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Effect of BTA on electrochemical corrosion and
stress corrosion cracking behaviour of type 304
stainless steel in 1 M HCI

A. DEVASENAPATHI*, V. S. RAJA

Corrosion Science and Engineering Program, Indian Institute of Technology (Bombay),
Mumbai 400 076, India

E-mail: vsraja@cc.iitb.ernet.in

Effect of benzotriazole (BTA) on polarization and stress corrosion cracking (SCC) behaviour
of type 304 stainless steel in 1M HCI was investigated. The anodic polarization curves
showed that with BTA additions the anodic polarization kinetics in the active region was not
affected, though a reduction in critical current density, i+, and passive current density, #,,
was observed. However, BTA was found to influence significantly the cathodic reaction
kinetics. SCC results using smooth tensile test specimens showed an increase in time-to-
failure, , with BTA additions. Crack growth rate studies using single-edge notched (SEN)
specimens showed an increase in threshold stress intensity for SCC, Kiscc, and a decrease in
crack growth rate, da/dt, with BTA additions. While the adsorption isotherms derived from
weight loss data followed a Langmuir adsorption isotherm signifying a monolayer
adsorption, the adsorption isotherms derived from SCC test data deviated from this at higher

BTA concentrations. The paper discusses the possible reason for this deviation.
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1. Introduction

Benzotriazole (BTA) has long been known as an effec-
tive inhibitor for copper and copper alloys [1,2].
Though its effect on ferrous alloys has not been widely
studied, it is reported to provide inhibition for iron
[3-7], mild steel [8-10] and Fe-Ni alloys against
corrosion in mineral acids. The inhibiting effect of
BTA in reducing the hydrogen absorption tendency in
iron and mild steel [5,6,8] has also been reported.
Studies on iron [3-7], Fe-Ni alloys [11] show that
BTA inhibits hydrogen evolution kinetics by adsor-
bing on the active sites. While most of the studies have
been reported on the inhibitive action of BTA on iron,
mild steel and HSLA steels, its influence on corrosion
and hydrogen evolution reactions on stainless steels is
not well studied. Studies carried out [12] on 410
stainless steel show that BTA reduces the cathodic
hydrogen evolution reaction and also decreases the
hydrogen embrittlement behaviour of these stainless
steels under cathodic charging conditions. While most
of the studies indicate the role of BTA to be to reduce
the cathodic hydrogen evolution reaction and conse-
quently corrosion rate, its influence on the anodic
polarization behaviour of an active passive alloy has
not been studied. Furthermore, several studies have
been carried out on the SCC behaviour of type 304
stainless steel in acidic solution. However, barring
a few studies [13], the role of BTA as an inhibitor

against SCC is not well studied. Thus the present
study is aimed to understand the role of BTA towards
electrochemical corrosion and SCC of an active-pass-
ive alloy, namely type 304 stainless steel.

2. Experimental procedure

The composition of type 304 stainless steel in wt%
used in this study was 0.04C, 0.71Si, 1.72Mn, 8.5Nj,
18.8Cr, 0.12Cu, 0.046P, 0.017N and 0.019S. The speci-
mens of required dimensions were machined from the
alloy and used after solution-treated at 1075°C in
a nitrogen atmosphere for 1h, followed by water
quenching. Experiments were conducted with speci-
mens wet-ground to 600 grit finish using silicon car-
bide paper, followed by mirror polishing using wet
alumina. Four different experiments (weight loss,
potentiodynamic polarization, constant load SCC
tests using smooth tensile test specimens and
crack growth studies using single-edge notch (SEN)
specimens) were carried out. The test solution used
was 1 M HCI at room temperature exposed to air. The
effect of BTA addition on weight loss, potentiody-
namic polarization and SCC was studied in five differ-
ent concentration ranges starting from 1x 107> to
1x 107" M. The test solutions were prepared using
AnalaR grade chemicals of HCI and BTA in distilled
water.
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Weight-loss experiments were performed using
specimens of dimension 50mm x 50mm x 0.6 mm in
triplicate. The tests were conducted for 240 h by plac-
ing them into the test solution. After the stipulated
time period, samples were taken out rinsed with distil-
led water, dried and weighed for change in weight
from its initial weight.

For polarization studies, specimens of 1c¢m? area
cold set in polyacrylic powder were used. Poten-
tiodynamic polarization studies were carried out using
a PARC Model 273 potentiostat operated with m352
software at a scan rate of 1mVs™! using platinum as
a counter electrode and a saturated calomel as the
reference electrode.

For time-to-failure SCC tests, smooth flat tensile
test specimens of 25mm gauge length, 6 mm width
machined from strips of 100mm length giving a re-
duced length of 40 mm, were used. All the specimens
were tested at 75% of their yield strength, which was
22.5kgmm ™2, in a spring loaded constant load SCC
testing apparatus at open circuit potential (OCP) [14].
The time to fracture the specimen completely was
taken as time to failure.

For crack growth rate studies, SEN specimens of
100mm length, 25 mm width and 0.6mm thickness
were used. A notch of § mm length and 0.4 mm width
was made at one edge in the centre with the help of
a silicon carbide wheel. The crack growth rate studies
were carried out in a spring-loaded constant load SCC
test apparatus. The details of the spring-loaded SCC
test apparatus are described elsewhere [15]. The crack
growth rates, da/dt, were obtained by measuring the
initial crack length and change in the crack length
with time using a travelling microscope with the help
of a light source. Stress intensity calculations were
made as described by Singh and Altstetter [16].

In order to ascertain the threshold stress intensity of
SCC, K scc, the SEN specimens were loaded at differ-
ent stress intensity values and exposed to the test
environment. The alloy was considered resistant to
SCC at those stress intensity values which resuited in
crack growth rates lower than 107'°ms™'. The
lowest stress intensity value at which the crack propa-
gation rate was 10" !°ms ™! and above, was taken as
the Kjscc. The specimens were loaded at these
K scc values for crack growth rate studies. As the
crack grows, the stress intensity, K1, at the crack tip
increases. So the crack tip is subjected to different
stress intensity levels without altering the applied
load. Hence, during the course of the experiment with
the progress in crack growth, a net increase in stress
intensity is always observed. The spring relaxation
associated with crack growth was measured using a
dial gauge to determine the extent of relaxation and
the subsequent decrease in the applied load. It is
necessary to emphasize the fact that this decrease in
applied load lowers the stress intensity only to a lesser
extent than the stress intensity increase caused by the
crack growth. During crack growth experiments, the
formation of microcracks ahead of the main crack,
and the joining of both with the growth of a main
crack, was also observed. The failed specimens were
ultrasonically cleaned in 1 M HCI, washed with distil-
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led water followed by methanol. The specimens were
dried in hot air and analysed for fracture morphology
in a scanning electron microscope (SEM).

3. Results and discussion

3.1. Weight loss

The weight loss data show that the increase in BTA
concentration, the corrosion rate is lowered. Because
BTA provides protection by adsorbing on the alloy
surface, its efficiency is related to the total coverage it
provides to the alloy [1]. The coverage for various
concentrations of inhibitors were calculated from the
relation

(1 — W /W) x 100 )

where W, and W are the weight losses without and
with inhibitor, respectively. An adsorption isotherm
curve fitted using the log—log plots of total concentra-
tion versus coverage, is shown in Fig. 1. The plot
shows a slope of unity obeying a Langmuir adsorption
isotherm. As Langmuir isotherm signifies the mono-
layer adsorption behaviour of molecules on the alloy
surface, shows that BTA inhibits corrosion by mono-
player adsorption on the alloy surface. Similar adsorp-
tion behaviour which follows a Langmuir adsorption
isotherm has been reported for the inhibition of cop-
per by BTA [1].

3.2. Potentiodynamic polarization
Potentiodynamic polarization results of type 304
stainless steel without and with varying concentra-
tions of BTA are given in Fig. 2. Electrochemical
kinetic parameters derived from these experiments are
given in Table I. Owing to the uncertainty in the
anodic Tafel region, i.,, was not derived from these
curves. The table shows that with the addition of BTA,
the open circuit potential (OCP) is shifted towards
a more noble direction. The initial addition of BTA to
the extent of 1 x 10~ M results in a significant shift of
100mYV in the noble direction. A subsequent increase
in BTA concentration influences OCP only margin-
ally. Examination of cathodic curves shows that the
cathodic reaction is reduced with the addition of BTA,
as it is shifted towards lower current density values
while bringing no significant change in the cathodic
Tafel slope. This shows that BTA brings down the
cathodic hydrogen evolution reaction without
modifying the mechanism of hydrogen evolution reac-
tion in an uninhibited solution. Such an effect is
possible due to the reduction in electrode surface
available for hydrogen evolution reaction by BTA
coverage. A similar effect of BTA on the cathodic
hydrogen evolution mechanism has been reported
[12] for 410 stainless steel in 0.5 M H,SO,.

In sharp contrast to cathodic polarization curves,
the anodic polarization curves show that BTA addi-
tions increase the anodic dissolution behaviour of
the alloy in the active region. This is exhibited by
the slight reduction in the slope of the curves till
the critical current density, i.,;, is reached. The effect
of BTA on i,; and passive current density, i,, are
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Figure 1 Typical absorption isotherms derived from (&) weight
loss, (x) time to failure, and (A) Kiscc data.

summarized in Table 1. The i is reduced to a large
extent by BTA, which is exhibited by the reduction in
the nose of the active passive transition curve towards
lower current density values. Also, i, is reduced,
though there is no change in the potential range of
passivation. The lowering of the i.,; and i, values by
the BTA additions show that BTA exerts some influ-
ence in stabilizing the passive film, though the passive
potential region is not modified. This is indicated by
the following observations; (i) the active anodic dis-
solution is not reduced until i.;, 1s reached; (ii) i.,; and
i, are reduced; (iii) above 0.1 V the inhibition efficiency
is lost as exhibited by an irregular increase in the
transpassive dissolution of the alloy.

TABLE I Electrochemical parameters derived from the polariza-
tion experiments carried out in 1 M HC1

Environment  OCP (V) ferit ip Be
versus (mAcm~?) (mAcm~% (mV/
SCE decade)
Without — 0440 9.55 1.37 91
inhibitor
1x1073m —0.334 4.55 0.94 105
5x1073Mm — 0322 3.475 0.90 106
1x1072Mm - 0311 3.236 0.765 110
51072 m —0.300 2.12 0.52 114
1x107'm —0.268 1.61 0.347 121

TABLE II SCC test results of type 304 stainless steel in 1 M HCi
with and without BTA

Environment Time to failure (h)

I M HC] 57
IMHCl +1x1073M BTA 74
1M HCl + 5% 1073 M BTA 137
1M HCI+1x10"2M BTA 157
1M HCl +5%x1072M BTA 184
1M HCl + 1x107'm BTA 223

3.3. Stress corrosion cracking (SCC)

3.3.1. Time to failure

The effect of BTA towards SCC of type 304 stainless
steel in 1 M HCl is given in Table II. With the increase
in BTA concentration, the time to failure increases,
indicating that BTA promotes SCC resistance of
stainless steels in 1 M HCI. Fractographic studies car-
ried out using SEM showed a transgranular mode of
cracking (TG) both in 1 M HCI and in solutions with
BTA additions.
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Figure 2 Potentiodynamic polarization behaviour of AISI 304 stainless steel in (

) 1 M HCI and with ( ) 1x1073 M, (---)

5%1073M, (—x—) 1x1072M, (---}) 5x 1072 M and (—x—) 1 x 10~ ! M BTA additions.
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Figure 3 Crack growth behaviour of type 304 stainless steel in (O) 1 M HCI and with (a) ((J) 1 x 1073 M and (A) 5% 10~ M BTA additions,
and (b) (@) 1x 1072 M, (A) 5x 1072 M and (¢) 5x 10~! M BTA additions.

3.3.2. Crack growth rates

The crack growth rate, da/dt, versus stress intensity
K1, curves obtained for type 304 stainless steel in 1 M
HCI and with BTA additions, are shown in Fig. 3a and
b. The parameters derived from the crack growth rate
experiments are given in Table III. K1SCC for type
304 stainless steel in 1M HCl was found to be
52MPam'/? which was lower than the plane stress
fracture toughness of 240 MPam?'/? observed in air.
With the addition of 107*M BTA, the value of
K1SCC increased to 113 MPam'/?, BTA additions at
higher concentrations led to a further increase in
KI1SCC values as shown in Fig. 3a and b. This in-
crease in K1SCC values with BTA additions showed
that a higher incubation time was needed at lower
stress intensity values for the crack to propagate [17].
So the stress intensity was increased to attain a crack
growth rate of 107 *°ms™'. Further, in 1 M HCI the
(da/dt) versus K1 curve showed an increase in crack
growth with increase in stress intensity, K1 (Fig. 3a).
In this case no stage II slow crack growth behaviour
was observed. On the contrary, with BTA additions,
a clear stage Il slow crack growth behaviour was
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noticed (Fig. 3a and b). In addition, the crack growth
rates significantly decreased with BTA additions. It
should be noted that while the alloy showed a max-
imum crack growth rate of 1 x 10" "ms™* at a stress
intensity value of 80 MPam'/? in 1 M HCI, the addi-
tion of 1 x 10~ * M BTA reduced the crack growth rate
to 1x10"8ms~! even at a higher stress intensity
value of 175MPam'/?,

It is well known that at low stress intensity K1 values,
da/dt is strongly dependent on K1 (stage I); at intermedi-
ate values of K1 (stage II), da/dt becomes relatively
independent of K1 and as K1 approaches the critical
value of stress intensity K., da/dt increases rapidly (stage
III). On the contrary, the rapid rise in crack growth rate
da/dr in 1 M HCI at stage I and the absence of a slow
crack growth stage (stage II), indicate that the alloy
underwent a fast fracture due to the high anodic dissolu-
tion at the crack tip as well by the hydrogen absorption
into the alloy. Previous studies also indicated that in
certain alloy—environment combinations, stage I may
be missing due to fast fracture at the start of stage IT [18].
With BTA additions, stage II occurred at the higher K1

values of around 140 MPam'/2,



TABLE III Change in K;gcc values with BTA additions

Environment KiscddMPam'/?)

In air 240 (K,)
1M HCI 52
1M HCl+1x1073%mM BTA 113
1M HCl+5%x1073M BTA 120
1M HCl+ 1x107%2M BTA 124
1M HCl +5%x10"2mM BTA 141
1M HCl+1x10"*Mm BTA 150

In order to understand the nature of inhibition with
respect to SCC, adsorption isotherms were drawn
based on time to failure and K1SCC data. In the case
of type 304 stainless steel, the behaviour towards time
to failure per cent inhibition of SCC was obtained
using the relation

% SCC inhibition = (1 — to/t)x 100 (2)

while in the case of alloy response to crack growth, the
per cent inhibition was calculated using the relation

% SCC inhibition = (1 — K1SCC,o)/K1SCCy x 100
A3)

both these relationships are similar to that applied for
uniform corrosion, as given in Equation 1. In the
above equations, ty and t; represent the time to failure
of specimens without and with inhibitor addition and
K1SCCo/K1SCCy; represent the threshold stress
intensity for crack growth without and with the addi-
tion of inhibitors, respectively. Use of the time to
failure and the Kss¢ data to calculate the inhibition
efficiency was justified for the following reasons. These
stainless steels are proposed to undergo SCC by an
active path anodic dissolution process. In this case, the
crack growth is directly proportional to the anodic
current density, i,, at the crack tip through the follow-
ing relation [19].

crack velocity, da/dt = i,M/zFp 4)

where M is the atomic weight of the metal, z is the
valency of the metallic ion, F is the Faraday constant
and p is density. Because the anodic current density
can be affected by the adsorption of inhibitors, the
lowering of i, due to the addition of inhibitor and the
consequent rise in time to failure and K1SCC, can be
related to the nature of adsorption of the inhibitors.

Though there have been few studies on the effect of
inhibitors on SCC behaviour [12], these studies did not
examine the data in the light of the adsorption iso-
therm. The present study attempts to correlate the ad-
sorption isotherm to the role of inhibitor towards SSC.
The isotherms clearly reflected the following parts.

(a) The isotherm of weight loss data showed a typi-
cal Langmuir adsorption isotherm having a slope of
unity. On the contrary, the isotherms of time to failure
and KI1SCC data were quite different (Fig. 1). Iso-
therms derived from time to failure data showed
a slope of 0.5 at lower concentrations of BTA, which
decreased to 0.075 at higher concentrations, whereas
the isotherm derived from K1SCC data showed a
slope of 0.05 at all concentrations of BTA. The de-

crease in slope observed in the isotherms derived from
time to failure and K1SCC data indicated that they
did not obey the Langmuir behaviour of adsorption.

(b} Interestingly, the isotherms derived based on
time to failure and Kggc data lay very close to each
other, despite the fact that the former involved
a smooth sample while the latter involved the pre-
cracked samples. In the smooth sample, SCC is
expected to occur by nucleation and growth of cracks,
while in the precracked samples SCC occurs exclus-
ively due to the crack growth process. The fact that
both the adsorption isotherms behaved in a similar
manner indicated that BTA inhibitor was effective
during the crack growth stage of SCC. The current
results reflected this proposition, as discussed below.

The results shown in Tables II and III indicate that
the initial addition of BTA (10~ M) had sharply in-
creased the SSC resistance of type 304 stainless steel,
while a subsequent addition had only a marginal ef-
fect. In this range, the isotherm deviated from Lan-
gmuir behaviour. The deviation from Langmuir
behaviour was reported normally due to the interac-
tion among the inhibitor molecules [20]. Therefore,
the question arises as to why there should be interac-
tion among the adsorbing molecules in the case of 304
type stainless steel subjected to stress, whereas such an
interaction did not exist in the case of unstressed
sample as shown by the adsorption isotherm corres-
ponding to the weight loss data. In the absence of any
viable explanation, it is necessary to examine the na-
ture of inhibition and its preference to specific sites.
This can be done based on the polarization behaviour
of 304 type stainless steel in the presence of BTA.

As discussed earlier, polarization curves (Fig. 1)
indicated that BTA did not affect the anodic areas and
the corrosion rate was brought down by controlling
the cathodic reaction. This was also reflected in sup-
pressing the hydrogen evolution during the crack
growth rate studies. The preferential adsorption be-
haviour of inhibitors on active or passive sites in
providing corrosion inhibition has been discussed in
detail in the review by Trabanelli [217]. In a stainless
steel undergoing SCC in 1 M HCI, the alloy as a whole
was reported [22] to be in an active state. However,
due to the variation in stress concentration, the crack
tip remains more active and anodic and the crack
walls become more cathodic. So a strong couple exists
between the two [22]. When BTA was added at low
concentration, they are preferentially adsorbed on the
crack walls, as they would be more cathodic than the
remaining surface and BTA is a cathodic inhibitor.
Subsequent additions of BTA are expected to adsorb
on the remaining cathodic areas. Because the cathodic
nature of crack walls has a stronger influence on the
crack growth than that of the remaining surface, the
initial addition of BTA promotes a higher resistance
towards SCC than the subsequent ones.

The per cent inhibition obtained by BTA from
weight loss and SCC data is given in Table IV. This
showed the higher percentage of inhibition towards
SCC than that of the general uniform corrosion. This
might be due to the fact [8] that BTA reduced cath-
odic hydrogen evolution on the metal surface thereby
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TABLE IV Percentage inhibition obtained from weight loss and
time to failure data of type 304 stainless steel in 1 M HCI with BTA
additions

BTA concentration (M) Inhibition(%)

Weight loss Time to failure (h)

1x1073 0.57 22
5x1073 2.58 58
1x1072 12.2 64
5x1072 27.7 69
1x107! 56 74

reducing the anodic dissolution and also the hydrogen
diffusion into the metal. The effectiveness of BTA in
inhibiting the hydrogen absorption has been reported
[8] for mild steel in 0.5 M H,SO,. Further, studies by
Agarwal and Namboodhiri [12] on the hydrogen em-
brittlement of AISI 410 stainless steel under cathodic
charging, also showed the inhibitive effect of BTA on
hydrogen absorption. The effectiveness of BTA in de-
creasing the hydrogen absorption and thereby SCC is
further understood from the SCC growth rate studies
[23] reported for austenitic stainless steels. These
studies [23] showed that in simulated crack tip envi-
ronments the crack growth rates observed were much
higher than that calculated from the general corrosion
rates. This increased crack growth was attributed to
the hydrogen embrittlement in addition to the active
anodic dissolution. The hydrogen diffuses into the
austenite matrix and increases the SCC susceptibility.
So the increased SCC resistance observed by BTA
addition towards SCC can be due to its influence in
decreasing the cathodic reaction and a consequent
reduction in anodic dissolution at the crack tip and
the quantity of hydrogen diffused into the alloy.

4. Conclusions

1. Addition of BTA shifted OCP towards thg.:more
noble direction with reduction in i, and i, values.

2. With the increase in BTA additions, the time to
failure and Kiggc values increased and da/dt values
decreased.

3. While weight-loss experiments showed that BTA
followed a Langmuir adsorption isotherm signifying
a monolayer adsorption, the isotherms derived from
the time to failure and Kigsc data deviated from lin-
earity.
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4. The increased SCC resistance with BTA addi-
tions was attributed to a possible decrease in cathodic
reaction and a consequent reduction in anodic current
density at the crack tip and the quantity of hydrogen
diffused into the alloy.
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