 2p3/2 and 2pl/2 peaks to higher energy sites when the p(AA) con-
tent is reduced. For 5% and 1% p(AA) concentrations, the values of 1022.5 eV
(Figure 4-e) and 1022.9 eV (Figure 4-f) for the 2p3/2 core level correspond to
increases of 0.1 and 0.5 eV, respectively, compared to unmodified coatings.

The reason for the increased Zn2p peak energy, the decrease in BE of the COOH
carbon, and the new peak at 287.2 eV for the Cjg region, may be charge transfer
from the Zn in the crystal coating to the electron accepting oxygen portion in
the functional pendent group of p(AA). In fact, the O;g core level (not shown)
at the p(AA)/Zn°Ph interfaces indicated the presence of a strong peak at
531.4 eV which ascribes to the formation of COO-metal complexes. Two possible
Zn-0 bond formations for carboxylate-linked Zn complexes yielded through a
mechanism involving charge transfer reactions at p(AA)-Zn<Ph interfaces are
discussed below.
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One of the complex formations is a zinc-oxygen—-carbon (Zn-0-C) bond structure

(I) which is produced by the reaction of an oxygen atom in the carboxylic anion
with a Zn atom. The other (II) may be formed by a charge transferring -interac-
tion between both oxygens in the carboxylate group and the Zn atom. The latter



formation relates to the assignment of the new line at 287.2 eV which is
situated between the C=0 and the C-0 bond peaks. It was found that the inter-
facial reaction products at the p(AA) - Zn*Ph interfaces are Zn-0-C complexes
containing an electrostatic bond yielded through the charge transferring
reaction.

The studies were extended further to investigate the influence of these inter-
facial complex products upon the alkali-dissolution of the conversion coatings.
Table 1 indicates the changes in the EDX intensity ratios of P/Zn and Fe/Zn,
and E.orr, as a function of p(AA) for phosphated steel specimens after exposure
to a 0.1M NaOH solution for 1 hr at 25°C. As seen in the table, the P/Zn
ratios for all exposed specimens are significantly lower than those for the
unexposed specimens. All of the Fe/Zn ratios increased. The former suggests
the dissociation of a greater amount of phosphate brought about by the alkaline
dissolution of Zn*Ph. Thus, this seems to imply that interfacial reaction
products composed of Zn-0-C complexes do not significantly inhibit the alkali-
dissolution of conversion coatings. However, the differences in Fe/Zn ratios
compared with those from the unexposed samples decreased significantly with
increased p(AA) concentrations, thereby suggesting that p(AA) macromolecules
diffused electrostatically onto Zn+*Ph crystal faces act to decrease the rate

of ferrous ion dissociation from the steel.

The E¢orr values for specimens after exposure to NaOH were determined from
the polarization curves in aerated 0.5M NaCl solutions. To investigate the
variation in Na atom percentages as a function of p(AA), the surfaces of the
exposed specimens were also examined using XPS. As noted in Table 1, the E . pp
values for all the exposed specimens containing p(AA) shifted to less negative
positions, as compared to those for the unexposed ones. The largest shift was
observed for specimens modified with 5% p(AA). Figure 5 gives comparisons
between the Cig spectrum features of 1% p(AA)-modified Zn°*Ph before (Figure
5~-3) and after (Figure 5-k) exposure to NaOH solutions. The most striking
features in the spectrum of the exposed samples were the shift in the carboxyl
0

carbon, =-C-0-, peak to a higher BE site, and a decrease in intensity of the
peak at 287.2 eV, while maintaining the same position of hydrocarbons at

285.0 eV. 1In conjunction with the increase of 0.3 eV in the BE of carboxyl
carbon, there was a corresponding decrease in the BE in the Zn2p3/2 region for
the sample subjected to NaOH exposure (see Figure 6~m), as compared with that
of the unexposed sample (Figure 6-1). The excitation of the new line at
1020.4 eV for the exposed samples is assigned to the formation of new Zn-based
compounds brought about by the alkali-dissolution of the conversion coating.
This seems to suggest that during the exposure to the NaOH solution, Na ions
act to promote the breakage of the Zn-00C electrostatic bonds. The breakage
may be related to an elemental substitution of Zn for Na. However, the corre-
sponding Najg core level spectra have not yet been clearly resolved because of
a very noisy exciting peak feature.

On the basis of the above information, the following statements can be made
regarding the function of p(AA) in reducing the dissociation of Fe and improv-
ing the protection of the conversion coatings when subjected to NaOH. When the
p(AA)-modified conversion coatings come in contact with a NaOH solution, the
reactive Nat ion will break the Zn-00C electrostatic bonds in the interfacial
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reaction products to form a —-COO~ Nat salt complex which contains an ionic
bond. This transformation from a Zn—-0 electrostatic bond to a Na~0 ionic bond
can be expressed as follows:

-C00-Zn- +2NaOH —— -C00~ Na¥™ + Na0O-Zn- + Hy0

It can therefore be assumed that the precipitation of a salt complexed macro-
molecule formed by an ionic reaction between the carboxylic anion and the Nat
cation during the progression of the alkaline dissolution of the conversion
layers can serve as a barrier to the ferrous ion dissociation from the steel.
This reflects on the corrosion resistance of the steel.

The effect of p(AA) macromolecules existing at the outermost surface sites of
the modified Zn°*Ph coatings on the resistance to the cathodic delamination of
the polymeric topcoat from the Zn*Ph, was also investigated. In these

studies, a polyester-modified polyurethane (PU) topcoat was applied to modified
Zn*Ph specimens. The cathodic delamination tests for the PU-coated Zn°Ph
specimens were conducted in an air covered 0.5M NaCl solution using an applied
potential of -1.5 volts vs SCE for up to 6 days. A defect was made using a
drill bit with a diameter of approximately 1 mm. After exposure, the specimens
were removed from the cell and allowed to dry. The PU coating was removed by
cutting, and a delaminated region which appeared as a light gray area adjacent
to the defect, was detected. These test results are reported in Table 2. The
PU to-blank steel joint systems exhibited considerable delamination of the PU
after exposure for only one day. In contrast, the presence of a conversion
coating as an intermediate layer in the PU/steel joint system significantly
reduced the rate of cathodic delamination. Further improvement was obtained
using the p(AA)-modified conversion coating systems. As seen in table, the
delamination rates for the 6 day-exposed specimens decrease with increased
p(AA) concentrations ranging from 1 to 5%.

In the PU/p(AA)-modified coating joint systems, the major reason for reducing
the rate of delamination is the intermolecular chemical reactions between the
carboxylic acid groups of p(AA) existing at the outermost surface sites of the
conversion coating and the isocyanate groups of PU. The interfacial reaction
product formed through the interaction mechanism given below could result in a
lower susceptibility to hydrolysis of the particular isocyanate which is
essengiglly hyrolyzed to substitute the primary amine in the presence of
NaOH.%»

-R-NCO + HOOC-R- — 4 —-R-NH-CO0-0-CO-R~ v —R-NH-CO-R—- + CO9

The above statements suggest that the initial failure in this joint system
occurs at the conversion coating/steel interface, in contrast with the
PU/conversion coating interfacial regions for the PU-unmodified coating joint
systems.



CONCLUSIONS
The following generalizations can be drawn from our results.

1. The precipitation of a dense crystalline conversion coating on
cold~-rolled steel by a dissolution-recrystallization process using
zinc orthophosphate dihydrate as a starting material, considerably
reduced the corrosion rate of steel in an aerated NaCl solution.

2. When modified with p(AA) electrolyte macromolecules, the conversion
coatings yield low hydrogen evolution as well as a less active
surface.

3. The precipitation of a large amount of strengite, FeP0,°*2H20, formed
by adding an excessive amount of p(AA), seems to result in a less
effective protective coating.

4., The interfacial reaction products at the p(AA)—~zinc phosphate
interfaces, were identified to be Zn-00C complexes yielded by a charge
transfer reaction between Zn atoms in the crystalline conversion
coating and the electron accepting oxygen portions of the p(AA).

5. The resultant Zn—-0 electrostatic Interfacial bond had no significant
effect on the rate of alkaline dissolution of conversion coatings
subjected to NaOH exposure, because of the breakage of the Zn—-0 bond
by the attack of reactive Na‘t.

6. The formation of —CO0~ Na' salt complexed macromolecules precipitated by
transformation of Zn-0 electrostatic bonds into Na-O ionic bonds are
subservient to the corrosion resistance of steel.

7. The intermolecular chemical reaction between the carboxylic groups of
the p(AA) existing at the outermost surface sites of the conversion
coating and the isocyanate groups in polyurethane topcoats led to a
lower rate of cathodic delamination of the polyurethane film from the
substrate. Thus, the beginning of the delamination failure occurs
through the conversion coating/steel interface, as compared to that at
the polyurethane/conversion coating interface in the polyurethane
unmodified coating joint system.
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Table 1. Variations in P/Zn and Fe/Zn Intensity Count Ratios and Corrosion

Potential Values, E.,ryr, as a Function of p(AA) Concentration for
Phosphated Steel Specimens After Exposure to 0.1M NaOH Solution.

PAA,

Before Exposure " After Exposure

Ecorrs - Ecorrs
P/Zn Fe/Zn Volt P/Zn (Difference¥*) Fe/Zn (Difference) Volt

2

5

0.55 0.49 -0.592 0.26 (-52.7%) 0.72 (+46.9%) -0.620
0.54 0.56 -0.595 0.24 (-55.6%) 0.75 (+33.97%) -0.540
0.57 0.60 -0.610 0.23 (-59.7%) 0.79 (+31.7%) -0.521
0.55 0.74 -0.651 0.25 (-54.6%) 0.89 (+20.3%) -0.480

*Difference compared with that of unexposed specimen; difference, % = [(ratio
of exposed specimen - ratio of unexposed specimen)/ratio of unexposed onel
x 100.



Table 2. Comparison Between the Delaminated Areas of Polyurethane-Coated
Steel, Unmodified Zn*Ph, and p(AA)-Modified Zn<*Ph Panels
Exposed to 0.5M NaCl Solution.

p(qAA), Delaminated Area, mm?
* 1 Day 3 Day 6 Day
PU/Steel Joint 113 1256 ———
0 0.8 4.9 19.6
1 0.2 2.5 10.8
2 0.2 0.9 7.1
5 0.2 0.9 . 4.9




P(RA): 0z

Intensity Intensity
.ement Counts/100 sec. ratio/Zn
Fe 18134 0.49
7Zn 36843 1.00
P 20107 0.55
friAAfr 1.02
Intensity Intensity
.ement Counts/100 sec. ratlo/Zn
Fe 19068 0.56
zZn 34050 1.00
P 18387 0.54
P(RAR); 2. 0X
Intensity Intensity
Eleaent Counts/100 sec. ratlo/Zn
Fe 18368 0.60
7Zn 30611 1.00
P 17295 0.57

SEM photographs and associated EDX data for unmodified and

Figure 1
p (AA) -modified conversion coatings.
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Figure 2.
p(AA) concentrations of up to 5% in aerated 0.5M NaCl solutions.
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Figure 3. C)g spectra for bulk p(AA) (a), 5% p(AA)-Zn*Ph interface, (b)

and 1% p(AA)~Zn.ph interface (c).
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Figure 5. Cjg spectra for 1% p(AA)-
modified Zn<*Ph before (j)
and after (k) exposure in
0.1M NaOH solution.
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Figure 4. Zn2p separation spectra for
unmodified Zn*Ph (d), 5%
p(AA)-modified (e) and 1%
p(AA)-modified Zn+Ph (f).
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Figure 6. 2Zn2p regions for unexposed (1) and NaOH - exposed p(AA)-Zn*Ph (m).
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