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The pitting corrosion of  copper in alkaline solutions in the presence of  benzotriazole (BTA) was 
investigated. The presence of  BTA shifts the breakdown (Eb) and the repassivating (Ep) potentials 
positively with respect to the blanks. However, the shift of  Ep becomes smaller than that of  Eb, 
particularly at pH 9 and 11. Pitting corrosion involves the formation of  crystallographic pits. The 
kinetics of  the process fits a nucleation and growth mechanism involving instantaneous nucleation and 
3D growth under charge transfer control. The spatial distribution of  pits indicates that there is no 
marked influence of  a pit on the nucleation and growth of other pits. 

1. Introduction 

Protection characteristics of anodic layers in relation 
to the corrosion and passivation of copper in aqueous 
solutions of different electrolyte composition were 
extensively investigated over a wide range ofpH [1, 2]. 
The structure of the passivating layers formed on 
copper in alkaline solutions in the absence of inhi- 
bitors was related to a composite duplex layer consist- 
ing of an inner Cu(I) oxide layer and an outer Cu(II) 
oxide layer [3-7], their stability and protective charac- 
teristics depending considerably on the applied poten- 
tial range and the composition of the solution. Accord- 
ingly, in the presence of agressive anions such as C1- 
and C104-ions a characteristic breakdown potential 
(Eb) of the passive layer associated with the initiation 
of copper pitting can be determined [2, 8, 9]. From the 
practical standpoint it is of interest to increase the 
value of Eb, for instance, by using inhibitors. In fact it 
is known that benzotriazole (BTA) is one of the most 
effective inhibitors for copper corrosion [10] in many 
aqueous environments [11-20]. BTA efficiency for 
copper protection increases with pH, and for alkaline 
solutions the protective characteristics last for a 
relatively long time [18]. 

The inhibition mechanism by BTA for copper cor- 
rosion involves the formation of a polymeric complex 
containing cuprous ions, [Cu(I)BTA], [14, 16, 17, 
19, 21], as concluded from i.r. reflectance spectroscopy 
[14], X-ray photoelectron spectroscopy [19], scanning 
electron microscopy [20, 22], and surface enhanced 
raman spectroscopy [23-27] data. It has also been 
reported that the complex polymer is underlaid with a 
cuprous oxide layer to form a bilayer structure 
[22, 28, 29]. It is known that the copper electrodis- 
solution occurs at potentials more positive with 
increasing BTA concentration, and that the reaction 
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mechanism is the same as that for copper in BTA-free 
solutions [30]. On the other hand, an alternative 
mechanism based on the adsorption of BTA on cop- 
per has also been advanced [15, 31]. 

The present work refers to the behaviour of copper 
in moderate alkaline sodium perchlorate solutions 
containing BTA at various pH, particularly in relation 
to the initiation of pitting corrosion of copper. A 
kinetic model based upon the nucleation and growth 
mechanism is presented for describing the breakdown 
of the protective layer formed on copper in the pres- 
ence of BTA. 

2. Experimental 

A three-electrode electrochemical cell was used. 
Working electrodes consisted of flat discs (0.3 cm dia.) 
obtained by cutting electrolytic copper rods. First, the 
electrode surface was mechanically polished by employ- 
ing a gradual sequence of fine-grained emery papers 
ranging from 30 to 5 #m grit. After cleaning and dry- 
ing, the copper specimens were annealed at 500 ~ C for 
2 h under a few millimetres pressure of argon, follow- 
ing the procedure described in [32], to minimize 
residual mechanical stresses and to achieve a repro- 
ducible grain size distribution. Subsequently, the speci- 
mens were electropolished in 85% ortho-phosphoric 
acid at 0.3 Acm -2 for 5 to 10 rain. Finally, the electro- 
polished electrodes were rinsed thoroughly with water 
and dried in air. Each working electrode was mounted 
in a vertical rotating shaft and the contact between the 
disc surface and the solution was made through a 
hanging meniscus [33]. The potential of the working 
electrode was measured against a saturated NaC1- 
calomel electrode (SSCE). Potentials in the text are 
referred to the SSCE scale. A cylindrical platinum grid 
was used as counter electrode. 
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Fig. 1. V o l t a m m o g r a m s  of  an  annea led  copper  e lectrode at  0.01 V s -  ~ in 1 M N a C I O  4 + x m M  BTA at  p H  7, 9 and  11; 25 ~ C. Solid lines, 
x = 1; do t ted  lines, x = 0. 

Measurements were made at 25.0 _+ 0.1~ Sol- 
utions were prepared from twice-distilled water and 
A.R. chemicals, and purged with argon prior to each 
run. The stock solution composition was 1 M NaC104 + 
x m M  BTA (0.5 ~ x ~< 2), its pH being adjusted to 
either 7, 9 or 11 by adding diluted NaOH solution. 

Each run was started by using a new copper speci- 
men and by recording a cyclicvoltammogram at 
0.01Vs -1 between -0 .70  and 0.30V, to select the 
potential ranges most adequate for the application of 
the potentiostatic double step technique. The poten- 
tial routine applied to the working electrode consisted 
of a potential hold for 3 min at E~, a potential close to 
the HER threshold potential. Subsequently, the 
potential was stepped for 100s to Ek, a potential 
within the potential range of Cu(I) oxide formation. 
Finally, the potential was stepped to Es, the latter 
being set in the copper electrodissolution potential 
range to record the anodic current transients. The 
potential sequence fits the condition Ec < Ek < Es. 

SEM micrographs of the copper electrode surfaces 
were obtained with an Hitachi S-450 scanning electron 
microscope (SEM) for beam energies in the 20 to 
25 kV range. 

3. Results 

3.1. Voltammetry and breakdown potentials 

In general, at the three pH values the voltammograms 
recorded at 0.01Vs -~ in 1M NaCIO4 (Fig. 1, dotted 
traces) and in I mM BTA + 1 M NaC104 (Fig. 1, full 
traces) exhibit two well defined potential ranges related 
to the passivity (region I) and to the corrosion of 
copper (region II). The positive going potential scan 
shows a very small current contribution in region I, 
and a rapid increase of the anodic current in region II 
when the  positive going potential scan exceeds Eb. 
Region II extends to lower potentials in the negative 
going potential scan displaying the typical hysteresis 
loop of pitting corrosion with a crossing point at the 

repassivation potential. In principle, the voltammetric 
behaviour for copper in these solutions is similar to 
that found for the breakdown of passive layers and 
initiation of pitting corrosion for a number of metals 
in aggressive environments [34-37]. 

The presence of BTA shifts the value of E b positively, 
this effect being more remarkable at pH 9. On the 
other hand, the comparison of the reverse potential 
scans show that the repassivation process tends to be 
independent of the presence of BTA at pH 9. Thus, at 
pH 7, in the presence Of BTA the value of Eb is 0.15 V 
and the hysteresis loop in the reverse scan extends to 
0.08V. Likewise, when the potential scan enters 
region I, a small and broad cathodic current peak is 
recorded between 0.00 and - 0 . 1 0 V  (peak L). At 
pH 9, the value of E b is close to 0.20 V and the reverse 
scan enters region I at 0.04V. In this case peak Ic 
becomes better defined, and another cathodic current 
peak appears at - 0.45 V (peak IIc). Finally, at pH 11 
the same features are observed, Eb = 0.24V, the 
reverse scan enters region I at 0.05 V, and peaks Io and 
IIc are clearly observed, the potential of the former 
one being practically pH independent. 

The cathodic peak I c can be assigned to the electro- 
reduction of Cu(II) from the bulk solution and a 
possible adsorbed monolayer of a Cu(I)BTA- com- 
pound. Otherwise, peak II~, lying at potentials more 
negative than -0 .35  V, can be related to the electro- 
reduction of a strongly adsorbed [BTA- Cu(I)] x layer 
formed during the preceding electroreduction process, 
yielding Cu + BTA at the copper surface. This 
interpretation agrees with previous work on copper 
electrodeposition from solutions containing copper 
ionic species in the presence of BTA [38-40], and the 
polarographic investigations on the Cu(II)-Cu(I)- 
Cu~ system in the presence of BTA [41, 42]. 

The influence of the inhibitor in extending region I, 
i.e. to decrease the rate of formation of soluble copper 
species, and to promote the onset of passivity, is clearly 
seen from a comparison of voltammograms run in the 
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Fig. 2. Dependence orE b values with log c + both in the absence and 
in the presence of BTA. 

presence and in the absence of BTA. In both cases the 
values of E b shift positively as the pH of the solution 
increases fitting a linear Eb against log cH+ relation- 
ship (Fig. 2) with the same slope which is close to 
0.025 V/pH unit (Fig. 2). 

3.2. Potentiostatic anodic current transients 

The potentiostatic current transients were run by 
using copper specimens previously held at Ec = 
- 0.70V for tc = 3 min to attain the complete electro- 
reduction of the copper surface, subsequently kept at 
Ek = 0.00 V for tk = 100 S to form the anodic passive 
layer, and finally potential stepped to Es to record the 
corresponding anodic current transient. The value of 
E S was set in the 0.10 to 0.30 V potential range. Typical 
current transients are shown in Figs. 3-5 for pH 7, 9 
and 11. In all cases the current increases steadily, the 
initial slope of the current transients increases with Es, 
and for the highest values of Es a current plateau is 
approached. 

3.3. SEM micrographs 

At the three pH's SEM micrographs of copper speci- 
mens anodised at Es > Eb show pit-free domains and 
others with a large number of small crystallographic 
pits distributed at random (Fig. 6), and stepped poly- 
hedrical surfaces, probably representing the proper 
bulk metal crystallographic lattice. Occasionally, pit 
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Fig. 3. Anodic current transients recorded at different E~ values in 
1M NaC104 + lmM BTA at pH7. The symbols denote the 
experimental data and the solid lines correspond to the current 
transients calculated with Equations 3 and 5. 
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Fig. 4. Anodic current transients recorded at different E s values in 
1M NaCIO 4 + lmM BTA at pH9. The symbols denote the 
experimental data and the solid lines correspond to the current 
transients calculated from Equations 3 and 5. 

overlapping is also observed. The pit size is rather 
uniform with an average pit diameter of about 3.8 #m, 
suggesting that the initiation of pitting implies a prob- 
able instantaneous nucleation. The pit-free domains at 
the copper surface appear to be covered by a micro- 
crystalline layer exhibiting the same topography as 
that already described for thick Cu-BTA films formed 
on copper [22]. 

4 .  D i s c u s s i o n  

4.1. General features of  BTA as Cu corrosion 
inhibitor 

The outer passive layer produced on copper immersed 
in aqueous solutions containing BTA at neutral and 
moderate alkaline pH values, in the absence of C1 
ions, has been described as a polymeric, coherent and 
continuous film which is represented by the Cu(I) 
BTA basic stoichiometry [13, 14, 17, 20]. This layer is 
formed by the irreversible chemisorption of BTA in 
solution on the copper surface. In agreement with 
results previously reported for copper corrosion 
inhibition by the presence of BTA in 1% NaC1- 
containing solutions [21], the present data confirm 
that the optimum efficiency of the inhibitor appears at 
pH 9. The loss of inhibiting efficiency at pH 11 may be 
due to the fact that in this case either the passivating 
layer is not completely coherent or that it changes the 
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Fig. 5. Anodic current transients recorded at different E~ values in 
IM NaC104 + lmM BTA at p H l l .  The symbols denote the 
experimental data and the solid lines correspond to the current 
transients calculated from Equations 3 and 5. 
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Fig. 6. SEM micrographs  of  an annealed copper specimen after anodising for 100 s in I M NaC104 + 1 mM BTA. (a-d) p H  7, E s = 0.23 V; 
(e) p H 9 ,  E s = 0.24V; (f) p H  = 11, E S = 0.25V. 
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structure to become, to some extent, permeable to 
OH-  ions and oxygen. 

Otherwise, the comparison of the hysteresis loops 
obtained at different pH's suggests that the reforming 
of the passivating layer becomes faster at low pH. As 
the pH increases it appears that the competition 
between OH--ions  and BTA as film forming species 
moves in favour of the former. This is in agreement 
with previously reported data for BTA-benzylamine- 
water-methanol systems where the formation of 
thicker copper oxide underlayers takes place at the 
higher pH without improving the inhibiting efficiency 
of the passivating layer [21]. 

Despite the inhibiting properties of BTA for copper 
corrosion, the present results show that C104- 
containing solutions can produce rupture of the passi- 
vating layer formed on copper in the presence of BTA, 
at all pH's when the value of Eb is exceeded. 

4.2. Phenomenological description o f  anodic current 
transients 

The analysis of potentiostatic current transients 
allows exploration of possible mechanisms for copper 
pitting in BTA-containing solutions. For this purpose 
the nucleation and growth formalism can be used as a 
first approach to the problem. 

Several current contributions can be considered in 
the current transients obtained at E~, namely, the 
current due to the double layer charging, the current 
related to the passive layer growth, the current for the 
base metal dissolution through the passive layer, and 
the copper pitting current. The sum of these contri- 
butions, Jr, expressed as apparent current densities jdl, 
Jp, Jd and jc, respectively, is 

Jt  = Jdl q ' - L  q - J d  q - J ' e  ( 1 )  

The double layer charging component quickly drops 
to zero so that in the time domain of the present study 
its contribution can be neglected. Moreover, as the 
copper specimens are anodised for 100 s in the passive 
potential range, the value ofjp can also be neglected. 
Thus Equation 1 reduces to 

Jt = Ja + • (2) 

On the other hand, as the contribution of the base 
metal electrodissolution is relatively small, this pro- 
cess can be modelled in the simplest way as the dif- 
fusion of copper cations from the metal surface 
through the passive layer to the bulk of the solution. 
Assuming a linear diffusion through a homogeneous 
thin passive layer, [43]: 

Jd = P1 t-If2 (3) 

with 

PI = zFDt/2 Acrc 1/2 (4) 

where D is the diffusion coefficient of copper cations 
through the passive layer and Ac is the difference in the 
cation concentration at both sides of  the passive layer. 
The termja can be specifically related to the growth of 

Table 1. Parameters resulting f rom the anodic current transient fit- 
tings by using Equations 3 and 5 

p H  E s P1 P2 P3 
/ V  /mA s '/2 cm -2 /mA cm -2 /s -2 

7.0 0.20 3.718 x 10 3 0.284 4.72 x 10 s 

7.0 0.23 - 0.081 5.19 x I0 -4 

7.0 0.28 - 1.401 1.28 • 10 3 

9.0 0.12 1.55 • 10 .3 0.214 6.94 x 10 -5 

9.0 0.18 - 0.351 9,39 x 10 .5 

9.0 0.24 - 12.53 3.11 x 10 .4 

11.0 0.20 0.0 13.11 1,78 x 10 4 

11.0 0.25 - 13.26 2.19 x 10 4 

I1.0 0.30 - 32.63 1.03 • 10 -3 

the outer portion of the anodic layer during corrosion. 
The rate of accumulation of the outer portion of the 
anodic layer should depend onja, the solubility product 
of the Cu-BTA species and copper oxide-hydroxides 
formed at the different pH's, and on the diffusion rate 
of the soluble species towards the bulk of the solution. 
In the present case, due to the presence of BTA, result- 
ing in very low currents for the electrodissolution 
process, the protective characteristics of the passive 
layer must be emphasized. Only when Es lies close to 
E b, does the magnitude of the electrodissolution current 
approach that ofjc, being negligible for higher poten- 
tials. Therefore, under the present circumstances, since 
the contribution of the Jd term is not substantial, the 
influence of the electric field on the transport of copper 
ions through the passive layer can not be determined. 

The apparent pitting current density, i.e., the Jc 
term, can be ascribed to the instantaneous nucleation 
and three-dimensional growth of conical pits under 
charge transfer control, as given by the following 
equation [44]: 

= P2[1.0 - exp ( - - P 3 t 2 ) ]  (5) L 
where 

P2 zFk~c (6) 

P3 = nM~cNosP -2 (7) 

and k3c and k~c are the growth rate constants parallel 
and perpendicular to the metal plane, respectively, M S 
is the molecular weight of the salt whose density is p, 
and Nos is the number of sites available for nucleation. 
This model appears to be useful when the applied 
potential is sufficently greater than Eb- It should also 
be noted that for P3 => 0, then exp ( - P 3 t  2) ~ 1 - 
P3t 2 and Equation 5 leads to a simple relationship 
between Jc and t 2: 

~ P2P3 t 2 ( 8 )  

By using Equations 3 and 5, the current transients 
shown in Figs. 3-5 can be reproduced with the set of 
parameters depicted in Table 1. 

The comparison of the present results with those 
recently reported for BTA-free C104-containing sol- 
utions at different pH's [37] show that the early stages 
of copper pitting in C104 -containing solutions can be 
described by a common mechanism independently of 
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Fig. 7. Pm against m plot for E~ = 0.23 V, pH 7. 

the presence of BTA as inhibitor. However, for the 
latter case, the nucleation and growth process leading 
to crystallographic pits is exclusively under activation 
control, although the value of P3 is considerably lower 
than that reported for BTA-free CIO4 -ion containing 
solutions. This fact permits Equation 5 to be used in the 
former case as a linearized I against t 2 expression. The 
decrease of P3 can be assigned to a decrease in No due 
to the presence of BTA. As concluded from volta- 
mmetry and SEM data at pH > 7, the precipitation of 
CuBTA takes place atregions outside the pit domains. 

4.3. S p a t i a l  d i s t r ibu t ion  o f  p i t s  

The spat ia l  d i s t r ibu t ion  o f  pi ts  fo rmed  on the copper  
surface gives in fo rma t ion  a b o u t  ei ther the r a n d o m  or  
the n o n - r a n d o m  loca t ion  o f  pits  on the copper  co r rod-  
ing surface [45]. 

Assuming  tha t  pits  are r a n d o m l y  d i s t r ibu ted  on the 
copper  surface and  tha t  the p robab i l i t y  (Pro) o f  the 
number  o f  pi ts  (m) occurr ing  in a rb i t r a ry  surface ele- 
ments  o f  the same size (AS).  The  value o f  Pm is then 
given by  the Poisson equa t ion  [45]: 

P,, = N m exp ( - - N ) / m !  (9) 

where N is the average number  o f  pits  in the a rea  AS. 
In  this case the value o f  P,~ can be ca lcula ted  f rom the 
exper imenta l  results by  dividing the number  o f  surface 
e lements  con ta in ing  m pits  by  the to ta l  number  o f  
e lements  r a n d o m l y  loca ted  wi thin  the specimen sur- 
face. The  circles in Fig.  7 denote  the exper imenta l  
probabi l i t ies ,  P,,, ob t a ined  for  p H  7 and  Es = 0.23 V, 
and  the solid line i l lustrates  the co r re spond ing  theor-  
etical d i s t r ibu t ion  resul t ing f rom E q u a t i o n  9 with 
N = 1.60. These  figures represent  the exper imenta l ly  
found  average n u m b e r  o f  pi ts  co r r e spond ing  to a 
surface e lement  AS = 3.8 • 10-6cm 2. 

In  general,  the reasonable  agreement  between theory 
and  exper iment  suggests tha t  the a s sumpt ion  o f  a 
r a n d o m  d i s t r ibu t ion  o f  pits  in the exper imenta l  system 
is correct .  This  implies  tha t  there is no m a r k e d  influ- 
ence o f  a pi t  on  the nucleat ion and  growth  o f  o ther  pits. 
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