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The mode of  corrosion inhibition of  amorphous FeBSiC alloy due to 3-amino-1,2,4-triazole (ATA) in 
molar HC1 is studied through weight loss and electrochemical steady-state and transient measure- 
ments. F rom the comparison of  results with those obtained using other 'triazole' type-organic 
compounds,  it is shown that ATA is the best inhibitor. ATA acts on the cathodic reaction without 
changing the mechanism of  the hydrogen evolution reaction. Impedance studies show that ATA 
acts by formation of  a 3D compact  and protective adsorbed inhibition film at the metal surface which 
is similar to a paint or polymer film. A correlation between the inhibition efficiency of  ATA and its 
molecular structure is established. A schematic representation of  surface coverage due to different 
adsorption modes of  ATA is presented. The schematic representation proposed explains why the 
mechanism of  hydrogen reduction is the same in the absence and in the presence of  ATA. 

1. Introduction 

Metal-metalloids, metallic glasses prepared by rapid 
quenching from the liquid state (meltspinning) 
exhibit better magnetic [1-4] and high mechanical 
strength [5-7] properties and, in some cases, have out- 
standing corrosion resistance. Since the first report in 
1974 on the corrosion behaviour of metallic glasses 
[8], many studies on electrochemical corrosion prop- 
erties of amorphous alloys have been conducted. 
After two decades of research in this field, the existing 
data show that the excellent corrosion resistance of 
some amorphous alloys is due to their specific 
chemical composition and not predominantly due to 
their disordered structure [9-12]. 

It is known that the iron, nickel, and cobalt-base 
amorphous alloys, with no other metallic elements 
such as chromium, show poor corrosion resistance 
in different media [13-16]. However, amorphous 
alloys containing chromium and phosphorus are 
characterized by extremely high corrosion resistance, 

* Author to whom correspondence should be addressed. 

0021-891X © 1994 Chapman & Hall 

even in hot concentrated hydrochloric acid. Some of 
these amorphous alloys become spontaneously 
passive and show no pitting [17-25]. This behaviour 
has been attributed to the presence of highly homo- 
geneous, stable and protective passive films, mainly 
formed by hydrated chromium oxyhydroxide [26, 27]. 

We have already reported that amorphous FeBSi 
and FeBSiC alloys exhibit extremely poor corrosion 
resistance in 1 M HC1 [28-32]. The improvement of 
corrosion resistance of these alloys by addition of 
disulfide type-organic compounds has been studied 
[28-32]. In the present work, we have studied the 
effect of addition of 3-amino-l,2,4-triazole (ATA) 
on the corrosion resistance of the amorphous FeBSiC 
alloy in 1 M HC1. The corrosion inhibition due to ATA 
is compared to the action of other organic compounds 
of the same family, such as benzotriazole (BZT) and 
1,2,4-triazole (TA) (Fig. 1). This research was stimu- 
lated by the successful application of triazole type- 
organic compounds as corrosion inhibitors for cop- 
per and iron [33-39]. 

The electrochemical behaviour of the interface 
FeBSiC/1 U HC1 in the absence and in the presence, of 
ATA has been studied through potentiokinetic 
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Fig. 1. Molecular structure of  triazole-type organic compounds 
studied. 

polarization methods and gravimetric and electro- 
chemical impedance measurements. 

2. Experimental details 

The electrochemical cell used has been described pre- 
viously [28]. The amorphous Fe80B13Si3.sC3.5 (at%) 
alloy studied was prepared at CNRS-VITRY by the 
high speed quench technique (melt spinning). Its 
amorphous structure has been confirmed using 
X-ray diffraction and differential thermal analysis 
[29]. The working electrode in the form of a disc cut 
from the amorphous tape, had a surface area of 
0.70cm 2. The electrochemical measurements were 
made on the bright face of the working amorphous 
electrode. A saturated calomel electrode (SCE) 
and platinum electrode were used as reference and 
auxiliary electrodes, respectively. 

The aggressive solutions (1 M HC1) were prepared 
by dilution of analytical grade 37% HC1 with 
bidistilled water. All tests were performed at room 
temperature in magnetically stirred and deaerated 
solutions. The triazole compounds tested as 
inhibitors were 'Fluka' commercial products. 

Electrochemical steady-state and weight loss 
measurements were carried out under experimental 
conditions described elsewhere [28, 29]. 

Electrochemical impedance tests were made in 
unstirred and deaerated 1 M HC1 at room tempera- 
ture, by using a transfer function analyser (Schlum- 
berger Solartron 1250), a potentiostat (Solartron 
1286) and a personal computer. Sine wave voltages 
(10-20mV r.m.s.) at frequencies between 100kHz to 
10mHz with five frequencies per decade were 
adopted. The measurements were automatically con- 
trolled with the aid of the developed programs. The 
impedance diagrams for the frequencies studied are 
presented as Nyquist plots where R is the real and 
- j  G the imaginary part. 

Prior to electrochemical and gravimetric measure- 
ments, the amorphous sample was cleaned with 
acetone, thoroughly washed with bidistilled water 
and finally dried in dry air. 

3. Results 

3.1. Comparative study 

The cathodic potentiokinetic polarization curves of 
amorphous FeBSiC alloy in molar HC1 in the 
absence and presence of triazole type-organic 
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Fig. 2. Cathodic current-potentials curves of  the amorphous 
FeBSiC 2 alloy ;n molar HC1 and in molar HC1 + 10- M of  different 
triazole compounds. 1 M HC1 (O), TA (O), BZT (+), ATA ( ). 
The area of  working electrode is 0.70 cm 2. 

compounds at 10-2M are represented in Fig. 2. 
Values of associated electrochemical parameters and 
corrosion inhibition efficiency (E%) are given in 
Table 1. The percentage inhibition efficiency is 
defined as 

E (1 = - Icor / Icor)  × 100 (1) 

where Icor and Ichor are the uninhibited and inhibited 
corrosion current densities, respectively, determined 
by extrapolation of cathodic Tafel lines. The values 
of E(%) were compared with those of E(%) obtained 
by the weight loss method [29] (Table 1). 

As can be seen from Fig. 2, current-potential 
curves gave rise to parallel Tafel lines indicating that 
the hydrogen evolution reaction is activation con- 
trolled and the addition of triazoles does not modify 
the mechanism. The addition of organic compounds 
decreases the cathodic current with respect to the 
uninhibited case. The value of corrosion potential is 
not modified by addition of triazoles. 

Table 1. Electrochemical parameters of  the amorphous FeBSiC alloy 
in 1 ~t HCI; in 1 M HCI + added different triazole products at 10 -2 M 
and the corresponding corrosion efficiency determined from extra- 
polation o f  Tafel lines (El) and gravimetric measurements (E2) 

Electrolyte Ecor Icor be El E2 
/mV vs /#A cm -2 /mV 
SCE (dec) -1 

1M HC1 --450 94 165 
1M HC1 + 10 -2M TA -440 25 160 70 60 
1 M HC1 + 10 -2M BTA -440 12 170 85 80 
1 M H C l + 1 0  - 2 M A T A  --440 06 150 94 90 
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According to Table 1, the maximum of inhibition 
efficiency is obtained in the presence of ATA. The 
corrosion inhibition efficiency of triazoles decrease 
in the order ATA > BZT > TA. As a result of this 
classification and in order to better understand the 
inhibition mechanism of ATA, a detailed study on 
this compound was carried out. 

3.2. Detailedstudy of ATA 

3.2.1. Electrochemical steady-state and weight loss 
measurements. Figure 3 shows cathodic current- 
potential curves of the amorphous FeBSiC alloy in 1 M 
HC1 in the absence and presence of ATA, at different 
concentrations varying from 10 -5 t o  10 -2 M. It is clear 
that the cathodic reaction (hydrogen evolution) is 
inhibited and the inhibition increases as the inhibitor 
concentration increases. Tafel lines of approximately 
equal slope were obtained. The constancy of this 
cathodic slope indicates that the mechanism of the 
proton discharge reaction does not change in the 
presence of ATA. 

Values of corrosion current densities (Ioor), 
corrosion potential (Eoor), cathodic Tafel slope (bc) 
and corrosion inhibition efficiency determined by 
polarization and gravimetric methods as a function 
of ATA concentrations are given in Table 2. From 
this table, it can be concluded that: 

(i) Icor decreases with increasing inhibitor concen- 
tration. 

(ii) Addition of ATA does not change the values of 
E~or and bc. 

(iii) E(%) increases with inhibitor concentration, 
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Fig. 3. Potentiokinetic polarization curves of  amorphous FeBSiC 
alloy in 1 M HC1 in the presence of  different concentrations of  
ATA inhibitor. ( 0 )  0.0; (0 )  10-5; ( ) 10-4; (C)) 10-3; (+) 
10 -2 M. The area of  working electrode is 0.70 cm 2. 

Table 2. Electrochemical parameters of the amorphous FeBSiC alloy 
in 1 M HCl; in 1 M HCl + added different concentrations of ATA and 
the corresponding corrosion efficiency determined from extrapolation 
of Tafel lines (El) and gravimetric measurements (E2) 

ATA Ecor Icor be E1 E2 
concentration /mV vs /#A cm -2 /mV /% /% 
/M SCE (dec) -1 

0 -450 94 165 - - 
10 -5 -450 56 160 40 60 
10 -4 -454 28 155 70 75 
10 -3 -445 14 150 85 83 
10 -2 -440 06 150 94 90 

reaching a maximum a t  1 0 - 2 M  ATA. E(%) values 
determined by the two methods are in reasonably 
good agreement. 

The anodic polarization curves of amorphous 
FeBSiC alloy in 1M HC1 and in 1 M HC1 + 10-2M 
ATA are given in Fig. 4. For overvoltages higher 
than -200mV vs SCE, the presence of ATA does 
not change the current-potential characteristics. 
This means that the inhibition mode of ATA depends 
on electrode potential. The inhibitor has little effect 
when the potential becomes more positive than Ecor. 
This indicates that ATA predominates as a cathodic 
inhibitor. 

3.2.2. Electrochemical impedance measurements. To 
obtain a better understanding of the interaction 
mechanism between ATA molecules and the 
amorphous FeBSiC alloy in 1 M HC1, impedance 
galvanostatic measurements at zero total current at 
the interface were carried out. Nyquist plots 
obtained at the interface in the absence and presence 
of 10-2M ATA after 40min at Ecer prior to the 

10 4 

e'- 

.Q 

10 a 

0 0  

• 0 

0 0  

Q O  

Q O  

• 0 

0 

0 
QO 

0 0 

o 

-o'.2 -olo 
Potential, E~ V vs SCE 

Fig. 4. Anodic current-potentials characteristics of  the amorphous 
FeBSiC alloy in 1M HC1 ( 0 )  and in 1 M HCI + 10 -2 M ATA (O). 
The area of  working electrode is 0.70 cm 2. 
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measurements are represented in Figs 5 and 6, 
respectively. 

The impedance diagram obtained with 1 M HC1 
(Fig. 5) shows only one depressed capacitive loop. 
At low frequencies, the presence of capacitive and 
inductive loops can be attributed to adsorption of 
species resulting from alloy dissolution and to the 
adsorption of hydrogen [40, 41]. 

In 1 M HC1 + 10 -2 M ATA, the impedance diagram 
is characterized by an increase of polarization resist- 
ance Rp and the appearance of two well-separated 
capacitive loops (Fig. 6). In fact, one first loop 
appears at high frequencies. The associated charac- 
teristic frequency (fHV) is very high (about 10 kHz). 
On the other hand, this loop does appear in the 
uninhibited case (Fig. 5). The high frequency loop 
may thus be due to the presence of a dielectric film 
of ATA at the metal/1 M HC1 interface. The resist- 
ance value associated with this loop 'HF'  (RHF) is 
around 20 f~cm 2. This is very low and cannot be 
attributed to charge transfer. On the other hand, if 
this loop (HF) were attributed to charge transfer, so 
as RHF < RT (uninhibited) would mean that the 
amorphous alloy corrodes faster in the presence of 
ATA. This hypothesis is in conflict with the large 
inhibition efficiency (94%) obtained by gravimetric 
and steady state measurements. This would also be 
in conflict with the absence of surface corrosion 
products in the presence of ATA. The capacity 
associated with the HF  loop is determined by the 
relationship CHF = (2rrRHFfHF)-I; its value is about 
0.8 # F c m  -2. This value is too low to correspond to 
a double layer (50-100 #F cm-2). 

The second capacitive loop 'LF'  appears at low fre- 
quencies. It is similar to the capacitive loop obtained 
for the uninhibited case and may be attributed to 
charge transfer. Comparison of impedance diagrams 
(Figs 5 and 6) shows that ATA action is illustrated 
by modification of the impedance diagrams (appear- 
ance of two capacitive loops, increase in polarisation 
resistance, disappearance of the inductive loop which 
appears in the untreated electrode). 

The characteristic parameters of the two loops are 
given in Table 3. 
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Fig. 5. Electrochemical galvanostatic impedance diagram of the 
amorphous FeBSiC alloy electrode in 1 u HCI after 40rain 
immersion at Ecor prior to measurements. 
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Fig. 6. (a) Electrochemical galvanostatic impedance diagram of the 
amorphous FeBSiC alloy electrode in 1 M HC1 + 10 -2 M ATA after 
40min immersion at Eeor prior to measurements; (b) represents the 
HF range of (a) on expended scale. 

The inhibition efficiency of ATA was evaluated 
by impedance measurements using the following 
relation: 

E(°/O) = (1 - RT/R~) × 100 (2) 

where R T and R~- represent the resistance of charge 
transfer in 1M HC1 and 1M H C I +  10-2M ATA, 
respectively. The value of E(%) obtained is around 
91%. This is close to the values estimated by other 
methods. 

4. Discussion 

The comparative study of corrosion inhibition of 
10-2M triazole-type compounds indicates that ATA 
has a much more significant effect. This implies that 
the corrosion inhibition is due to the presence of 
amino groups in the molecular structure. However, 
Sathianandhan et al. [33] have reported that, at simi- 
lar concentrations, the inhibition efficiency obtained 
with benzotriazole is much greater than that obtained 
with 1,2,4-triazole or ATA at mild steel in different 
acidic media. 

In the presence of ATA, the cathodic Tafel slope is 
the same for the amorphous electrode in the absence 
and presence of the organic inhibitor. This indicates 
that the inhibition of the hydrogen evolution reaction 
by ATA takes place by a simple adsorption mode and 
the mechanism of this reaction is the same for the 
uninhibited and inhibited condition. If  the above 
statement is valid, the inhibited apparent corrosion 
rate is proportional to the surface area not covered 
by ATA and the fraction of surface covered by 
adsorbed molecules of ATA, O, was expressed by 
the ratio E(%)/100. The relation log (O/1 - O )  and 
log C where C is the inhibitor concentration, is linear 
as shown in Fig. 7. Thus the adsorption of ATA obeys 
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Table 3. Electrochemical galvanostatie impedance parameters of  the amorphous FeBSiC alloy in 1 M HCI and in 1 M HCl + 10 -2 M A TA 

Electrolyte 'HF" loop 'LF' loop 

fHV RHF CHF fLr RLF CLF 
/ H z  /f t  c m  2 / # F  c m  -2 / H z  / f ~  Cl'/'l 2 //~F c m  -2 

1 M H C 1  - - - 0.8 300 70 

1 M H C I + 1 0 - 2  M A T A  104 20 0.8 1.0 3000 50 

a Langmuir isotherm model 

where AG is the heat of adsorption, k = Constant and 
C the inhibitor concentration. This isotherm can be 
used because of the surface homogeneity of the amor- 
phous alloy. For crystalline copper-nickel alloy, 
which displays surface heterogeneities, the adsorp- 
tion of ATA has been shown to correspond to 
the Temkin isotherm model [42]. The value of the free 
energy of adsorption as calculated from the Langrnuir 
type adsorption isotherm is -40.1 kJ mo1-1. The large 
negative value of AG indicates that ATA is strongly 
adsorbed on the metal surface. 

Electrochemical impedance measurements showed 
two distinct capacitive loops in the presence of 
ATA. Analysis of the parameters associated with the 
high frequency loop led us to attribute this loop to 
the formation of a relatively thick and compact 3D 
inhibitor film at the surface of the electrode, similar 
to a paint or polymer film. Similar behaviour 
was reported by Taib Heakl and Haruyama [43] on 
copper in 3% NaC1 containing benzotriazole and by 
Srhiri et  al. [44] on carbon steel XC38 in 3% NaC1 
with orthoaminothiophenol. Using this hypothesis 
in the ATA case, the 'LF' loop may be attributed to 
faradic processes occurring on sites where the ATA 
film is defective. The ATA inhibitory action may 
then be attributed to the formation of a thick and 
relatively compact film at the alloy surface. 
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Fig. 7. Langmuir isotherm adsorption model of ATA on the surface 
of amorphous FeBSiC alloy in 1 M HCI" (O) electrochemical results; 
(Q) gravimetric results. 

An attempt was made to correlate ATA electro- 
chemical behaviour and its molecular structure. 
Nevertheless, no N-substituted 1,2,4-triazole type- 
organic compounds present a planar structure and 
tend to exist in different tautomeric forms resulting 
from the non-localized hydrogen of the triazole cycle 
[45, 46]. ATA is a weak base and its pKb is 10.8. 
The pK b value was determined by titration of a 
10-2M ATA solution by 10-2M HC1. Hence, ATA 
product exist in 1 M HC1 (pH 0) in its protonated 
form. In this case the four tautomeric forms are: 

H 
N~N 

~H 
N--N 

// +< 
H " ~ N . ~ N H  2 

I 
H 

N m N  

H N'ZNH  
I 

H\N~N/H 

The adsorption of the protonated form of ATA is 
favoured by the attractive interaction between the 
C1- anions adsorbed and the cations of the inhibi- 
tor. This synergic effect was already observed in acid 
solutions containing CI-, I-, Br- and inhibitor 
cations as quaternary ammonium [47], pyridimium 
ions [48] and amines [49]. 

When the different models of ATA adsorption are 
considered, the following models are possible: 

H H 
.--:'--m N÷. 

<io H 
"~NJ" ; :  

/ / / / / /  / / / / / /  

(a) (b) 

The flat model (a) is stable and preferred since the 
covered fraction of surface is high, even at low con- 
centrations, and thus explains the cathodic effect of 
the ATA. This adsorption model is favoured by estab- 
lishing 'donor-acceptor' links between the empty d 
orbitals of iron and the pairs of free electrons on the 
nitrogen atoms and by the electrostatic interactions 
between NH + and the adsorbed C1- anions on the 
surface. 
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The increase in surface coverage with increase in 
concentration may be illustrated by the following 
representation: 

C 

H 
N - ' - - N  

A i i l \  /',i ~', ~,~ 

" ~ N F "  l 
H II  'd 'I 

/ / 

d c d c 
> <  > <  > < - - - - ~  < > 

H H 
N_±_.N N- :--N 
41 Fkx ~[X z~l A .  tr~ 

/',',~ j h ,  NH + , , ' (  J ' , ' ,  

~ N  w" ;t ~ N  r" ',' 

/ / / / 

In this case two pictures of the surface may be 
envisaged: 

(i) A fraction of the surface is covered by adsorbed 
ATA molecules with cathodic and anodic sites. 

(ii) The non-covered surface is in direct contact 
with the electrolyte. On this fraction of electrode 
surface the hydrogen reduction reaction occurs, 
confirming the non-modification of their mechanism 
upon addition of ATA. 

The adsorption of ATA, which gives rise to 
excellent corrosion inhibition must necessarily be 
followed by molecular stacking on the surface. This 
leads to the establishment of a stable and relatively 
thick 3D inhibition layer as follows: 

H H 
i i 

N- -' -N .  .N-~ -N 
E'~N- '- -N. .~- -+NH~ - ~ . N -  --N.'S..~--- N H ~ 

H3N . 
~ N ~ ' N H  3 ~N~--NH~ 
~N. v ~ N ~ V  

/ / / / / / / / 

Attempts at preparing a polymer film by electro- 
polymerization of ATA at the surface of amorphous 
FeBSiC alloy, iron, carbon steel, nickel and copper 
have led to satisfactory results. The polymer coating 
obtained exhibits an insulating behaviour. The effect 
of the polymer coating on corrosion of these metals 
has been patented [50] and described in the literature 
[51,521. 

5. Conclusions 

The following conclusions can be drawn: 
(i) Steady-state measurements have shown that 

added triazole-type organic compounds do not 
change the proton reduction mechanism and the cor- 
rosion inhibition efficiency of these products can be 
classified in the following order: ATA > BZT > TR. 

(ii) The ATA acts as cathodic inhibitor without 
modifying the mechanism of the hydrogen evolution 
reaction. 

(iii) The corrosion inhibition efficiency of ATA 
increases with the inhibitor concentration and 
reaches a maximum value at 10 -2 M. 

(iv) The cathodic corrosion inhibition of ATA is 
interpreted by partial blocking of the electrode 
surface due to adsorption of protonated species 
according to the Langmuir isotherm on the surface. 

Hydrogen reduction occurs on the electrode surface 
which is not covered by the film of ATA.  

(v) Electrochemical impedance measurements 
show that ATA acts through the formation of a 3D 
film, similar to a paint film at the electrode surface. 

(vi) A model for surface coverage of the alloy by 
ATA is proposed. This model demonstrates the effect 
of ATA as corrosion inhibitor. 
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