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Chemical and electrochemical inhibition studies
of corrosion and hydrogen surface embrittlement.
I1. Fe, g B, 13Si 04 Cy.0, amorphous alloy in molar HCI
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The effect of diorthoaminophenoldisulfane (DOAPD) on the corrosion and hydrogen embrittlement
of Fegg By135104Co, amorphous alloy has been studied. The amorphous state of the alloy was
confirmed by X-ray analysis. Inhibitor efficiency in 1 M HCl was estimated from electrochemical and
gravimetric measurements. Reproducible results obtained from both techniques are consistent.
DOAPD at 10™*M gave a maximum corrosion inhibition of the alloy in 1 M HCI and evidence for a
cathodic inhibition mechanism is presented. Hydrogenation of the alloy was reduced by the addition

of 107*M DOAPD.

1. Introduction

The resistance of some metallic amorphous alloys
to corrosion and hydrogen embrittlement in con-
centrated HCl has been reported previously [1-5].
Initially, these results were attributed to the absence of
the well-defined structural defects in the amorphs.
Some authors have shown that the chemical com-
position of amorphous alloys plays an important role
in the improvement of their corrosion resistance [5, 6].
It is known that the iron-metalloid amorphous alloys
‘containing no other metallic elements are character-
ized by a weak resistance to corrosion and are suscep-
tible to hydrogen embrittlement [7, 8]. The weak
corrosion resistance of the amorphous Fe; ;4B 13Sig00
alloy in 1M HCl was noticed earlier [1], and the
presence of diorthoaminophenoldisulfane (DOAPD)
inhibited corrosion and hydrogenation of the alloy.
The interesting results obtained [1] prompted us to
investigate the chemical and electrochemical charac-
teristics of the amorphous alloy Fe, g Bg i3 Sig 04 Copp i
the absence and in the presence of DOAPD. The
presence of carbon in the alloy reduces the losses when
this alloy is used in low frequency (50 Hz) electric
transformers. The induction of carbon also simplifies
the amorphization of the alloy. Details on the syn-
thesis of DOAPD as well as reasons for its use as
corrosion inhibitor are mentioned elsewhere [1, 9-14].

2. Experimental details

The amorphous alloy in the form of a tape was
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prepared by the ‘CNRS — VITRY’ by a high-speed
quenching technique (planar flow) [15, 16]. The side in
contact with the cylinder onto which the tape is rolled
during the preparation is matt. The reverse side,
exposed to the air, is bright. Dimensions of the tape
were: length = 10m, width = lcm, thickness =
30 um. For the electrochemical measurements, a
double-walled Pyrex glass three-electrode electrolysis
cell was used. The temperature was thermostatically
controlled at 24 + 1°C. The working electrode, in the
form of a disc cut from the amorphous tape, had a
geometric surface area of 0.70 cm®. It was attached to
a hollow steel support filled with chemically inert
resin. The surface of the platinum counter electrode
was larger than that of the working electrode. Prior to
electrochemical measurements, the working electrode
was cleaned with acetone and then washed with bidis-
tilled water and dried in an inert gas or eventually in
air. 1 M HCl base electrolyte was deaerated by purging
nitrogen for 1h.

In order to work under well-defined experimental
conditions, the working electrode was polarized at
—800mV for 15min, before recording the cathodic
potentiokinetic characteristics up to the corrosion
potential. Before recording the anodic potentiodyn-
amic responses, the working electrode was maintained
at its corrosion potential for 30 min. The subsequent
polarization measurements were performed between
this potential and more positive values. Hydrogen-
ation was effected by cathodic polarizationin 1 M HCI
at — 800 mV for 1hin the absence and in the presence
of DOAPD inhibitor. Unless otherwise stated, all
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Fig. 1. X-ray diffraction response of the amorphous alloy
Feyg B3 5100 Coz 0 (@) shining side; (b) matt side.

electrode potentials are referred to the SCE. Gravi-
metric measurements were carried out in a double-
walled Pyrex glass cell at 24 + 1°C. The cell volume
was 100 ecm®. The amorphous sample had a rectangu-
lar form of dimensions: length = 4cm, width =
1 cm, thickness = 30 ym.

3. Characterization of the alloy

Analysis of the amorph showed that its composition
by weight is Fegg B3 SigosCogz- The amorphous
structure of the alloy has been confirmed at 24 + 1°C
using X-ray diffraction as shown in Fig. 1. Both sides
of the alloy only gave the diffuse halo which is typical
of the amorphous state. No traces of crystallization
were detected on either side of the amorph. The DTA
thermograph of the alloy with a temperature scan rate
of 10°Cmin~" is shown in Fig. 2. This figure shows
two peaks at 550 and 580°C corresponding to the
crystallization processes.

4. Experimental results and discussion
4.1. Electrochemical results

4.1.1. Effect of inhibitor concentration. The cathodic
potentiokinetic polarization curves of Feyg By 3Si504Co oz
amorphous alloy obtained in base electrolyte and on
addition of inhibitor concentrations varying from
107°to 2 x 107*M are presented in Fig. 3. It is clear
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Fig. 2. Diagram of differential thermal analysis of the
Feg g1 Bo.13585.04Cope alloy. Temperature scan rate is 10°Cmin~!.
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Fig. 3. Cathodic potentiodynamic curves of the working electrode
with different concentrations of DOAPD added to 1 M HCL: work-
ing electrode surface area is about 0.7cm?. (——) 2 x 1073M; (&)
107°M; (0) 0.0M; (@) 1073M; (&) 107*M DOAPD.

that the cathodic current decreases when the inhibitor

is added to the solution.

The variation of the free corrosion potential of the
amorphous alloy in 1M HCl due to the different
inhibitor concentrations is given in Table I. The
corrosion potential becomes increasingly positive as
the inhibitor concentration is increased. The rate of
the corrosion process is determined by the corrosion
current density (i,) obtained by extrapolating the
Tafel lines to the corrosion potential (E,) of the work-
ing electrode. The inhibition efficiency (e %) may be
calculated from the classical expression:

LT 100

e =

1

where i’ and i represent the corrosion current density
of the amorph measured, respectively, with and with-
out the inhibitor. Values of corrosion current den-
sities, corrosion potentials, and corrosion inhibition
efficiencies as a function of inhibifor concentrations
are given in Table 1.

Corrosion inhibition efficiency is shown in Fig. 4 for
the amorphous Fegg; By 3 Sig0sCogr alloy in 1 M HCl as

Table 1. Influence of DOAPD concentrations on free corrosion
potential, B ., and corrosion current density, i.,; calculated
efficiency of corrosion inhibition

DOAPD E,. (mV) L. (uAcm™?) Percentage

C (M) corrosion
inhibition

0 —450 94 -

1073 — 380 42 55

10-* —350 8 91.5

103 - 340 17 82

2 x 1073 —330 42 55
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Fig. 4. Inhibition efficiency of corrosion of Fegyg By 138104 Cogp in
I M HCI as a function of added DOAPD concentrations: (A) elec-
trochemical results; (W) gravimetric results.

a function of DOAPD inhibitor concentration. It is
clear that inhibition efficiency increases with inhibitor
concentrations reaching a maximum value of 91.5%
with 107*M DOAPD. The anodic current-potential
characteristics of the alloy immersed in 1M HCI +
10~*M DOAPD are given in Fig. 5. It seems that the
inhibitor has little effect on the corrosion at positive
potentials.

Results illustrated in Figs 3-5 as well as data given
in Table 1 may be explained as follows. Initially
the aqueous solution contains free solvated cations
and anions. In the cathodic potential region, it is
likely that the inhibitor bulk in the form of a less
stable dimer (zwitterion), (S-C¢-H,-NH;-Cl17),,
preferentially reacts with protons giving *H,N-C,~
H,-S-S-C,-H,~NH;", while in the anodic potential
region Cl~ anions predominate near the surface.
DOAPD is adsorbed at the surface due to the free
electron pairs on sulphur atoms as well as the =-
electron of the aromatic rings. This mechanism
supposes that the formula of the ionic adsorbed
species is (5-C4,-H,-NH;f Cl7),, and these ions
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Fig. 5. Anodic potentiodynamic curves of the studied alloy in 1M
HCI (@) and in 1M HCl + 10~*M DOAPD (0).

replace adsorbed Cl™ ions in the anodic region. A
possible formation of a complex inhibitor—metal film
leads to more positive corrosion potential values.

A similar adsorption mechanism for aromatic
amines on mercury surfaces was proposed by Bockris
and Blomgren [17] and confirmed afterwards by Pillai
and Narayan [18]. In Fig. 4, it is important to note
that inhibitor concentrations higher than 107*M lead
to a decrease of the corrosion inhibition efficiency.
This decrease may be explained by the adsorption of
the (S-C4~H,~-NH; Cl7), form of the inhibitor on the
metallic surface. The validity of this hypothesis must
be checked later.

This adsorption or superficial covering may be con-
trolled by the concentration of C1~ anions adsorbed
on the metallic surface which depends on the free sites
of the surface. The fraction of covered surface, 0, is
defined by the ratio:

where i’ and i are current densities with and without
the inhibitor, respectively. In the concentration range
below 107*M DOAPD, a linear relation between
log 8/1 — 6 and log C is noted in Fig. 6. This means
that the indirect adsorption of the ionized com-
plex bulk of DOAPD corresponds to a Langmuir
isotherm:

/1 — 6 = kCexp (g/RT) (1)

where g is the heat of adsorption, k is a constant, and
R is the gas constant.

4.1.2. Effect of temperature. Temperature can modify
the interaction between the alloy and the electrolyte in
the presence of DOAPD inhibitor. Cathodic potentio-

kinetic curves at temperatures of 24, 40 and 50°C of

the Feg g, By 15 Sig 04 Cy 0> amorphous alloy in 1M HCl in
the absence and in the presence of 10~*M DOAPD are
shown in Figs 7 and 8. Corresponding data are given
in Table 2. In the temperature range studied, when
accuracy of measuremerits is considered, it seems that
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Fig. 6. Indirect Langmuir adsorption isotherm when DOAPD is
added to the studied alloy in 1 m HCIL: (W) electrochemical results;
(O) gravimetric results.
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Fig. 7. Effect of temperature on the cathodic response of the alloy
in deaerated 1M HCL Working electrode surface area is nearly
0.7cm?.

inhibition efficiency is temperature independent. With
the addition of 107*M DOAPD, no variation of the
corrosion potential is found with increasing tempera-
ture. The corrosion current density of the studied alloy
increases with increasing temperature both in the
absence and in the presence of 107*M DOAPD.

Arrhenius plots for the corrosion current density of
the alloy are given in Fig. 9. The Arrhenius activation
energy can be calculated from the following relation-
ships:

icorr = kexp(—s/RT),
icl:orr = Kk exXp (—8//RT)

(2a)
(2b)

where ¢ and ¢ are the activation corrosion energies,
respectively, in the absence and presence of the inhibitor,
¢ = 14.0kcalmol ' and ¢’ = 8.5kcalmol™".

The reduction of the activation corrosion energy
may be attributed to the chemisorption of the organic
inhibitor on the amorphous alloy surface and the
corrosion process corresponds to a different dissol-
ution mechanism of the alloy in the presence of the
inhibitor.

5. Gravimetric studies

The chemical corrosion of the Fegyq Bp3Sin0aCon
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Fig. 8. Effect of temperature on the cathodic response of the alloy
in deaerated 1M HCl + 107*M DOAPD.

alloy in the same media at the same temperature was
studied using a gravimetric method. 100 mg of alloy
was immersed in 100cm® of IM HClat 24 + 1°C. A
complete dissolution of the alloy was observed after
48 h. However the weight loss of the alloy at short
immersion periods was insignificant; this was why
these experiments were run for 12h. Results of the
weight loss measurements and inhibition efficiencies as
a function of DOAPD concentration are presented in
Table 3. The efficiency is expressed by:

w—w
e = —

x 100 3)
where w and w’ are the weight loss in the absence
and in the presence of DOAPD, respectively. The
efficiency of different concentrations of the inhibitor
as indicated by weight loss method is shown in Fig. 4.

A comparison of results in Tables 1 and 3 obtained
from electrochemical and gravimetric techniques are,
therefore, consistent, particularly when the principles
of the two techniques are considered. The adsorption
of the zwitterion form (S~C;-H,-NH; Cl ), could be

Table 2. Influence of temperature on the identical electrochemiral parameters of Feyg) By 3 Siy o4 Co 40 working electrode immersed in 1 M HC!

and in 1M HCI + 107*M DOAPD

Temperature 1M HCl IM HCI + 10-*M DOAPD
O
E. . feorr E.. Teorr Percentage
(mV) (pAcm™?) (mV) (uAcm~?) corrosion inhibition
24 —450 94 —350 8 91.5
40 —440 340 —360 20 94.1
50 —415 500 —350 27 94.6
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Fig. 9. Arrhenius straight lines calculated from corrosion current of
the studied alloy in (a) 1M HC}, (b) 1M HCl + 10~“M DOAPD.
T is the absolute temperature.

treated in terms of an indirect adsorption Langmuir
isotherm (Fig. 6) for concentrations below 107*M
DOAPD. The following conclusions apply to both
electrochemical and gravimetric results. A maximum
in the corrosion inhibition is observed at 10°*M
DOAPD (see Fig. 4). For DOAPD of concentrations
below 10~* M, the indirect adsorption of its zwitterion
form on the amorphous Feyg By138i0,Coop alloy
surface corresponds to the Langmuir model.

6. Inhibition of hydrogen surface embrittlement

Hydrogen surface embrittlement was identified by
optical observation of the surface of the amorphous
alloy after being cathodically charged in 1M HCI in
the presence of 107*M DOAPD. This clearly showed
the effect of DOAPD on the hydrogenation of the
amorphous alloy treated (reduction in number of
superficial hydrogen blisters). This conclusion is
confirmed when the cathodically charged amorphous
surface states, in the presence and absence of 107*M
DOAPD, are compared.

From the comparison between Fig. 10a (as reference)
and Fig. 10b (for a charged alloy surface in the
absence of the inhibitor), numerous blisters due to
hydrogen penetration in the alloy through charging
are observed. The presence of the inhibitor (Fig. 10¢)
significantly reduces the number of hydrogen blisters
on the charged amorphous surface. DOAPD can be
used, then, as a cathodic inhibitor to suppress surface
hydrogen embrittlement.

7. Inhibition mechanism of DOAPD

We assume that the mechanism to explain the inhi-
bition action of DOAPD on the corrosion and
hydrogen penetration in crystalline a-iron [13, 14] is
valid for the amorphous alloy treated in the present
work. An inhibitor molecule is adsorbed on the metal-
lic surface by means of the free electron pairs on
sulphur atoms and the n-electron of the aromatic
nuclei. The amino groups of the adsorbed molecules
trap the protons from the surrounding acid medium

Table 3. Weight loss of Feyg, By 135104 Cyp alloy upon the addition of

different concentration of DOAPD to 1 M HCI. Calculated corrosion
inhibition efficiency produced

DOAPD Corrosion rate Percentage

(€©) M) (mgem~—2h7h) corrosion inhibition
0 0.646 -

1073 0.207 68

104 0.077 88

10°? 0.181 72

10-2 0.465 28

and prevent their reduction on the metallic surface.
This may contribute to a reduction of the penetration
of hydrogen into the amorphous metal. The pro-
tonation process changes the ionic properties of
the inhibitor molecules, which are adsorbed on the
amorphous surface, and the discharge mechanism of
hydrogen and, consequently, the hydrogenation pro-
cess is modified, hence reducing the penetration of
hydrogen into the amorphous metal.

8. Conclusions

DOAPD functions as a cathodic inhibitor against the
corrosion of the studied amorphous alloy in 1 M HCL
Potentiokinetic studies in 1 M HCI showed that the
addition of DOAPD to the electrolyte results in a
strong decrease of corrosion current density and an
increase in the corrosion potential. Electrochemical
and gravimetric results both show that the inhibition
efficiency increases with increase of inhibitor concen-
tration and attains a maximum at 10~*M DOAPD. It
is important to note that the active surface area is not
the same as the geometrical area, particularly in the
presence of an inhibitor. Higher accuracy can then be
gained when corrosion inhibition is calculated in
terms of real active areas. But this is conditioned by
how precisely one can calculate the real active areas.
However, it is interesting to note that the agreement
between results obtained by different techniques con-
firm our hypothesis using the geometrical surface
areas. Nevertheless, this does not mean that system-
atically one can neglect the difference between real and
geometrical surface areas. Pitting is also an important
factor and its effect depends on whether the electrolyte

.contains the inhibitor or not. Probably, in the present

study there is some compensation of different factors
in favour of our calculation of inhibition efficiency
using geometrical areas. The activation corrosion
energy of Fegg By 135104 Co; amorphous alloy in 1M
HCl decreases in the presence of 107 M inhibitor. The
indirect adsorption of DOAPD, at a concentration
below 107*M, on the amorphous Fegyg By 13Si004Coon
alloy surface corresponds to the Langmuir model.
Optical micrograph studies of the amorphous alloy
charged with hydrogen in the absence and presence of
DOAPD showed that the inhibitor significantly
reduces the reactions between hydrogen and the
amorphous surface. The role of DOAPD as a cathodic
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inhibitor is confirmed. A comparative study of the
inhibition effect of the DOAPD and of some other
organic compounds on an autopassivied amorphous
alloy is published elsewhere [19].
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Fig. 10. (a) Micrograph of the bright surface of the studied alloy
before its exposure to any solutions, x 100. (b) Micrograph of the
studied alloy surface after a cathodic polarization during I hin 1M
HC], x 100. (c) Micrograph of the studied surface in the conditions
mentioned in (b) upon the condition of 107*M DOAPD, x 100.
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