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Abstract

The addition of zinc phosphate pigment to standard epoxy coatings has been investigated as an anticorrosive and eco-friendly
additive. In this study, we prepared two epoxy coatings without and with zinc phosphate for corrosion protection of AA7075-
T6 substrates for different time exposures in NaCl solution. The two epoxy coatings were evaluated by electrochemical
impedance spectroscopy and their surfaces were characterized by scanning electron microscopy. The results show that the
addition of zinc phosphate to the anticorrosive formulation (epoxy resin—polyaminoamide) facilitated the formation of a
barrier film, enhanced the barrier anticorrosive properties of the coatings and therefore inhibited the penetration of aggres-

sive corrosive ions to the AA7075-T6 surface.

Keywords Standard epoxy coating - Zinc phosphate - AA 7075-T6 - NaCl solution

1 Introduction

Aluminium alloys are widely used in the aerospace industry
due to their light weight and high specific strength. However,
these alloys are particularity sensitive to localized corro-
sion in chloride environments and need to be protected by a
robust system [1-3]. For this purpose, organic coatings are
usually applied to protect the aluminum substrates against
corrosion. Up to now, epoxy-based organic coatings are
the most used polymers [4, 5]. Anodizing is also applied
to protect these aluminum substrates in aircraft structures.
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Chromic anodizing (hexavalent chromium compounds) has
mainly been utilized as an excellent corrosion protection [4].

However, because of environmental and health-related
issues, several countries and the European Union are trying
to ban the use of such kinds of treatment [6]. Other acid elec-
trolyte baths have been developed and applied, such as sulfo-
tartaric acid [7, 8]. Weak tartaric acid is added to strong
sulfuric acid, a combination (a sulfo-tartaric bath) that limits
the oxide dissolution and offers excellent corrosion resist-
ance [9]. Organic coatings have been widely applied as a
barrier layer on metal substrates to protect them against cor-
rosion [10]. However, the organic coating deteriorate in the
long term, resulting in a decline in the barrier performance.
The durability and lifetime of an organic coating depends on
several factors, such as the density of the coating cross-links,
the coating chemistry and adhesion to the metal surface.
Among various organic coatings, epoxy-based organic coat-
ings have excellent corrosion resistance, excellent chemical
resistance, a high cross-linking density and high adhesion
to metal surfaces. However, penetration of aggressive cor-
rosive ions into the standard epoxy coating from defects and
micro-pores and diffusion of these corrosive agents to the
metal/coating matrix interface results in the initiation of the
corrosion process and deteriorates the coating matrix [11].
Inhibitive pigments, such as chromate-based pigments, are
the commonest additions to anticorrosive formulations.
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Fig.1 Names and chemical structures used in the preparation of the coating materials
Table 1 ‘]jllerr.lentar.y chemical Element Zn Mg Cu Cr Mn Si Fe Al
composition in weight percent
of used of AA7075-d6 A17075-T6 541 2.34 1.27 0.21 <0.01 0.07 0.12 Balance

However, because of the environmental rules, the use of this
invaluable pigment in these anticorrosive formulations has
been limited. Therefore, more solutions are being developed
to find other alternative inhibitive pigments [12-14].

In recent decades, several less-toxic anticorrosive pig-
ments have been used, for instance, zinc phosphate. This
inhibitive pigment dissolves in water followed by precipita-
tion of a barrier film on the substrate surface [15, 16]. This
barrier film can block the active sites on the substrate surface
and reduce the anodic dissolution process [17].

In this work, we have evaluated two epoxy coatings with
and without zinc phosphate applied to protect AA7075-d6
substrates against corrosion were tested in an aggressive
marine environment (3 wt% NaCl solution). The anticor-
rosive properties of the two epoxy coatings were monitored
by electrochemical impedance spectroscopy (EIS) and the
results were also confirmed by scanning electron microscopy
(SEM).

2 Experimental
2.1 Materials and Methods

The epoxy resin bisphenol A diglycidyl ether (DGEBA) and
hardener (polyaminoamide) used for the work were from
MAPAERO-aerospace coatings. The pigment anticorrosive
additive used in this work was zinc phosphate,y purchased
from Aldrich. Figure 1 shows the names and chemical struc-
tures used in the preparation of the coating materials.

2.2 Preparation of AA7075 Substrates

The substrates used were 8.5 cm X 6.3 cm X 0.59 cm of
AA7075-T6 and the chemical composition is shown in
Table 1.

The aluminum samples were degreased with methyl
ethyl ketone, air-dried, and dipped in a commercial
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Table 2 Parameters of the sulfo-tartaric anodization

Parameters Values for sulfo-tartaric anodization

Composition of the bath ~ 36-44 g/L of sulfuric acid (H,SO,)

77-88 g/L of tartaric acid (C,H¢Og)
Deionized water conductivity <20 uS/cm

Voltage 0-14 V at a rate of 2.8 V/min
Current density 0.5-1 A/dm?

36-39 °C
20-30 min

Electrical parameters

Bath temperature

Duration of treatment

chromate-free alkaline cleaner (Turco) at 58 °C for 15 min.
Then, they were dipped in a chromate-free commercial
acid etching bath at 40 °C for 30 min. After each treatment
step, the specimens were rinsed with distilled water.

The anodizing process of the samples of AA7075-d6
was carried in an industrial pilot plant containing a sulfo-
tartaric bath. The sulfo-tartaric anodization was practiced
with the parameters shown in Table 2.

2.3 Epoxy Resin Formulation and Aluminum
Coating

Two epoxy formulations were prepared based on the epoxy
resin (DGEBA) and mixed with a polyaminoamide curing
agent (epoxy resin—polyaminoamide). A zinc phosphate
(ZP) inhibitive pigment was added to the anticorrosive
formulation to enhance the anticorrosive performance of
the standard epoxy coating.

Two sets of Al-alloy samples were prepared, one coated
with a standard DGEBA-polyaminoamide and the other
one with DGEBA—-polyaminoamide—ZP. The coatings
were carried out using a film applicator. The coated sam-
ples were left at room temperature for 24 h before post-
curing at 60 °C for 1 h. The thickness of the dried films
was about 23 +2 pm.
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2.4 Curing of DGEBA-Polyaminoamide

During the curing process, the epoxy resin and the cur-
ing agent polyaminoamide react to form a 3D thermoset
polymer with multi-coordination sites of the hydroxyl and
amino groups. A representative scheme of the possible
reaction mechanism which occurs during the curing pro-
cess is presented in Fig. 2 in which it is shown that, dur-
ing the initiation stage of the curing process, the amine
undergoes a nucleophilic addition at the epoxy ring [4, 5].
In the propagation stage, a high molecular weight cross-
linked polymer forms.

2.5 Characterization
2.5.1 EIS Measurements

EIS evaluations were carried in a 3 wt% NacCl solution at
25 °C using Potentiostat PS 200. A three-electrode cell sys-
tem was used for the electrochemical measurements consist-
ing of a working electrode was AA7075-d6, a counter elec-
trode was the Pt and the reference electrode was a saturated
calomel electrode. The EIS measurements were carried out
at an open-circuit potential (OCP), in the frequency range
from 100 kHz to 0.01 Hz, with an AC amplitude of 10 mV

?
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at OCP. The EIS results were analyzed using the EC-Lab
V10.32 software fitting procedure.

The anticorrosion performance of the coated substrates
was evaluated in an accelerated environment using a salt
spray chamber. The corrosive nature was measured by the
salt spray test according to the ASTM B117 standard.

2.5.2 Surface Characterization of Coating

The surface morphologies of the coatings were characterized
by SEM (S3000H, Hitachi) operated at 20 keV.

3 Results and Discussion
3.1 EIS Measurements

Impedance diagrams are a valuable tool to obtain infor-
mation about anticorrosion performance [18-21]. The
Bode and Nyquist plots of the coatings obtained after dif-
ferent periods of exposure (1464, 2928 and 4392 h) and
immersed in a 3 wt% NaCl solution for 2 h are shown in
Figs. 3 and 4.

At the beginning of exposure during the 2 h of immer-
sion in 3 wt% NaCl, the Bode plots for the two epoxy
coatings characterized by the impedance modulus at low
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Fig.2 The curing reaction mechanism of the DGEBA—polyaminoamide
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frequencies (1Zl, ,; 1,) Were high and greater than 10° Q
cm?. The impedance modulus plot 1Zly o, , values of the
standard epoxy coating begins from 545.95 kQ cm? after 2 h
immersion and finally reaches 241.90 kQ cm? after 4392 h
immersion. The decrease of impedance values with immer-
sion time clearly denotes that the electrolyte disperses into
the polymer matrix and reduces the barrier properties of
the film. We have observed that the impedance modulus
1Zly.01 1, of the epoxy coating containing 5 wt% of ZP has
a higher resistance starting from 1355.84 kQ cm?” after
2 h immersion and finally reaching 392.732 kQ cm? after
4392 h immersion.

This may indicate that the epoxy coating containing ZP
showed greater anticorrosive protection behavior because
the inhibitive pigments can fill the micro-pores and defects

-Z" (Q.cmz)

present in the organic matrix by diminishing its porosity
[22-24]. The EIS data are fitted using the electrical equiva-
lent circuit shown in Fig. 5, where R, Rre, Ros Cooy and Cy
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represent the solution resistance, coating resistance, charge
transfer resistance and double layer capacitance, respec-
tively. The electrochemical circuit was utilized in order to
obtain Ry, Rores Reps Coone and Cy values from the Nyquist
plots. To obtain a better fitting, a constant phase element
(CPE) was used. The impedance of CPE is calculated using
Eq. 1:
1
ZCPE [fo(] % W)n] (1)

where f; is a proportionality coefficient, w is the angular fre-
quency, and j is the imaginary number. The effective capaci-
tance (Q) is calculated via the CPE parameters by [25]:
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Fig.3 Bode and Nyquist plots obtained for the two epoxy coatings applied on AA7075-T6 samples for different periods of exposure (1464, 2928
and 4392 h) in the salt spray test chamber and immersiond in 3 wt% NaCl solution for 2 h
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Fig.4 The impedance modulus at low frequency (IZl, ,; ¢,) as a func-
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Fig.5 The equivalent electrical circuit used to fit the measured
impedance data

where Y|, and n are the CPE admittance and CPE exponent,
respectively. The anticorrosive protection of the coatings,
the coating resistance (R,,,.) and the charge transfer resist-
ance (R,) were evaluated from the impedance diagrams.

The results summarized in Table 3 show that the R .. and
R values of the epoxy coating-ZP increase significantly, an
indication of the superiority of the epoxy coating-ZP over
the standard epoxy coating.

Meanwhile, the higher values of R, and R for the
epoxy coating-ZP can be explained by the compatible and
well-dispersed ZP in the coating matrix and the improving
coating resistance against the transfer of corrosive agents
(CI7, O, and H,0) through the micro-pores and defects ofthe

coating matrix. The R, and R, values of the epoxy coat-
ings decrease with immersion time, which is attributed to
the diffusion of the corrosive agents into the coating matrix
and access at the coating/metal interface.

Therefore, the corrosion reactions including anodic dis-
solution of the aluminum substrate and reduction of cor-
rosive species (oxygen reduction) take place at the coating/
metal interface, leading to delamination of the matrix.

Further, the C,; which is related to the distribution of the
ionic charge at the metal/coating interface [26] is lower for
the epoxy coating-ZP for different times of immersion. The
C, of the epoxy coating-ZP is lower than the standard epoxy
coating. The C; value increases by increasing the immersion
time due to the expansion of the active zones [27] and the
fluctuations observed for the Cy; value during immersion is
the result of the electrochemical process of the AA7075-d6
surface. Moreover, the C_,, for the epoxy coating-ZP sam-
ple is lower than for the standard epoxy coating after 2 h
of immersion in NaCl solution, because the ZP inhibitive
pigment fills the micro-pores and defects in the coating and
decreases the water uptake into the coating matrix. The C_,
of the standard epoxy coating decreases to a stable value
by extending the immersion time due to delamination of
the coating matrix and filling the micro-pores and defects
of the matrix with corrosion products [28]. However, the
C..a for the epoxy coating-ZP increases by increasing the
immersion time to 1464 h, and then a decrease in the C,,,
value is observed after immersion in the aggressive medium
for 2928 h, which can be ascribed to the saturation of the ZP
pigment. According to the results, the addition of ZP to the
coating matrix effectively fills the micro-pores and defects.
These mean that the ZP significantly enhances the anticor-
rosive properties and the barrier role of the coating matrix
in the long term.

3.1.1 The Role of ZP in the Anticorrosion Process
of the Coating Matrix

The ZP is an active pigment with anticorrosion behavior.

The ZP can release solubilized ions including Zn>* and POi_

when exposed to the aggressive medium [29]. The dissocia-

tion of such an inhibitive pigment in the electrolyte is shown

in Eq. (3).

Zny(PO,), < 3Zn** + 2P0~ 3)
When the corrosive electrolyte reaches the metal surface,

the following reactions (Egs. (4, 5)) occur:

Al > AP* +3e” @)

2H,0 4+ 0, +4e~ — 40H )

The dissolved agents of the pigments can reach the
metal surface and react with OH™ anions and AI** cations

@ Springer
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Table 3 Electrochemical data obtained from impedance plots of two epoxy coatings with and without zinc phosphate pigment applied to
AA7075-T6 samples exposed to 3 wt% NaCl solution for 2 h at room temperature

Samples Time (h) 1 Zg g, KQem?)  Cop WF/em®) Ry kQcm?)  Cy (WFem®) R, (kQcem?®)

Standard epoxy coating 2 554.95 1.67 2341 0.13 749.45 0.68
1464 433.70 2.15 15.10 0.79 415.13 0.08
2928 395.77 2.34 02.00 2.23 091.28 0.16
4392 241.90 3.34 01.22 2.81 091.37 0.18

Epoxy coating-ZP 2 1355.8 0.55 2135 0.12 1470.0 0.40
1464 843.43 2.01 15.65 0.97 418.51 0.21
2928 628.79 3.29 07.34 1.16 069.70 0.05
4392 392.73 0.57 03.37 2.14 093.38 0.05

produced at ZPcathodic and anodic regions of the metal sur-
face. As a result, a passive layer including, i.e., Zn(OH),
and Al(OH),, can be formed on the metal surface [30] as
in Egs. (6, 7):

Zn** + 20H™ — Zn(OH), | (6)

AP* + 30H™ — AI(OH), | (7

A schematic illustration of the ZP mechanism with pas-
sive layer formation at the interface between the substrates
and corrosive environment after accelerated corrosion assays
is shown in Fig. 6.

3.2 Salt Spray Test

The digital images of the prepared epoxy coatings after
4392 h exposure are depicted in Fig. 7.

The standard epoxy coating shows corroded sites on the
metal surface. For the epoxy coating-ZP, less degradation
is observed as compared with the standard epoxy coat-
ing. Only small amounts of white rust appear inside the
scratches.

Fig.6 Schematic illustration of
the zinc phosphate mechanism
with passive layer formation at
the interface between the sub-
strates and corrosive environ-
ment after accelerated corrosion
assays

H,0.0,.Na" .CT|

H,0.,0,,Na*,CI" H,0.0,.Na".CI”
\
A" e

Epoxy coati

|4l > A" +3e”|

2H,0+0,+4e — 40H"~

Anodic region
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Zn** +20H™ — Zn(OH),
AI* +30H™ — 4I(OH),

Cathodic region
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Standard epoxy coatingl

Fig. 7 Visual performance of the two epoxy coatings applied on the AA7075-T6 samples before and after 4392 h exposure in the salt spray test

chamber

Fig.8 SEM surface images
of the two epoxy coatings

| Standard epoxy coating

| Epoxy coating-ZP

applied on the AA7075-d6
samples before and after 4392 h
exposure to the salt spray test
chamber

3.3 Surface Morphological of Epoxy Coatings

Figure 8 shows SEM images of the surface of the two epoxy
coatings with and without ZP before and after 4392 h
exposure.

For the standard epoxy coating, as expected, the surface is
uniform, smooth and free from defects, as shown in Fig. 8a.

For the epoxy coatings containing 5 wt% ZP, the presence
of the ZP (Fig. 8b), well dispersed in the epoxy coating, is
more uniform and homogeneous.

However, clear evidence of corrosion products and a
porous morphology were observed on the standard epoxy
coating surface after 4392 h exposure (Fig. 8c). Con-
versely, the surface morphology of the epoxy coating-ZP

@ Springer
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showed fewer defects and very few corrosion products
(Fig. 8d).

These results indicate that the addition of ZP facili-
tated the formation of a passive barrier film layer on the
aluminium substrate and inhibited the diffusion of cor-
rosive agents to the AA7075-T6 surface and enhanced
the anticorrosive properties of the epoxy coating in the
long term.

4 Conclusions

In this study, we have tested two formulations based on
DGEBA epoxy resin and polyaminoamide (standard epoxy
coating) and (epoxy coating-ZP) for the corrosion protec-
tion of AA7075-d6 substrates for different times of expo-
sure (1464, 2928 and 4392 h). The obtained electrochemical
approach shown by the EIS results and the surface morphol-
ogy shown by SEM are in reasonable agreement, and they
confirm that the ZP present in the coating matrix (epoxy
coating-ZP) has a more effective anticorrosive performance
than the standard epoxy coating. The Bode and Nyquist
plots confirm the results obtained by the EIS. The ZP has
outstanding barrier properties in epoxy coatings for preserv-
ing of AA7075-d6 in marine environments, so has great
potential in marine corrosion protection, and is also envi-
ronmentally friendly .
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