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Conversion coating is commonly used as treatment to improve the adherence of ceramics films. The conversion coating properties
depend on the structure of alloy as well as on the treatment parameters. These conversion coatings must be characterized by strong
interfacial adhesion, high roughness, and high real surface area, which were measured by an electrochemical method. The influence
of all the elaboration factors (temperature, time, and bath composition: sulphuric acid, thiosulphate as accelerator, propargyl alcohol
as inhibitor, and surface state) and also the interactions between these factors were evaluated, using statistical experimental design.
The specific surface area and optical factor («) correspond to the quantitative responses. The evaluation showed, by using a designed
experimental procedure, that the most important factor was “surface state” Sanded surface allows the formation of conversion
coating with high real surface area. A further aim was to optimise two parameters: treatment time and temperature using Doehlert
shell design and simplex method. The growth of the conversion coating is also influenced by treatment time and temperature. With

such optimized conditions, the real surface area of conversion coating obtained was about 235 m*/m>.

1. Introduction

Coatings have been developed from various materials using
several deposition methods [1-3]. Electrochemical deposi-
tion is an interesting technique to obtain corrosion protection
coatings, but the problem for such coatings is adhesion. In
previous papers [4-6], we described an original method to
strengthen the interface between ceramic layer and stainless
steel or super alloy substrate. This method involves three
steps. In the first, the metal surface is modified by a con-
version treatment in an acid bath with $*~ and acetylenic
alcohol as additions, allowing the control of the conversion
coating growth [6, 7]. This pretreatment of the surface leads to
a conversion coating which is very adherent, with a particular
morphology, with micropores that allow deposition during
the second step and contribute to the “anchoring” of the
ceramic layer. In the second step, a refractory character is
conferred to the surface by a cathodic treatment in a suitable
bath, which induces the deposition of oxides or hydroxides

with varying degrees of hydration. In the third step, a thermal
treatment leads to ceramic oxides and stabilized the coating.

So, to strengthen the interface between ceramic and
substrate, a specific pretreatment of the metal surface is
proposed so as to form a conversion coating. The morphology
of the surface is important and must present a very porous
structure and a high specific area to facilitate the anchoring
of the ceramic layer [5-7]. Many authors have studied the
influence of different parameters in conversion treatment for
different metal substrates and different applications [5, 8-
10].

This study was undertaken to elucidate the role of the
different parameters and to optimise conversion coating
on austenitic stainless steel. The parameters of conversion
treatment have been studied using statistical experimental
designs. The treatment process and the statistical designs
are briefly reviewed before the experimental results are
presented.



TABLE 1: Chemical composition of austenitic stainless steel (wt%).

C Si Cu Mo S Cr Ni Fe
0.031 0.77 0.06 0.10 0.007 18.2 10.3 70.5

2. Materials and Methods

2.1. Conversion Treatment. Conversion coatings were pre-
pared on an austenitic stainless steel, its composition is
given in Table 1. Samples were cleaned with tetrahydrofurane
(ACROS ORGANIC, purity Z99%), washed with distilled
water, and then dried in air at room temperature. Austenitic
stainless steel conversion coating was obtained by chemical
treatment in acid bath containing suitable additives and par-
ticularly substances containing chalcogenides such as sulphur
(sulphides, thiosulphates) [4-10]. Corrosion inhibitors like
acetylenic alcohols are also required to facilitate the control of
film growth in order to obtain coats with specific properties
[4-10].

In order to homogenize the surface hardness, samples
have undergone to a surface treatment of sanding or of
microball tests.

After treatment, the samples were rinsed in demineralised
water, and then dried at 70°C for 10 minutes.

2.2. Electrochemical Study. The electrochemical measure-
ment was performed using a Tacussel model PRT 20-02
potentiostat. A saturated calomel electrode (SCE) was used
as the reference electrode and a platinum electrode was used
as the counter electrode.

2.3. Methodology of Experimental Research. The objective
of the methodology of experimental research (MER) is to
search for an optimal strategy which allows obtaining the
largest number of good quality information concerning a
studied phenomenon, while carrying a limited number of
experiments. These are informationally optimal mathemati-
cal schemes in which all important factors are changed simul-
taneously, thereby facilitating the identification of process
relations as well as the location of the real process optimum.

2.3.1. Screening (Design I). The main purpose of a screening
study is to identify the most influential factors and those
that may be regarded as inert. Fractional factorial designs
[11] were chosen to evaluate the factors that significantly
influence conversion coating morphology. For each problem
formulated, the first problem is the choice of the factors
which are the parameters that we can control. We must
choose the variation limit of these factors which determines
the experimental domain. These variations may have very
different orders of magnitude, so that, to be able to compare
the factor effects, it is necessary to work with the code levels
of variation of each factor. For the present work, we have
to evaluate the influence of fix factors, each at two levels
(high (+1) and low (-1)). The selected parameters are listed
in Table 2.

A factor is an assigned variable and the levels of the
factor are the values assigned to the factor. Each experiment
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represents a particular point of the experimental domain and
provides a measurement with one or several responses of the
phenomenon in this point.

In first step we used a 2°' experiment; six factors
each at two levels (+1, —1) were investigated; 32 trials were
necessary for this fractional factorial design (Table3). A
factor is an assigned variable and the levels of the factor
are the values assigned to the factor. The fractional factorial
design consists in expressing the estimated effects in contrast.
All experiments were performed in random order and the
calculation was obtained by the NEMROD program [12].

2.3.2. Optimisation. In the second step, once the most signif-
icant factors have been identified, the next step is to optimise
the process with respect to these factors. In this work, we
used a “Doehlert uniform shell design” [13-15] and a simplex
method [15].

In the present work, we studied two factors: treatment
time (X,) and temperature (X,), requiring that six coeffi-
cients be determined as follows:

y=by+ b X, +b,X, + b X0 + by Xo + b, X, X, (1)

The experimental design is presented in Table 4. Their
variation domains were determined in preliminary exper-
iments (Table 4). To minimize the effect of uncontrolled
factors and time variations, all experiments were performed
in random order.

2.4. Measurement of Responses. In order to show the effect of
each factor, the studied responses are the real surface area or
specific surface area (SS) of the conversion coating expressed
in m*/m? and its optical properties («).

2.4.1. Measurement of Specific Area of the Coating. The main
characteristic of conversion coatings is their high porosity.
The porous character was evaluated using cyclic voltammetry
to obtain the real surface area. This method involves applica-
tion of a potential E, which varies with time to an electrode,
between —0.2 and -1.5V/SCE in a 1M sodium sulphate
medium. The scanning rate was 20 mV/s. The measurements
were performed with the three-electrode technique. This
measurement assumes the formation of a monolayer of
adsorbed hydrogen and one atom of hydrogen is taken as
occupying 10A% [16, 17]. The surface area for 1cm?* was given
below:

2
S = %, )
n

where Q is the quantity of electricity (coulomb) correspond-
ing to the anodic peak area. N is Avogadros number. N is

the number of electron (H™ + le — Hp, n = 1) and
F = 96500C mol .

2.4.2. Measurement of Optical Property («). The total hemi-
spheric solar adsorption factor « (ration of the energy
adsorbed by the surface to the incident solar energy) was
measured with an EL510 alpha meter (Elan Informatique).
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TABLE 2: Factors and their levels for the experiments.
H,SO, % T (°C) Na,$,0;, 5H,0 C,H,0 % Treatment time (min) Surface state
(Xy) (X,) g/L (X3) (X4) (Xs) (Xe)
-1 +1 ! +1 ! +1 ! +1 -1 +1 -1 +1
0.2 2 40 70 0.5 1.5 0 0.25 10 30 Sanded  Microball

TABLE 3: Fractional factorial design 2°": theoretical values of coded
variables.

TABLE 4: Doehlert design: theoretical values of coded variables and
their levels for the experiments.

No. X, X, X, X, X X No. X, X, Treatment time (s) T (°C)
1 -1 -1 -1 -1 -1 1 1 1 0 300 55.00
2 1 -1 -1 -1 -1 -1 2 -1 0 180 55.00
3 -1 1 -1 -1 -1 -1 3 0.5 0.866 270 60.02
4 1 1 -1 -1 -1 1 4 -0.5 -0.866 210 49.98
5 -1 -1 1 -1 -1 -1 5 0.5 -0.866 270 49.98
6 1 -1 1 -1 -1 1 6 -0.5 0.866 210 60.02
7 -1 1 1 -1 -1 1 7 0 0 240 55.00
8 1 1 1 -1 -1 -1
9 -1 -1 -1 1 -1 1
10 1 1 1 1 -1 -1 3. Results and Discussion
1 -1 ! -1 ! -1 -1 3.1 Determination of the Significant Factors (FFDs 2°).
12 1 ! -1 ! -1 ! Experimental treatment conditions and the specific surface
13 -1 -1 1 1 -1 -1 area and « of the as-prepared conversion coatings are shown
14 1 -1 1 1 -1 1 in Table 5. Values of the 11 contrasts were computed with
15 -1 1 1 1 -1 1 NEMROD" software and are given in Table 6. The study of
16 1 1 1 1 -1 -1 these results indicates that the process can be explained by the
17 1 -1 -1 -1 1 -1 strong effects corresponding to sulphuric acid, alcohol con-
18 1 -1 ~1 “1 1 1 centrations, and to the effect of the interaction of alcohol con-
19 -1 1 1 1 1 1 centration with acid concentration and temperature. Figure 1
20 ] ] _ _ ] 4 serves as an illustration for studying these interactions.
The effect of alcohol depends on the level of temperature.

21 -1 -1 1 -1 1 1 .

The results show that the increase of propargyl alcohol
22 ! -1 ! -1 ! -1 concentration for a low temperature has no effect on the real
23 -1 1 1 -1 1 -1 surface. But, at high temperature, the best result corresponds
24 1 1 1 -1 1 1 to a low alcohol concentration (SS = 115 m*/m?).
25 -1 -1 -1 1 1 -1 The effect of alcohol depends on the level of acid. At
26 1 -1 -1 1 1 1 low or high alcohol concentration, the responses are highly
27 -1 1 -1 1 1 1 influenced by the variation of acid concentration and the best
28 1 1 -1 1 1 -1 result corresponds to a low concentrations of sulfuric acid
29 -1 -1 1 1 1 1 and propargyl alcohol (SS = 129 m*/m?*). One other factor
30 1 1 1 1 1 1 also has a significant main effect and does not display any
31 -1 ] 1 1 1 1 interaction: surface state (b, = —30.4). We can therefore state
3 ) ) ) ) ) ) that the value of SS is higher if the surface is at level —1. In

2.5. Measurement of Electrochemical Impedance. EIS mea-
surements were performed using EGG PAR apparatus model
16310. Impedance spectra were obtained in the frequency
range of 10 KHz to 10 MHz. AC amplitude was 5 mV. Exper-
iments were performed in aqueous aerated solution of 1M
Na,SO, at 25°C.

this case, sand surface is the surface that serves to obtain the
highest SS.
A great real surface area of the conversion coating is
achieved under the following experimental conditions.
Sulphuric acid concentration 0.2%.
Thiosulphate concentration: 0.5 or 1.5 g/L.
Alcohol concentration: 0%.
Temperature: 70°C.

Treatment time: 10 min or 30 min.
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TABLE 5: Fractional factorial design (2%1): variables, their levels, and data of the responses (SS and «).

No. H,SO, % T (°C) Na,S,04 C,H,0 % Treatment time (min) Surface state N
(X)) (X,) gL (X,) (Xy) (Xs) (Xe) (m’/m’)
1 0.2 40 0.5 0 10 Microball 40.20 0.76
2 2 40 0.5 0 10 Sanded 15.10 0.45
3 0.2 70 0.5 0 10 Sanded 226.00 0.94
4 2 70 0.5 0 10 Microball 8.00 0.83
5 0.2 40 1.5 0 10 Sanded 131.20 0.90
6 2 40 1.5 0 10 Microball 6.40 0.27
7 0.2 70 1.5 0 10 Microball 160.10 0.92
8 2 70 1.5 0 10 Sanded 97.00 0.89
9 0.2 40 0.5 0.25 10 Microball 19.70 0.54
10 2 40 0.5 0.25 10 Sanded 83.70 0.31
1 0.2 70 0.5 0.25 10 Sanded 65.70 0.75
12 2 70 0.5 0.25 10 Microball 44.90 0.66
13 0.2 40 1.5 0.25 10 Sanded 95.30 0.71
14 2 40 1.5 0.25 10 Microball 44.70 0.46
15 0.2 70 1.5 0.25 10 Microball 29.20 0.76
16 2 70 1.5 0.25 10 Sanded 102.40 0.61
17 0.2 40 0.5 0 30 Sanded 164.70 0.91
18 2 40 0.5 0 30 Microball 5.30 0.75
19 0.2 70 0.5 0 30 Microball 142.80 0.94
20 2 70 0.5 0 30 Sanded 136.10 0.96
21 0.2 40 1.5 0 30 Microball 46.70 0.94
22 2 40 1.5 0 30 Sanded 139.60 0.94
23 0.2 70 1.5 0 30 Sanded 119.50 0.91
24 2 70 1.5 0 30 Microball 3710 0.92
25 0.2 40 0.5 0.25 30 Sanded 47.40 0.77
26 2 40 0.5 0.25 30 Microball 54.20 0.73
27 0.2 70 0.5 0.25 30 Microball 10.20 0.49
28 2 70 0.5 0.25 30 Sanded 107.80 0.82
29 0.2 40 1.5 0.25 30 Microball 60.50 0.79
30 2 40 1.5 0.25 30 Sanded 146.40 0.84
31 0.2 70 1.5 0.25 30 Sanded 25.60 0.70
32 2 70 1.5 0.25 30 Microball 22.40 0.88
+1| Alcohol concentration +1| Alcohol concentration
$S=44.20 |35 =75.81 $$=68.99 | $5=51.02
Acid concentration Temperature
-1 +1 -1 +1
§5=128.90 (S8 = 55.58 $S = 68.65 |SS = 115.82
~1 1

(a) (b)

FIGURE 1: Illustration of interactions b, and b,, between (a) sulphuric acid concentration (X,)—alcohol concentration (X,) and (b)
temperature (X,)—alcohol concentration (X,).
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+1 | Treatment time

a=081| a=0.385

-1 +1
a=0.78] a=0.56

(a)

Acid concentration

Treatment time

+1
a=083 [a=083
Temperature
-1 +1
a =055 |a=0.79

(b)

FIGURE 2: Illustration of interactions b5 and b, between (a) sulphuric acid concentration (X,)—treatment time (X5) and (b) temperature

(X,)—treatment time (X,).

60.80

T 5500+

240.00
Treatment time (s)

(a)

60.80

Treatment time (s)

(b)

FIGURE 3: Response surface of the real surface area (a) and « (b) versus X, (treatment time) and X, (temperature).

For o response, the significant one here is also alcohol
concentration that must be at level (-1). Two interactions
(by5 and by5), corresponding to the interaction acid-treatment
time and temperature-treatment time, respectively, have a
significant effect and can be illustrated as in Figure 2. It
emerges from these two interactions that the acid concentra-
tion, treatment time, and temperature must be at level (-1).

We therefore decided to work in the following conditions:

Acid concentration: 0.2% (-1).
Thiosulphate concentration: 0.5 g/L (-1).
Alcohol concentration: 0 (-1).

Surface sanded surface: (-1).

And in these conditions, we focused essentially on the
effect of the treatment time and temperature using a Doehlert
uniform shell design for two parameters, and in which a
second order response surface is fitted to the experimental

result by least squares multiple regressions by NEMROD
software.

3.2. Doehlert Shell Design and Simplex Matrix. The results
obtained according to Doehlert’s matrix are given in Table 7.
The experimental domain was determined from their best
levels.

Processing of the data led to the estimation of six
coefficients for the polynomial equation for each response as
follows:

SS =99 +27.2X, + 24X, - 3X> - 2.7X5 + 7.5X, X,,
a=0.81+0.03X, +0.06X, + 0.005X>

(3)
~0.03X5 +0.006X, X,

(X,: treatment time, X,: temperature) .



TABLE 6: Main and interactions effects calculated from factorial
fractional design 2%,

b, Estimates (for responses SS) Estimates (for responses o)
by 76.1 0.75
b, -10.4 ~0.04
b, 73 0.06
b, 2.9 0.03
b, -16.1 -0.08
b, 3.0 0.08
be -30.4 0.02
by, 26.2 0.03
b, -16.3 ~0.03
b 12.4 0.07
bs ~11.3 -0.06

The bold font refers to the most important values according to their levels as
it is explain in the text.

TaBLE 7: Doehlert design: results for each experiment.

No. Time (s) T(CC) SS (m*/m?) o

1 300 55.00 120 0.85
2 180 55.00 72 0.78
3 270 60.02 134 0.86
4 210 49.98 59 0.73
5 270 49.98 86 0.75
6 210 60.02 94 0.83
7 240 55.00 99 0.81

Figure 3 represents the variation of responses SS
(Figure 3(a)) and « (Figure 3(b)) according to temperature
and treatment time. The high effects of treatment time
and temperature appear clearly and the coefficient values
corresponding to these factors are very important. The results
show that the increase of treatment time and temperature
increases the real surface area and « as can be seen in
Figure 3. To find the optimum via an alternative, the simplex
sequential optimisation method was used. Experiment 8
was carried out at a point symmetrical to experiment 7 with
respect to the midpoint between points 1 and 3 (Figure 4).
Here, the response is high (SS = 327 m* - m ™2, a = 0.91), which
shows that the increase of a treatment time and temperature
allows the formation of conversion coating with high surface
area.

3.3. Determination of Fractal Dimension of the Coating by
Impedance Measurements. The electrochemical impedance
diagrams of the conversion coating (Figure 5) show a capac-
itive arc characteristic of the charge transfer process at
the electrode-solution interface. At very high frequencies, a
process of diffusion in the pores is observed.

It has been shown that the transfer semicircle, which
is centered for a flat smooth interface, becomes rotated
around its high frequency when the surface is porous and/or
rough. This difference from a smooth interface is due to
the distribution of the system response time constant. The
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(X3)

(X1)

FIGURE 4: [llustration of simplex defined on X (treatment time)—
X, (temperature).

100
80 |
"2 60
S [ 1MHz
A
< 40 gu® % E,
s 40 \ . P 10 MHz
L ] =i}
L |::]
20 _gﬁ’ sﬂm’nm/
0_ ﬁ 1 1 1

g
0 R\ 100 150 200

R, (Q-cm?)

FIGURE 5: EIS Nyquist plot in aerated 1 M Na,SO, aqueous solution
of the austenitic stainless steel with conversion coating.

angle of rotation of capacitive loop around its high frequency
is noted 6 (Figure 5). In order to interpret any correlation
that might exist between the particular texture of certain
interfaces and the angle of rotation 6, a nondimensional
parameter d g, representing the difference from an ideal
surface (perfectly smooth and homogeneous), is often intro-
duced. Several tentative relationships have been proposed to
determine d b trom the angle 0 [16-21]. In this work, we used
the relationship proposed by Le Mehauté and Crepy [16]:

_ 180
T 180-20

For our optimal conversion coating, the obtained value of
df is about 2.15 (6 = 12.2°).

The double layer capacitance Cy; relevant to the EIS dia-
gram in Figure 5 is 11775.3 uF - cm™2, a high value attributed
to the presence of a porous layer on the surface, while a double
layer capacitance for a smooth surface is considered to be
about 50 uF - cm™2. The real surface area was estimated to be
235m?/m’.

The calculated value of SS is in good agreement with
what has been determined by cyclic voltammetry method.

d; 4
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FIGURE 6: Micrograph of conversion coating obtained in an opti-
mum bath.

Examination of the optimal coating by scanning electron
microscopy showed that the surface is rough and porous
(Figure 6).

4. Conclusion

The aim of this study is the optimisation of conversion
coating on iron-chromium-nickel alloy. This conversion
coating must have a high specific area. The present work
has demonstrated that the experimental domain that we
defined appears suitable for the optimisation of conversion
coating. The fractional factorial design, Doehlert design, and
simplex design allow a rapid overall study of conversion
coating growth in sulphuric acid medium, under relatively
strong experimental constraints. The primary conclusion of
this study is that interactions between bath compounds and
surface state have an important influence on the formation of
conversion coatings. The experimental designs used for these
experiments led to the optimum conditions being obtained.
The real surface area of optimal conversion coating is very
high (235 m?/m?). The fractal dimension was determined
by impedance measurement. The measurements of specific
area by impedance and cyclic voltammetry present a good
agreement and indicate high porosity.
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