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Abstract
The objective of the present study was to introduce a cost-effective and envi-

ronmentally friendly coating to improve the corrosion resistance of the struc-
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tures located in salt water. The coating solution, based on amorphous
aluminum phosphate composition, was synthesized by sol-gel process and
applied to AISI 304 stainless steel by dip coating technique. X-ray diffraction,
scanning electron microscopy, and energy dispersive X-ray spectroscopy ana-
lyses were employed to investigate the phase composition and morphology of
the coating. Corrosion behavior of the uncoated and coated samples was inves-
tigated using standard salt spray test, potentiodynamic polarization, and elec-
trochemical impedance spectroscopy (EIS) in 3.5 wt.% NaCl solution. Salt
spray test results for the bare substrate revealed a corrosion rate of six-time
greater than that of the coated surface after 168 hr exposure time. Electro-
chemical test results declared that the amorphous AIPO, coating decreased the
corrosion current density of the AISI 304 stainless steel by 10 orders of magni-
tude. Furthermore, according to the corresponding EIS measurements, the
coated surface exhibited a superior anti-corrosion performance than uncoated
sample. Overall, the results declared that the amorphous AIPO, coating could
be a good choice for surface protection of stainless steel against electrochemi-
cal corrosion in salty environments.
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1 | INTRODUCTION

use of more resistant materials to corrosion, such as stain-
less steel, is not enough, and so applying protective coatings

Corrosion of metals and alloys in saltwater environment is is a reasonable solution.!*!

a common and serious issue across many industries located
in coastal areas, including the naval industry, petroleum
and gas plants, and desalination plants. The combination of
moisture, oxygen, and salt, especially sodium chloride, may
create an aggressive environment and cause severe damage
on the surface of metals, followed by weakening and falling
apart of metallic structures.™ In this situation, making

Corrosion mitigation in seawater would be achieved by
choosing the right materials, making use of corrosion
inhibitors, applying surface treatment and metal plating
ornon-metallic protective coatings, regular corrosion mon-
itoring and inspection, and cathodic protection techniques,
depending on the corrosion type that occurred.**!" For
instance, Araoyinbo et al.l% studied the effect of sodium
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nitrite as a corrosion inhibitor of mild steel in sea water.
Their observations obtained from the weight loss analysis
showed that 4 wt.% of sodium nitrite was able to retard
the corrosion rate of mild steel. In another research, Saghi
Beyragh et all”! evaluated corrosion resistance of hard
chromium coating on mild steel substrates using direct
current (DC) and pulse current (PC) electroplating pro-
cesses. Although the results of the salt fog and electro-
chemical tests' results revealed excellent corrosion
resistance in the saltwater medium for coated specimens,
environmental concerns with chromate coatings and their
serious drawbacks due to the high-toxicity hexavalent
chromium salts, either during the surface treatment, dis-
posal of electroplating bath, or the recycling process of
coated sheets, must not be ignored.®! Ahmad et all’!
employed electrodeposited pure nickel and nickel-
montmorillonite (Ni-MMT) nanocomposite coatings from
Watts' type solution to improve the corrosion resistance of
copper discs in simulated seawater. Overall, in order to
cope with the side effects of environmental contamination
caused by the corrosion inhibitors and common electro-
plating or electroless baths, employing environment-
friendly sol-gel coatings could be highly efficient to com-
bat corrosion and fouling. Many benefits, such as room
temperature synthesis, chemical inertness, high corrosion
resistance, and little or low health hazard, could be
brought by this green synthesis method.!""!

Amorphous aluminum phosphate (AlPO,) can be con-
sidered a promising anticorrosive coating material for a
broad range of applications. Chemically inert nature and
amorphous structure of AIPO, present excellent corrosion
resistance due to the lack of crystalline defects such as
grain boundaries."'?! The most important characteristic
feature of this material is that it is environment-friendly,
either in the synthesis method or the precursor used.
There is no trace of use of any toxic chemicals, heavy
metals, or environmental pollutants in the synthetic com-
position. Employing methods and precursors with no
heavy metals or toxic chemicals must be an essential con-
sideration to avoid pollution of marine resources, consider-
ing the main application of many structures in contact
with salt water as a simulated seawater medium.

The objective of the present research was to introduce a
cost-effective and environmentally friendly coating material
to improve the corrosion resistance of offshore structures
and make efficient use of marine resources efficiently. In
this regard, a composition based on a synthetic aluminum
phosphate, in which the molar content of aluminum is
greater than phosphorus to create a pseudo-amorphous
structure without use of toxic chemicals, heavy metals, or
environmental pollutants, was synthesized by green sol-gel
process and coated on the surface of AISI 304 stainless steel.
Then, the corrosion resistance of the coated and uncoated

samples was accessed by salt spray and electrochemical
tests in the standard saltwater media.

2 | MATERIALS AND METHODS

A sheet of AISI 304 stainless steel with a thickness of
1 mm was cut into 20 x 20 mm? and ground up to 2400
grit SiC paper and then polished with 1 pm alumina
slurry. The specimens were degreased in an ultrasonic
bath containing acetone and deionized water for 30 min.
The substrates were merged in the acid solution of HCI
(37%, Sigma-Aldrich) and Hs;PO, (85%, Sigma-Aldrich)
for 1 min to create surface micro-roughness.

Non-crystalline AIPO, compound was synthesized by
sol-gel process according to our previous research.") Alu-
minum nitrate nonahydrate (AI(NOs);.9H,0, Merck, 98.5%
purity) and phosphorus pentoxide (P,Os, Merck, 98%
purity) were dissolved in ethanol (C,HsOH, Merck, 99.8%
purity) to reach aluminum to phosphorous ratio of 1.75:1.
5wt. % polyvinylpyrrolidone ((C¢HgNO),, Sigma-Aldrich)
was added to the above solution and stirred for 1 hr. Stain-
less steel coupons were dip coated into the prepared sol for
1 min with a constant withdrawal rate of 15 mm/min. The
coated samples were dried in an oven at 60°C for 12 hr and
annealed in an electrical furnace at 500°C for 1 hr.

Phase composition of the coating material was ana-
lyzed by an X-ray diffractometer (XRD, Philips PW1830)
using Ni-filtered Cu Ko (ICu Ka = 0.154 nm, 40 kV,
40 mA) over the 20 range of 10°-80°. Morphology and
elemental analysis of the coatings were assessed using
scanning electron microscopy (SEM, Philips XL30)
equipped with energy-dispersive spectroscopy (EDS),
respectively. Glow discharge optical emission spectrome-
try (GDOES, GDA 750 HR) technique operated at 700 V
and regulated pressure of 2.3 hPa was performed to
achieve the composition and thickness of the coating.

The salt spray test was run according to the ASTM
B117-18 standard test method for a total of 168 hr expo-
sure time. The coated and uncoated specimens were
placed in a spray chamber at an angle of 30° to vertical
and continuously sprayed with 5wt.% NaCl solution
under environmental conditions of pH 7 and temperature
35°C. The weight changes of the samples were recorded
after each 24 hr intervals by an electrical balance (AND-
GE120) with a sensitivity of +0.1 mg. The weight changes
of the samples per unit area were plotted against the cor-
rosion time. Three samples in each group were consid-
ered for weight change measurements, and the results
were reported as an average value + standard deviation.

Potentiodynamic polarization tests for the bare stain-
less steel 304 substrate and amorphous AIPO, coating
were performed using the device (AMETEK model
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FIGURE 1 XRD pattern of the synthesized AIPO, powder after
annealing at 500°C for 1 hr.
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PARSTST 2237) equipped with Electrochemistry Power-
Suite software in 3.5 wt.% NaCl solution at room temper-
ature. Coated and uncoated samples with the surface
area of 0.3 cm® were used as working electrodes. More-
over, a saturated Ag/AgCl electrode connected to a luggin
capillary and a platinum sheet were employed as refer-
ence and counter electrodes, respectively. Before polari-
zation test, specimens were kept in the electrolyte for
1 hr to reach the steady-state value of open circuit poten-
tial (OCP). The potential was then swept from —250 mV
versus OCP to 4300 mV versus. breakdown potential
using a scan rate of 1mV.s™'. The electrochemical
impedance spectroscopy (EIS) measurements were
attained at an OCP value in the frequency range from
100 kHz to 10 mHz with an amplitude of 10 mV for the
input sine-wave signal.
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FIGURE 2 SEM, EDS, and GDOES analyses of the AIPO, coating applied on the AISI 304 stainless steel after annealing at 500°C for
1 hr: (a) surface morphology, (b) EDS analysis, (c) GDOES analysis, and (d) Cross-section morphology.
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FIGURE 3 Weight changes per unit area
F versus corrosion time for the AISI 304 stainless
steel and amorphous AIPO, coating after
different exposure times in the salt spray test

(error bars indicate standard deviation).
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FIGURE 4 Digital photographs after specific time intervals of the salt spray test for the bare stainless steel 304 (a) before exposure,
(b) after 24 hr exposure, (c) after 168 hr exposure; and amorphous AIPO,4-coated stainless steel (d) before exposure, (e) after 24 hr exposure,

and (f) after 168 hr exposure.

3 | RESULTS AND DISCUSSION

The XRD pattern of the synthesized AIPO, powder after
annealing at 500°C for 1 hr is presented in Figure 1. It
could be clearly seen that the synthesized powder con-
tains no crystalline features but a broad hump at 20s

between 20°-30°, which confirms the amorphous nature
of the synthesized coating material.

Figure 2 exhibits the SEM image and EDS and
GDOES analyses of the amorphous AIPO, coating
applied on the surface of the stainless steel 304 after
annealing at 500°C for 1hr. As seen, the coating

25U90 17 SUOWILIOD) BAER.D) 3 ot dce aU A PauBACD 8.2 SaoILE VO ‘8N J0'Sa|NJ 10y ARIqIIT BUIIUO ABIA UO (SUONIPUOD-PUE-SULBYW0Y" A 1MW ARIq PUIUO//'SAiL) SUOTIPUOD PUE SWLB | aU) 95 *[§202/70/90] U0 AXeiq 1 auIUO a1 ‘UeBoIS PU101[qIGSTEISPAIUN AQ 6E000EZ0Z SI0I/Z00T OT,/10p/Wi0D" A8 |1 A G IpUIlUO//'SdY WOJy ppeojuMOq ‘0 ‘67S9Z6TZ



SAYYEDAN ET AL. Yre 5
JE-wo
JOURNAL OF THE CHINESE CHEMICAL SOCIETY
ght %} Atomic % 178 g
153K
ﬂ o e = e
(5
I
819 5.26 oud ¢,
o fa H
ﬂ i = . w SI . A h
A A -
0008 17 14 51 68 85 102
247 141
lsec197  172Ces  1740keV  Det Octane Elte Plus

(b)

m r
% 441K

“ 4.74 9.12 392
343K
245K,

15.01 18.97
196K

n w 0 3
0.98

ﬂ 65.60 60.95 0458
o0y

6.76 5.97

Lsec:297  194Cnts  1740keV  Det Octane Elte Plus

= - =—
(C) M Weight %|Atomic %) L0;
“ s 97 e
432K
“ 33.66 45.75
378K
“ 2.00 2.22 324K
270K,
26.29 2317
216K f
0.99 0.77 Pl
Bl - = = ‘
054K c Fe i
n 2353 1307 R N
000, 51 68 85 102
“ aad it Lec 27 23Cats  10440keV  Det Octane Elite Plus

(d)

n wnl e |
352K
“ = = i
254K
131 1.52
22
132
16.90 14.71
10.88K]
“ 58.42 47.34 Qdag]
0.005
5.59 431
Lsec: 287 383 Cnts 1530 eV Det: Cctane Elite Plus

FIGURE 5 SEM images and EDS analyses of the uncoated and amorphous AIPO,-coated stainless steel 304 after different exposure
times in the salt fog: (a) uncoated stainless steel after 24 hr, (b) amorphous AIPO, coating after 24 hr, (c) uncoated stainless steel after
168 hr, and (d) amorphous AIPO, coating after 168 hr.

formed on the surface is uniform and continuous with- aluminum phosphate composition on the surface by
out any traces of microcracks (Figure 2a). EDS analysis appearing aluminum and phosphorous elements in the
presented in Figure 2b confirmed the formation of  analysis.
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" | [T——AIPO, coated SS 304 is dense, uniform, with good adhesion to the substrate.
ik The thickness of the thin film is estimated to be
024 ~300 nm, which is in accordance with GDOES result.
2 sl Figure 3 represents the weight changes per unit area
s 007 plotted against the corrosion time for the bare stainless
}:" el steel 304 substrate and the amorphous AlIPO,-coated
= ] sample. There are two main points immediately evident
bl from Figure 3:
0.4
3 1. The magnitude of weight gain per unit area for the
083 bare substrate is around six times greater than that of
‘"-;"F B e S [P il Wi e Wi 3 the coated surface after 168 hr exposure time in the
) ) o A' b ) ’ salt fog medium, namely 0.06 mg.cm ? for the bare
B substrate versus 0.01 mg.cm ™2 for amorphous AIPO,-
FIGURE 7 Potentiodynamic polarization curves of uncoated coated substrate.

and AIPOy-coated SS 304 in 3.5 wt.% NacCl solution.

GDOES analysis (Figure 2c) reveals, firstly, that Al
and P elements have a meaningful concentration gradi-
ent in the surface region, decaying towards the depth,
and secondly, that the thickness of the aluminum phos-
phate coating is ~300 nm, where the Fe, Cr, and Ni con-
tents are almost constant. Figure 2d shows the cross-
sectional microstructure of the thin film formed on the

2. Corrosion rate of the coated surface remains almost
constant after 24 hr exposure time in the salt fog,
while the corrosion trend of the uncoated substrate
traverses ascending with time.

Digital photographs, SEM images, and EDS analyses
of the uncoated and amorphous AlPO4-coated stainless
steel 304 after different exposure times in the salt fog are
presented in Figures 4 and 5, respectively. Accordingly,
corrosion products are clearly observed on the bare
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TABLE 1 E?ectrochemlcal Sample E.op. (VSCE) E, (VSCE) ioorr (Afcm?)
parameters obtained from s
potentiodynamic polarization curves of SS 304 substrate —0.16 0.24 1.07 x 10
uncoated and AIPO,-coated SS 304 in Amorphous AIPO, coating —0.45 —0.05 1.18 x 107°

3.5 wt.% NaCl solution.
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FIGURE 8 Nyquist (a) and bode (b) plots for uncoated and

AlIPO4-coated SS 304 in 3.5 wt.% NaCl solution.
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FIGURE 9 Equivalent circuits for fitting impedance spectra of

(a) uncoated stainless steel 304, and (b) amorphous AIPO,-coated
sample.

substrate surface after 24 hr exposure (see Figures 4b and
5a). Moreover, strong peaks related to Na and Cl ele-
ments have been observed in the EDS analysis of the bare

surface (Figure 5a). Reversely, there are neither symp-
toms of corrosion products in the SEM images nor Na
and CI peaks in the EDS analysis of the coated surface
after 24 hr exposure (Figure 5b), as the digital photo-
graph of the coated surface does not detect any obvious
changes raised by the corrosion phenomenon on the sur-
face after 24 hr exposure (compare Figure 4d,e).

Damage including some shallow pits caused by the cor-
rosion phenomenon accompanied by strong peaks related
to Na and Cl elements is immediately evident on the bare
substrate surface after 168 hr exposure (Figures 4c and 5c).
It is noteworthy that a passive film forms on the stainless
steel surface consisting of two layers, namely the iron oxide
with hydroxide outer layer and chromium oxide (Cr,Os3)
inner layer.[13] However, stainless steel 304 cannot be pro-
tected against the corrosive environment, as seen in the
SEM images of the bare substrate (Figure 5a,c).

Figure 6 illustrates schematically a proposed model
for the formation of pits on the stainless steel 304 surface
exposed to an aggressive chloride environment. Initially,
the corrosive and dense salt deposit forms on the surface
of stainless steel 304 as a source of Cl ions (see
Figure 6a). The Cl ions are tiny enough with high diffu-
sivity that could pass easily through the formed passive
film under the high electrical field strength in the passive
films.""*! Consequently, Cl ions could react with the sub-
strate elements at the passive film/metal interface and
form metal chlorides. Since metal chloride has a much
higher molar volume than metal oxide, stresses are
applied to the passive film, followed by formation of
some cracks across the passive film (see Figure 6b).[*5]
After local degradation of the passive film, the surface of
the bare substrate is exposed to the corrosive environ-
ment containing NaCl, causing local dissolution of the
substrate and the formation of a shallow pit (see
Figure 6c). The anodic reaction that can take place inside
the formed pit can be shown by the reaction below!'®!:

Fe <« Fe*" +2e™. (1)

The released electrons flow to the passive surface (the

cathode), where the cathodic reaction takes place[lﬁ]:

150, +H,0+42e~ < 2(0H ). (2)

Consumption of oxygen inside the formed shallow pit
reduces the production of hydroxyl ions. On the other
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TABLE 2
Sample R, (Q.cm?) CPE, (pF.cm ?)
SS 304 substrate 23.87 5.78E-5

Amorphous AIPO, coating 24.65 -

hand, accumulation of Fe*" ions leads to the adsorption
of negatively charged chloride ions, followed by the for-
mation of ferrous chloride in the pit. Furthermore, fer-
rous chloride can be hydrolyzed to produce ferrous
hydroxide along with chloride ions and hydrogen. These
ions intensify the corrosion at the bottom of the pit.!**17}

On the other hand, very scarce symptoms of corrosion
products, accompanied by weak Na and Cl peaks com-
pared with the uncoated substrate, could be observed on
the amorphous AlPO,-coated substrate after 168 hr expo-
sure (Figures 4f and 5d). The protective effect of the
amorphous AlPO, coating against corrosion phenomena
could be directly refer to the chemically inert nature and
amorphous structure of the coating material.'?!

Figure 7 shows the potentiodynamic polarization
curves (Tafel plots) for the bare stainless steel 304 sub-
strate and amorphous AlPOy-coated surface in 3.5 wt.%
NaCl solution. The values of corrosion potential (Eco;)
and corrosion current density (i.o) extracted from Tafel
polarization curves are summarized in Table 1. Accord-
ingly, the corrosion current density for the amorphous
AlPO,4-coated substrate has been reduced compared to
the bare substrate. Values of the corrosion current den-
sity for the amorphous AIPO, coating and the bare sub-
strate were obtained to be 1.18 x 107° A/cm® and
1.07 x 10°® A/cm?, respectively. This shows that the
amorphous AIPO, coating has behaved as a protective
layer and protected the substrate against the aggressive
chloride ions."®'°! On the other hand, the slight slope of
the anodic curve of the bare substrate indicates a quasi-
passive behavior. Reversely, the anodic curve of the
amorphous AIPO, coating presents passive behavior,
which could be attributed to its amorphous structure.
Due to the lack of corrosion-prone areas, the amorphous
structure prevents the local corrosion and forms a more
stable passive film on the surface with the least defects
compared to the bare substrate.*"!

Using the electrochemical impedance method, the
Nyquist and Bode diagrams of the bare 304 stainless steel
substrate and the amorphous AIPOy-coated surface were
investigated (Figure 8). It is well known that a larger loop
in the Nyquist model indicates greater corrosion resis-
tance.?!! The Nyquist plot obtained for the bare substrate
contains a capacitive semicircular representing the oxide
capacitance. For the coated sample, the first time con-
stant at high frequencies represents the coating resistance

CPE, (pF.cm 2)

2.27E-07 = 23,659

Fitting results of impedance spectra for corrosion of uncoated and AIPO4-coated SS 304 in 3.5 wt.% NaCl solution.

Rox (Q.cm?) R. (Q.cm?) W (Q.cm?)

201,750 - -
190,270

(from 100 kHz to 3.98 Hz), and the second time constant
at low frequencies (from 3.98 to 0.01 Hz) illustrates the
transmission phenomena through the pores of the film
(Warburg impedance). In other words, the arc of the
capacitive semicircle progressively transforms into a
straight line at low frequencies, exhibiting the character-
istics of Warburg impedance and indicating the corrosion
process is controlled by diffusion.**! Figure 9a shows the
most appropriate electrical model to explain the corro-
sion process of the bare sample. In this model, Ry is the
solution resistance between specimens and reference
electrode, and R,x and CPE, are the resistance and con-
stant phase elements of the passive film, respectively. On
the other hand, the equivalent circuit shown in Figure 9b
was used to model the electrochemical behavior of the
coated sample. In this case, Ry is solution resistance, Z,,
represents Warburg impedance, and R, and CPE, show
the resistance and constant phase elements of coating,
respectively. Corresponding values extracted from the
Nyquist plots are given in Table 2.

For the bare 304 stainless steel, a passive oxide layer
develops as a protective layer when the substrate is
exposed to the electrolyte. Therefore, the decent corro-
sion performance of the bare sample can be attributed
to the formation of the passive oxide layer.”?! Further-
more, the Bode-phase diagram of the bare sample
(Figure 8b) shows a stable zone for a broad frequency
range, verifying the existence of the passive layer. For
the AIPO,-coated sample, in addition to the coating
resistance, there is a Warburg resistance due to the dif-
fusion of electrolyte through the coating porosities. The
sum of these two resistances exceeds the resistance of
the passive layer for the bare substrate, probably sug-
gesting the superior corrosion performance of the
coated sample. Additionally, according to the Bode-
phase diagram of the coated sample shown in
Figure 8b, the first peak at high frequencies is related
to ion transfer resistance. Therefore, the corrosion per-
formance of the coated sample has improved under ion
transfer resistance at high frequencies.

It is worth noting that the absolute value of imped-
ance at low frequencies is considered a measure of a coat-
ing's ability to prevent corrosion. As a general rule, the
larger |Z| at low frequencies, the better corrosion resis-
tance."”! According to Figure 8b, the amount of |Z| at
low frequencies is higher for the amorphous AIPO,-
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coated sample than the bare substrate. In general, the
results of the EIS test were in agreement with the results
of the potentiodynamic polarization test.

4 | CONCLUSIONS

The AISI 304 stainless steel alloy was dip coated in amor-
phous AIPO, sol, and corrosion behavior of the coated
and uncoated specimens was evaluated by a standard salt
spray test and electrochemical measurements. The main
results were obtained as follows:

1. Salt spray test results of the bare substrate revealed a
corrosion rate six times greater than that of the coated
surface after 168 hr exposure time.

2. Electrochemical test results showed that the amor-
phous AIPO, coating decreased the corrosion current
density of the AISI 304 stainless steel by 10 orders of
magnitude.

3. The EIS data showed the presence of a single time
constant for the bare substrate, while the amorphous
AlPO, coating revealed a two-time constant, indicat-
ing improved corrosion resistance for the coated
sample.

4. Overall, the results showed that the amorphous AIPO,
coating was well capable of surface protection of stain-
less steel against corrosion in salty environments.
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