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Abstract The effect of thermal annealing of poly(3-
octylthiophene) (P30T) coatings on the corrosion inhibition
of stainless steel in an NaCl solution was investigated.
P30T was synthesized by direct oxidation of the 3-
octylthiophene monomer with ferric chloride (FeCls) as
oxidant. P30T films were deposited by drop-casting
technique onto 304 stainless steel electrode (304SS).
304SS coated with P3OT films were thermally annealed
during 30 h at different temperatures (55°C, 80°C, and 100°
C). The corrosion resistance of stainless steel coated with
P30T in 0.5 M NaCl aqueous solution at room temperature
was investigated by using potentiodynamic polarization
curves, linear polarization resistance, and electrochemical
impedance spectroscopy. The results indicated that the
thermal treatment at 80°C and 100°C of P30T films
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improved the corrosion resistance of the stainless steel in
NaCl solution; the speed of corrosion diminished in an
order of magnitude with regard to the 304SS. In order to
study the temperature effect in the morphology of the
coatings before and after the corrosive environment and
correlate it with corrosion protection, atomic force micros-
copy and scanning electron microscopy were used. Mor-
phological study showed that when the films are heated, the
grain size increased and a denser surface was obtained,
which benefited the barrier properties of the film.

Keywords Corrosion - Poly(3-octylthiophene) -
Thermal annealed - Polymeric coatings - Stainless steel

Introduction

Iron and the most common iron alloy, steel, are, from a
corrosion viewpoint, relatively poor materials since they
rust in air, corrode in acids, and scale in furnace
atmospheres. In spite of this, there is a group of iron-
base alloys, the iron-chromium-nickel alloys known as
stainless steels, which do not rust in sea water, are
resistant to concentrated acids, and which do not scale
at temperatures up to 1,100°C [1]. Nowadays, there are
more than 190 different kinds of alloys that can be
recognized as belonging to the stainless steel family [2].
For example, 304 stainless steels (304SSs) are extensively
utilized in line pipes for chemical, petrochemical, and
nuclear power industries [3]. In general, stainless steels
have technological and economic importance and are used
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Fig. 1 Atomic force microscopy micrographs of 304SS substrates
coated with P3OT annealed at (a) 55°C with roughness in rough
media square (RMS) of 2.124 nm, (b) 80°C with roughness in RMS of
2.238 nm, and (c¢) 100°C with roughness in RMS of 3.515 nm
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in a wide variety of services in which primary consid-
erations are long service life (in a given environmental
condition), reliability, appearance, and sanitary factors.
Recent interest is the use of these materials in the medical
field. Moreover, the corrosion rate of “reactive” metals
and alloys can be suppressed to a great extent by
modification of the metal surface by organic molecules
or polymers [2]. In recent years, a considerable attention
has been paid to conducting polymers due to their
unique combination of properties like chemical stability,
electrical conductivity, good -catalytic properties, and
optical and magnetic properties [4]. The mechanisms
postulated by which a conducting polymer may lower
the rate corrosion include the formation of a protective
barrier layer, inhibition by the adsorption of organic
species, and the anodic passivation achieved when the
corrosion potential is shifted to more positive values
under the influence of charge transfer from the con-
ducting polymers [5]. The first reports on the corrosion
protection of metals by conducting polymers were pre-
sented by Mengoli et al. and DeBerry, who studied the
behavior of polyaniline (PANI) electrodeposited on steel
[6, 7]. Since then, a large number of studies with focus
mainly on polypyrrole (PPy) [8-11], PANI [12—17], and
polythiophene were performed. Recently, electropolyme-
rization of thiophene and its derivatives have attracted
much attention, and uniform polymer films can be
produced on noble metal surfaces with striking electrical
properties and stability compared to other conducting
polymers [18]. However, there have been few studies
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Fig. 2 Effect of annealing temperature on the polarization curves for

304SS uncoated and coated with P3OT in 0.5 M NaCl aqueous
solution
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Table 1 Electrochemical param-
eters obtained from polarization

curves

Substrates Lore (MAcm ™) Eeore (mV) E,i (mV) Eryp (mV)
Uncoated 304SS 4010° -213 150 -
304SS/P30T, 55°C 0.5107° 210 - 491
304SS/P30T, 80°C 54107 257 - 461
304SS/P30T, 100°C 1.0 1077 63 - 511

about the electropolymerization of thiophene on oxidiz-
able metals such as iron and stainless steel [19-22], due to
the difficulties with polythiophene being more serious
than those with PPy, since thiophene is oxidized at a much
more positive potential than pyrrole (thiophene 1.8 V (vs
saturated calomel electrode (SCE)) and pyrrole 0.7 V (vs
SCE)) [23]. Nevertheless, Kousik et al. [20] reported that
the electropolymerization of thiophene on mild steel can
be achieved in acetonitrile. It was also found that
electrochemically deposited polythiophene coatings have
been an option to provide corrosion protection of mild
steel surface in 3.5% aqueous NaCl solution. However,
Rammelt et al. showed that the electrodeposition of poly
(3-methylthiophene) films onto mild steel reduce the
corrosion rate of mild steel, but they cannot passivate
the metal surface in 0.1 M NaCl solution [23]. Tiiken et
al. [21] reached the synthesis of a polythiophene film on
PPy-coated mild steel electrode. Galal et al. [24] and
Bouklah et al. [25] showed the efficiency of some
thiophene derivatives as inhibitors for the corrosion of
steel.

The purpose of this study is to elucidate the effect of
thermal annealed on the corrosion behavior of stainless
steel coated with poly(3-octylthiophene) (P3OT) films in
0.5 M NaCl solution. Considering the difficulties with the
electro-synthesis of polythiophenes and due to the cost for
electrodepositing of P3OT onto 304 type stainless steel, in
the present work, P30T films were deposited by drop-
casting technique onto stainless steel.

The thermal annealing was made in order to improve
the physical properties of the P30T films. In relation at
this, Singh et al. have studied the correlation between
changes in physical properties induced by changes in
surface morphology by soft-thermal annealing in P3OT.
Effect of excess heating on surface morphology and
consequent changes in its physical properties reveal that
annealing beyond 100°C is unsafe [26, 27]. Based on
this, in the present work, the P30T films deposited onto
stainless steel were annealed at three different temper-
atures (55°C, 80°C, and 100°C). The corrosion protection
properties before and after treatment in NaCl aqueous
medium and the morphological changes in the films were
studied. Until now, there has been no reports about the
effect of thermal annealing in the corrosion performance

of chemically polymerized soluble P3ATs in undoped/
unoxidized state deposited on stainless steel in NaCl
corrosive environments.

Experimental procedure

3-octylthiophene (30T) (Aldrich) was used for the prepa-
ration of the polymeric coatings. Ferric chloride (FeCls,
98%; Aldrich), methanol (CH;OH; Fermont), chloroform
(CHCl5; Baker), toluene (C¢HsCHs; Aldrich), sodium
chloride NaCl (Aldrich), hydrochloric acid (HCI; Baker),
and acetone ((CH;3),CO; Baker) were used as received.
Commercial AISI 304 type stainless steel (304SS) sheets
with 1 cm? in area were used as metal electrodes in this
study. A copper wire of 10 cm was welded to the steel
sheet with a thermocouple attachment unit equipment.
Specimens with an exposure area of 10x10 mm were
encapsulated with resin (MG 40 Crystal). Pre-treatment
of the stainless steel substrates was carried out by
polishing with different grades of emery papers down to
a mirror finishing (1.0 p alumina). They were washed
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Fig. 3 Effect of annealing temperature on the change of R;, with time
for 304SS uncoated and coated with P30T in 0.5 M NaCl solution
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with neutral soap and distilled water, degreased with
ethyl alcohol, and dried with warm air before the
polymeric film coating process.

P30T polymer was synthesized by chemical oxidative
polymerization technique using FeCl; as an oxidant and
30T monomer in chloroform (CHCI5) at room temperature
in an inert atmosphere [28]. Anhydrous FeCl;
(0.03835 mol) dissolved in CHCl; was slowly added to
0.0254 mol of 30T dissolved in CHCI;. The reaction
mixture was stirred at room temperature during 25 h. The
product was precipitated in methanol, filtered with a
Buchner funnel, and washed three times with methanol,
hydrochloric acid (10 vol.%), distilled water, and acetone.
The precipitate was extracted with chloroform to isolate the
chloroform-soluble fractions. The color of the soluble part
was red (pristine polymer). Finally, the P3OT product was
dried at 55°C.

P30T coatings were deposited onto stainless steel sheets
by drop-casting technique. This technique consists of

depositing certain amount of polymeric solution (P30T in
toluene) on the electrode, and when the dissolvent is
evaporated, the coating was obtained. The polymeric
solution was dried within a chamber in a saturated
atmosphere of toluene. After the deposition process, the
coatings were annealed in static air during 30 h at three
different temperatures: 55°C, 80°C, and 100°C.
Electrochemical experiments were carried out in 0.5 M
NaCl aqueous solution using a standard three-electrode cell
with a coated or uncoated 304SS sheet as working
electrode, an SCE as reference electrode, and a graphite
rod as counter electrode; the tests were performed at room
temperature and controlled by an Gill AC serial number
1340 automatized potentiostat. Polarization curves were
conducted over the range from —400 to 800 mV with
respect to the free corrosion potential, £, at a scan rate of
1 mV s, Linear polarization resistance (LPR) curves were
obtained by sweeping the potential region between —10 and
+10 mV with respect to the free corrosion potential, £, at

Table 2 Parameters used to simulate electrochemical impedance spectroscopy data for uncoated 304SS in 0.5 M NaCl

Element Oh 1h 4h 12h 16h 20h 24h
R, Q 8.5 8.5 8.6 8.5 8.4 8.6 8.7 8.5
CPEy Y, (£27's") 47107 43107 41107 37107 34107 32107 32107° 31107
CPEq n 0.921 0.93 0.94 0.94 0.94 0.94 0.94 0.94
R,k Q 195.2 218.1 274.7 350.9 408.3 392.7 428.2 373.5
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a scan rate of 1 mV s ', every 20 min during 24 h.

Electrochemical impedance spectroscopy (EIS) tests were
carried out at E.,, by using AC potential amplitude of
10 mV, a frequency interval of 0.1 Hz to 30 kHz during
24 h, and 100 readings per decade.

The morphology of the polymeric coatings was exam-
ined before and after corrosion tests with a Carl Zeiss DSM
960 series 6594 scanning electron microscope (SEM) and a
Nano Scope IV atomic force microscope (AFM, tapping
mode) with a silicone nitride tip.

Adhesion test and thickness measurement were carried
out. The annealed coatings were cut in grid form. After this,
a sticky tape was applied on the cut zone, and it was
pressed with a pencil eraser. The tape was taken off quickly,
taking the free end and raising it. The cut area was

reviewed, and the loosening of the coating was evaluated.
For the experimental procedure and analysis of results, the
ASTM 3359 norm was consulted.

The thickness of the coatings was measured with a
digital micrometer, mark Mitutoyo. Three measurements
were carried out for both bare and coated steel. The average
value was determined in each case. Finally, the bare steel
average thickness was subtracted of polymer coated steel
average thickness.

Results and discussion

Figure 1 shows AFM micrographs of the as-deposited
P30T films onto stainless steel annealed at 55°C, 80°C, and
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100°C. The results showed in all cases a granular
homogeneous morphology. It can be seen that by increasing
the annealing temperature of the P3OT coatings, coarser
grain and higher roughness of the surface were obtained.
Also, by increasing the annealing temperature, the films
showed grains coalescence. In the case of the P3OT coating
annealed at 100°C (Fig. 1c), a denser and smoother surface
was observed.

According to ASTM 3359 norm, the adherence is
measured as 0B, 1B, 2B, 3B, and 4B, where 0B
correspond to coating with the weaker adherence and
4B to the higher adherence. The polymeric coatings
annealed at 55°C and 80°C showed a good adherence,
between 2B and 3B, and the coating annealed at 100°C
showed a higher adherence, between 3B and 4B. The
better adherence showed by the polymeric coating
annealed at 100°C was due to the polymer being highly
softened, and the physic interaction in the coating/metal
interface was improved.

On the other hand, the temperature did not affect the
coatings thickness; it was probably because the same
solution quantity was used, and the polymer did not melt.
The thickness of the coatings was 12 pum for coatings
annealed at 55°C and 100°C, and 11 pum for coating
annealed at 80°C.

Figure 2 shows the effect of annealing temperature on
the polarization curves for 304SS uncoated and coated
with P30T after 1 h of exposure to 0.5 M NaCl
solution. Electrochemical parameters such as corrosion
current density (/.or), corrosion potential (E.,.,), pitting
potential (E;), and rupture potential (£,,,) are given in
Table 1. The lowest /., value was exhibited by P30T
coatings annealed to 100°C around 1.0 10 'mA cm
two orders of magnitude lower than uncoated 304SS.
However, the P30T coatings annealed at 55°C and
80°C showed an I, value around 0.5 107 and 5.4
10°mA cm 2, respectively, remaining in the same order
of magnitude than uncoated 304SS (4.0 10 >mA c¢cm ). In
addition, the polymeric coatings increased the E,, values
with respect to bare metal for at least 276 mV (for the
304SS/P30T, 100°C), 470 mV (for the 304SS/P30T,
80°C), and 423 mV (for the 304SS/P30T, 55°C). This
indicates the corrosion protection of the P3OT coatings.
The E.o and I, values were calculated by Tafel
extrapolation.

Figure 3 shows the change in polarization resistant
(Rp) with time in 0.5 M NaCl solution for uncoated 304SS
and coated with P3OT annealed at different temperatures.
The P30T-coated 304SS annealed at 100°C showed the
highest R, value, namely the lowest corrosion rate, at the
beginning of the test up to almost three orders of
magnitude higher than uncoated 304SS. It can be seen
that the R,, value decreased with the time, and after 3 h, a
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Table 3 Parameters used to simulate electrochemical impedance spectroscopy data for P3OT coated 304SS annealed at 55°C in 0.5 M NaCl
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steady state value was reached, and the R, value was one
order of magnitude higher than uncoated 304SS. For the
P30OT-coated 304SS annealed at 80°C and 55°C, at the
beginning of the test, the R, value was about 1.0 1070,
almost two orders of magnitude higher than bare 304SS.
In the first case, the steady state was reached after 6 h,
and the R, value was one order of magnitude higher than
bare 304SS. In the case of the P3OT-coated 304SS
annealed at 55°C, after the steady state was reached, the
R, values were similar to those shown by bare 304SS.
The decline of R, is due to the amount of water in the
pores of the coating increases and, therefore, the mobility
of the corrosive species through the coating also
increases.

For corrosion protection in the immersed case, as
tested here, the main positive effect (at least before
breakdown) of pristine polymers is obstruct the diffu-
sion of corrosive species. Perhaps the best corrosion
performance of the films annealed at 100°C and 80°C at
all times of immersion in comparison with the films
annealed at 55°C is due to their diminished porous and
defects. According to AFM micrographs, when the films
are heated, the grain size increased, and a denser
surface was obtained. It is correlated with a better
barrier properties, thus, the better corrosion performance
of the films annealed at 100°C and 80°C was due at
their denser surface (Fig. 1b, c), through which the
electrolyte had more difficulty to diffuse and reach the
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underlying metal. In this case, only barrier properties are = 9 T ° =
tested here and no active role of the conducting polymer in ; R % 2 R s
the corrosion performance. = | = o =
EIS was employed to quantify the difference in the a = a
corrosion protection obtained by the effect of thermal
annealing of the P3OT-coated stainless steel in 0.5 M % -
NaCl aqueous solution for 24 h of exposition. Figure 4 E g § @ =g
. . v — 00
shows the Nyquist diagram for uncoated 304SS at E — S sgS S ~=3Sg
different immersion times in 0.5 M NaCl aqueous = |~ & =
solution. The Nyquist diagram showed a tendency to o 2 “
form a semicircle, the diameter is related with the
polarization resistance value (R, = Re; + R;). Equivalent * -
.. . o o
electric circuit to simulate EIS data for uncoated 304SS B, STz
is shown in Fig. 8a, where R; is the solution resistance, _ g SS9 s —~Sg
Cq is the capacitance of the electrochemical layer % § - § g
double and R,. According to R, values obtained by b=
simulation (Table 2), they increased until 20 h of bt
exposition at the corrosion solution, because 304SS is R= T PN
offering good resistance against the corrosion in this g o+ 2« 2 - &
environment. o %‘ NS g 2 S =9 S
Generally, an element of constant phase (CPE) is used 2 & = ;<
instead of a pure capacitance (C) due to a distribution of the §
relaxation times as a result of inhomogeneities present on 8
the electrode. This may result from contributions from 2 o o = S -
static disorder such as porosity, random mixture of R ~ 2~ eI -3
. . = S AN O > 0 O O — O O
conductor and insulator that can be described by the g S -2 =]
effective medium approximation at percolation, or an S| = & &
. . . =
interface that can be described by either a fractal geometry S
concept or an RC transmission line concept. The CPE can ~ " -
also include contribution from a dynamic disorder such as “3 = = S = o 2
diffusion. The impedance of a constant phase element is 3 REEDCE N = A
defined as: 2 = = S
S| = o o
2| = >N o
=}
i E
2 , 5 afe 2948
where Z (Ohms c¢cm”) is the electrode impedance. The '§ c NS oSS -3 e
-1 n -2 . . . 0 — S
constant O (Ohms = s” cm ©) is a combination of E |~ o e
properties related to both the surface and the electro- S| = «
active species and is independent of frequency. The EJ
exponent # is related to a slope of the log Z against log f° S *® v
Bode plot, i.e., to the phase angle 6 by the relation n= E = E § 5 E g
. . o= . e x®
20/m and j=(—1)°>. A pure capacitance yields n=1, a ; daSexsS s =S g
. : _ . . < N =] S
pure resistance yields n=0, and a pure inductance yields 2| = = <
. . g 2 ) I3
n=-1, while n=0.5 represents the Warburg impedance @
[29]. 2
Figure 5 shows the Nyquist diagram of 304SS coated 2
with P30T annealed at 55°C and immersed in 0.5 M 4 R , .
NaCl. Two semicircles partially formed were observed, g TQ K owm S ;"’
the high frequencies semicircle represents the impedance QE; = S
response of the P3OT coating, while the medium - | = .1 c (>~° 5 o
frequencies semicircle is attributed to the charge transfer = % o ‘Lﬁ ES %«2 é’ é’ -
resistance (R.). Also, a right line approximately at 45° SElml &0 0L U O &
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with respect to Z' axis was observed at low frequencies,
which is attributed to diffusion processes through the
P30T coating [30, 31]. Thus, the water molecules
involved in the diffusion process induce a loss of
adherence in localized zones of coating/metal interface.
In addition, water absorbed on the steel surface creates
an electrolyte for the reduction of oxygen and the
oxidation of iron [32]. According to R...c Values obtained
by simulation (Table 3), they increased until 8 h of
exposition at the corrosion solution, because the pores
were blocked by the corrosion products [21]. After 8 h, the
R oa¢ declines because the amount of water in the pores
increases and therefore enhances the mobility of corrosive
species through the coating. Because of the decline of
Reoa» the R, is also affected and diminishes its value
(Table 3), increasing the speed of corrosion.

When the 304SS coated with P30T was annealed at
80°C and after it was immersed in 0.5 M NaCl, Fig. 6,
the Nyquist diagram, showed two depressed semicircles,
one of them in high frequency and the other partially
formed in medium-low frequencies. The behavior in
high frequency is related to the coating, while the
medium-low frequency behavior corresponds to the
reactions occurring on the metal through defects and
pores in the coating [30]. A line quasi-vertical followed
by the semicircle related to the coating was also
observed. This behavior is attributed to the diffusion
(Warburg impedance) of corrosive species through the

coating. After 0 h exposure, the R, increases (Table 4)
because the pores of the coating are blocked by the
corrosion products generated by the diffusion of the
corrosive species.

In the case of the P30T coating annealed at 100°C
(Fig. 7), two overlap semicircles were observed. The
semicircle in high-medium frequencies is attributed to the
coating and the low frequency to the R.. In this case, an
R.oat greater than the one obtained with the coatings
annealed at 55°C and 80°C was obtained through simula-
tion (Tables 3, 4, and 5).

The coatings annealed at 80°C and 100°C showed
greater R,,, about one order of magnitude greater than the
R,, obtained for the uncoated 304SS (Tables 2, 4, and 5).
The P30OT-coated 304SS annealed at 55°C showed values
of R, (Table 3) very similar to those of uncoated 304SS. In
the case of P30T, 100°C did not present a diffusion
mechanism.

Equivalent electric circuits to simulate EIS data for
uncoated and P3OT-coated 304SS are given in Fig. 8,
where CPE,, and R, represent the capacitance and
resistance of the coating, respectively, CPEy represent the
constant phase element of the electrochemical double layer,
and W represent impedance Warburg.

The results obtained in the corrosion tests were
corroborated by SEM microscopy. Figure 9a-c
shows the micrographs of P30T coatings annealed to
55°C, 80°C, and 100°C, respectively, before the corro-

Fig. 7 Nyquist diagrams for 2 6
.Ox1 T T .
304SS coated with P3OT Ox10" 77 ' S ' '
annealed at 100°C at different Oh, 16
exposure times in 0.5 M NaCl 7 S
solution 24n 20h 2J4h 4
1.5x10° {1° L 4h

-Z"/Q

0.0

0.0

T
5.0x10 1.5x10° 2.0x10°
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sion test. These micrographs show a homogeneous
morphology with some defects (such as pores and
pinholes) in the surface. Figure 9d-f shows these
coatings after they have been corroded during 24 h in
NaCl. In the case of stainless steel coated by P30T
annealed at 55°C (Fig. 9d), several blisters and some
holes (blown blisters) were observed almost throughout
the surface. The blisters are developed because of the
loss of adhesion between coating and substrate in
localized areas, which allowed the dissemination of
electrolyte to the coating/metal interface to subsequent-
ly corrode the material. In the case of 304SS coated
with P30T annealed at 80°C (Fig. 9¢), it was observed
that the coating presented only small blisters through-
out the surface; however, 304SS coated with P30T
annealed at 100°C (Fig. 9f) showed no blisters. Thus,
the least degraded coating was achieved at temperature
100°C. As the annealing temperature decresed, the
degree of degradation was increased. With the results
obtained, we could say that the coating first allows the
dissemination of electrolyte toward the metal surface
and, subsequently, the formation of blisters. Finally, the
metal corroded.

Conclusions

The effect of thermal annealing of P30T coatings on
the corrosion inhibition of 304SS in 0.5 M NaCl
solution was investigated using electrochemical meth-
ods. The 304SS under the conditions submitted in this
investigation showed an anodic current limit in the
polarization curves. It was observed in the polarization
curves that the presence of the P30T coatings onto
304SS increases the value of the corrosion potential and
decreases corrosion current density on the values
obtained for uncoated 304SS. LPR results showed that
by using P30T treated at 80°C and 100°C as coating
onto 304SS, the corrosion rate was lowered by one
order of magnitude higher than bare 304SS, thus these
coatings showed the best protection against the corro-
sion of 304SS in NaCl medium. EIS results showed that
Warburg type impedance was observed, indicating that
the corrosion mechanism was under a mixed control:
charge transfer from the metal to the environment
through the double electrochemical layer, and by
diffusion of aggressive ions through the polymeric
coatings. Probably the better corrosion performance of
the P3OT films annealed at 80°C and 100°C was due to
their denser surface, through which the electrolyte had
more difficulty to diffuse and reach the underlying
metal. All this was corroborated by means of SEM and
AFM.
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Fig. 8 Equivalent electric cir-
cuits used to simulate electro-
chemical impedance
spectroscopy data for (a) un-
coated 304SS and P30T-coated
304SS annealed at (b) 55°C, (c)
80°C, and at (d) 100°C

R CPEcoat R, CPEcou
’ CPE, ° CPEq
Recoat Rcoat
Rp R,

Fig. 9 Scanning electron microscopy micrographs of 304SS substrates coated with P30T annealed at (a, d) 55°C, (b, e) 80°C, and (¢, f) 100°C
(a—c) before the corrosion tests and (d—f) after the corrosion tests in 0.5 M NaCl solution
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