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Effect of Temperature on the Crevice Corrosion of Nickel Alloys
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Chloride-induced crevice corrosion of alloys 625, C-22, C-22HS and HYBRID-BC1 was studied at different temperatures. Crevice
corrosion occurred tens of degrees below the reported critical crevice temperatures obtained through standard immersion tests.
Concentrated calcium and sodium chloride solutions showed the same aggressiveness regarding crevice corrosion behavior of alloys
C-22 and HYBRID-BC1. The crevice corrosion repassivation potential decreased as the temperature and chloride concentration
increased. For alloys 625 and C-22, the repassivation potential reached a minimum limiting value which was coincident with the
corrosion potential in the crevice-like solution. For alloys C-22HS and HYBRID-BCl1, these conditions are expected to be reached
above the tested temperatures. The high dependence of the repassivation potential on chloride concentration was attributed to
the ohmic potential drop caused by passivating species at the alloy/solution interface. A temperature dependence of 4-9 mV/K
was observed for the repassivation potential in dilute chloride solutions while it decreased to 2-3 mV/K in concentrated chloride
solutions. In the context of the localized acidification model, the corrosion potential in the crevice-like solution did not depend on
the temperature while the anodic polarization to maintain the crevice acidity and the ohmic potential drop decreased linearly as

temperature increased.
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Nickel alloys containing chromium and molybdenum find sev-
eral industrial applications in conditions where a high resistance to
localized corrosion is needed.! These alloys may suffer localized cor-
rosion in the forms of pitting and crevice corrosion when exposed to
hot chloride solutions.? Temperature and chloride concentration are
among the key parameters affecting the susceptibility of the alloys
to localized attack.'” Crevice and pitting corrosion are essentially
the same phenomena from an electrochemical point of view.* Pitting
and crevice corrosion show the same dependence with potential and
chloride concentration; and there are critical pitting and crevice corro-
sion temperatures (CPT and CCT, respectively) below which pitting
and crevice corrosion do not occur.? However, crevice corrosion is
observed in occluded surfaces (such as cracks and crevices) while
pitting corrosion occurs in surfaces openly exposed to the corrosive
environment. Crevice corrosion is of particular concern for nickel al-
loys containing large amounts of chromium and molybdenum since
they are practically immune to pitting corrosion.*>

The PRE (Pitting Resistance Equivalent) is frequently used as an
indicative measure of the alloys resistance to localized corrosion. PRE
is defined in Equation 1 as a function of the weight percentages of the
alloying elements Cr, Mo and W.? The applicability of PRE for nickel
alloys containing chromium and molybdenum has been discussed
recently.%’

PRE = %Cr + 3.3 (%Mo + 0.5%W) [1]

Above the CCT, the crevice corrosion resistance of an alloy in a
given environmental condition is usually measured by its repassiva-
tion potential (ER,CREV).&Q ERr crev may be measured as a function of
temperature and chloride concentration leading to accurate ranges of
environmental conditions for crevice corrosion occurrence. This is an
advantage when compared to the use of critical temperatures, such
as CCT, which do not provide precise information of the potential
ranges for crevice corrosion occurrence. Moreover, Eg crgy 1S more
conservative and reproducible than the crevice corrosion initiation
potential (Ecrev).? The higher the Eg crev the higher the crevice cor-
rosion resistance of the alloy. This parameter may be obtained by a
variety of testing methods.!? In service conditions, crevice corrosion
only occurs if the corrosion potential of the alloy (Ecorr) exceeds
Er crev. However, this is a necessary but not a sufficient condition.
Crevice corrosion may not occur even though Ecorr > Egr crev due
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to the lack of a demanding crevice. A demanding crevice is a tight
crevice formed with a non-metallic and non-porous crevice former.
In-service crevices may be less demanding than those used for crevice
corrosion testing since the latter are specifically developed for obtain-
ing reproducible and conservative results.''""* Crevice corrosion in
service also needs at least one cathodic reaction to support the anodic
process. Cathodic limitations may arise from the inhibition of cathodic
reactions occurring on the passivated alloy.'*!> In general, the use of
Ercrev as a critical parameter for comparing different alloys relies
on the assumption that there are no cathodic limitations and a tight
crevice is formed on the alloy surface. In spite of these limitations,
ER crev 1s a useful parameter to rank the crevice corrosion resistance
of engineering alloys, the effects of inhibitors, heat treatments, etc.
Moreover, Eg crev 1s one of the commonly selected parameters to
study the anodic kinetics of localized corrosion. 28131620 Bp ey is
statistically distributed and its dispersion generally increases as the
testing conditions become less aggressive. Some authors calculate
the crevice survival probabilities and crevice generation rates from
Egrcrey values by applying a stochastic theory.'$!1

Several researchers have applied the localized acidification model,
developed by Galvele?! and later modified by Newman et al.,”>% to
interpret the crevice corrosion of nickel alloys containing chromium
and molybdenum.>®!%1%26 This model indicates that the crevice cor-
rosion repassivation potential is the sum of three contributions, as
stated in Equation 2.%' Ecorg* is the corrosion potential of the alloy
in the local acidic solution (in this case, the crevice-like solution); 1 is
the anodic polarization needed to attain (Xi)cgrr, Which is the critical
value of the product of the diffusion path (x) and the current density
(i) to sustain crevice corrosion; and A® is the ohmic potential drop
within the crevice.”!

Er,crev = Ecorr™ + 1+ AD [2]

This model has been previously applied to the crevice corrosion of
nickel alloys containing chromium and molybdenum leading to a bet-
ter understanding of this system. For instance (1) Rodriguez et al.’
explained the absence of pitting corrosion on alloy C-22 at any applied
potential, (2) Rincén et al.'? rationalized different effects of the local-
ized corrosion propagation on the diffusion path in crevice and pitting
corrosion, (3) Zadorozne et al.® obtained insights on the crevice cor-
rosion kinetics of alloys C-22, C-22HS and HYBRID-BC1, and (4)
Bocher et al.?® predicted critical potentials for the crevice corrosion
initiation of alloys 625 and C-22.
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The localized acidification model may be used to predict Eg crrv
by measuring or calculating the three terms of Equation 2 (Ecorr®,
n and A®). Ecorr™ may be determined in HCI solutions simulating
the acidic conditions within active crevices.  may be estimated from
polarization curves in the crevice-like solution. However, there is some
uncertainty regarding the current density needed to reach (xi)cgrr since
both x and (xi)crrr are unknown. The criterion of stable localized
corrosion for (xi)crir > 0.01 A/cm developed for pitting of stainless
steels is not appropriate for the crevice corrosion of nickel alloys.®
The calculation of A® is also difficult since an effective resistivity of
the solution should be assumed incorporating the effects of tortuosity,
debris, and corrosion products.?

Temperature has an important effect on the crevice corrosion re-
sistance of stainless steels and nickel based alloys. Published research
is focused on the determination of crevice corrosion critical poten-
tials as a function of temperature,'®?*?7 crevice corrosion critical
temperatures>’*® or both types of parameters’”!” (critical potentials
and temperatures). Jakobsen and Maahn?’ indicated that crevice cor-
rosion breakdown potentials for 316 stainless steel decrease with in-
creasing temperatures within a transition temperature interval. Evans
etal.? studied the crevice corrosion of alloy C-22 under different met-
allurgical conditions in 5 mol/L CaCl, in a wide temperature range.
They reported that Eg crey decreases steeply as the temperature in-
creases in the temperature range from 30°C to 60°C, while it decreases
more gradually in the range from 60°C to 120°C. Results from liter-
ature suggest that crevice corrosion resistance varies significantly in
a certain temperature range while it remains almost constant for high
temperatures. The temperature dependence of critical potentials varies
among alloys.”!3

Valen and Gartland®® studied the repassivation temperature of UNS
S31254 and S32750 stainless steels. They performed cyclic tempera-
ture scans on creviced specimens and reported large current hysteresis.
These authors concluded that once the crevice corrosion initiates at a
given temperature, it may propagate at lower temperatures. This find-
ing suggests the existence of a crevice protection temperature (Tpror)
which is below CCT. Abd El Meguid and Abd El Latif> reported CCT
= 55°C and Tpror = 52°C for 254 SMO stainless steel in 4% NaCl.
Mishra and Frankel'” reported a repassivation temperature (T crev)
of 65°C and suggested Tpror = 60°C for alloy C-22. According to
these authors, Tg crev is the temperature at which a growing crevice
corrosion repassivates, whereas Tpror 1S the temperature below which
crevice corrosion will not initiate.!” Reported differences among CCT,
Trcrey and Tpror are small (3 to 5°C).!7? Mishra and Shoesmith’
reported Tpror is 25°C for alloy 625, Tpror = 30°C for alloy C-4,
Tpror = 40°C for alloy C-276, Tpror = 55°C for alloys 59, C-22 and
C-2000, and Tpror = 75°C for alloy 686. The CCT reported in the
literature for Ni-Cr-Mo alloys varies between 40°C and 125°C.3°

The effectiveness of crevice corrosion inhibitors also varies with
temperature. Ilebvare®! indicated that sulfate is a less effective crevice
corrosion inhibitor for alloy C-22 as temperature increases. On the
contrary, molybdate is reported to increase its inhibiting effect at high
temperatures.>

The objective of the present study is to assess the effect of temper-
ature on the crevice corrosion resistance of nickel alloys containing
chromium and molybdenum in chloride solutions. This assessment in-
cludes the determination of critical temperatures below which crevice
corrosion does not occur and a comprehensive study of Er crev as a
function of temperature and chloride concentration for alloys 625,
C-22, C-22HS and HYBRID-BCI. These alloys were selected to
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cover a wide range of chemical compositions within the Ni-Cr-Mo
alloy family. The cation effect on crevice corrosion was evaluated in
equal chloride concentrations of NaCl and CaCl,. The localized acid-
ification model was applied for determining the relative contributions
of ECORR*’ n and A® to ER,CREV-

Experimental

The specimens were prepared from wrought mill annealed (MA)
plate stock. The chemical compositions of the tested alloys along with
their PRE values are listed in Table I. Prism Crevice Assembly (PCA)
specimens were used (ASTM G 192).%* These specimens contain
24 artificially creviced spots formed by two ceramic washers (crevice
formers) wrapped with a 70 wm-thick polytetrafluoroethylene (PTFE)
tape. The applied torque to the crevice formers was 5 N-m. The tested
surface area was approximately 14 cm?. The specimens had a grinding
of abrasive paper number 600 and were degreased in acetone and
washed in distilled water within the hour prior to testing.

All the electrochemical tests were conducted in a one-liter, three-
electrode vessel. Nitrogen (N,) was purged through the solution 1
hour prior to testing and it was continued throughout the entire test. A
water-cooled condenser combined with a water trap was used to avoid
evaporation of the solution and to prevent the ingress of air (oxygen).
The temperature of the solution was controlled by immersing the cell
in a liquid bath, which was kept at a constant temperature. All the tests
were performed at ambient pressure. The reference electrode was a
saturated calomel electrode (SCE), which has a potential of 0.242 V
more positive than the standard hydrogen electrode (SHE). The refer-
ence electrode was connected to the solution through a water-cooled
Luggin probe and it was kept at room temperature. The electrode po-
tentials were not corrected for the thermal liquid junction potential
since it was assumed to be on the order of a few mV. The counter
electrode consisted in a flag of platinum foil (total area 50 cm?) spot-
welded to a platinum wire. All the potentials in this paper are reported
in the SCE scale.

The crevice corrosion repassivation potential was determined
by the potentiodynamic-galvanostatic-potentiodynamic (PD-GS-PD)
method.®'%!217 This is a modification of the Tsujikawa-Hisamatsu
electrochemical method (ASTM G 192)* which has led to the most
conservative results among crevice corrosion testing methods.!*!? The
PD-GS-PD method consists of three stages: (1) a potentiodynamic po-
larization (at a scan rate of 0.167 mV/s) in the anodic direction up
to reaching an anodic current of 30 or 300 A, (2) the application
of a constant anodic current of Igs = 30 pA or Igs = 300 pA (ap-
proximately igs = 2 pA/cm? or igs = 20 wA/cm?) for 2 hours, and
(3) a potentiodynamic polarization (at 0.167 mV/s) in the cathodic
direction, from the potential at the end of stage 2 until reaching al-
loy repassivation. At least three PD-GS-PD tests were performed for
each alloy in each testing condition. Before each PD-GS-PD test, the
open circuit potential was measured for 15 minutes and afterwards a
cathodic current of 50 LA was applied for 5 minutes (pre-treatment).
A Igs = 300 wA was set in the tests performed on alloy HYBRID-
BC1 at temperatures below 100°C, while a Igs = 30 LA was used in
tests at 100°C, 110°C and 117°C. For alloys 625, C-22 and C-22HS,
a Igs = 300 A was set in tests below 70°C, while a Igs = 30 pA
was used in tests at temperatures in the range from 70°C to 117°C.
The value of Igs was increased for the low temperature range in order
to decrease the incubation time for crevice corrosion initiation. This

Table I. Chemical composition of the tested alloys in weight percent.

Alloy Ni Cr Mo w Fe Co Si Mn C A% Al B Nb+Ta PRE
625 62 21 9 0 5 1 0.5 0.5 0.1 0 0.4 0 3.7 51
C-22 56 22 13 3 3 2.5 0.08 0.5 0.01 0.35 0 0 0 70
C-22HS 61 21 17 1 2 1 0.08 0.8 0.01 0 0.5 0.006 0 79
HYBRID-BC1 62 13 22 0 2 0 0.08 0.25 0.01 0 0.5 0 0 88
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change is not expected to affect significantly the obtained value for
Er crev. '

The testing solutions were 0.1 mol/L NaCl, 1 mol/L NaCl and
5 mol/L CaCl,. That is, the chloride concentration ([C1™]) was varied
from 0.1 to 10 mol/L. The tests were performed in the temperature
range from 20°C to 90°C in 0.1 and 1 mol/L NaCl solutions, and
in the range from 20°C to 117°C in 5 mol/L CaCl, solutions. CaCl,
was used to prepare the [C1~] = 10 mol/L solution due to its higher
solubility. This solution has a high ionic strength and the activity
coefficient of chloride may differ from unity. Rodil and Vera mea-
sured the activity coefficients of chloride in CaCl, solutions at room
temperature.** However, these authors used CaCl, concentrations up
to 3 mol CaCl,/kg H,O while 5 mol/L. CaCl, corresponds to 5.9 mol
CaCl,/kg H,O. Extrapolation of Rodil and Vera’s results leads to an
activity coefficient of chloride between 0.5 and 0.7 in 5 mol/L CaCl,
solution at room temperature. However, extrapolation of data from
the hydration model of Bates et al. indicates an activity coefficient
of chloride of approximately 1.3 in the same conditions.**3> Activity
coefficients of chloride in 5 mol/LL CaCl, are not available for the
tested temperature range. Therefore, chloride concentration was used
instead of activity for the 5 mol/L CaCl, solution.

Another set of tests was performed in 4 mol/L NaCl and 2 mol/L
CaCl, at 60, 70 and 80°C aiming to assess the effect of the electrolyte
salt cations on crevice corrosion. All the specimens were examined
after testing with a light optical microscope (LOM) and some of them
were observed in the scanning electron microscope (SEM).

The corrosion potential of the tested alloys was measured for
2 hours in deaerated HCI solutions, at temperatures ranging from
30°C to 100°C. Testing solutions included 1 mol/L and 3 mol/L HCI
aiming to simulate the conditions in active crevices. Non-creviced
prismatic specimens of the tested alloys were used. Surface finishing
of specimens and experimental setup were identical to those previ-
ously described for the PD-GS-PD tests.'? Deaeration was limited to
30 minutes prior to each experiment and it was continued through-
out the entire test. Immersion time was limited to 2 hours since N,
bubbling used to displace O, may also displace gaseous HCI. This
may lead to the dilution of the acidic solution. Ecoggr stabilized below
1 mV/hour within the 2 hours of immersion in most of cases.

Results

Crevice corrosion tests.— Figure 1 shows PD-GS-PD tests per-
formed on the four nickel alloys in 5 mol/L. CaCl,, at 110°C. All the
tests showed a cathodic branch followed by a passive range with cur-
rent densities from 0.5 to 1 wA/cm?, and then a current increase due
to the breakdown of passivity. The forward potential scan (stage 1)
for alloy 625 started 0.1 V above those of alloys C-22, C-22HS and
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Figure 1. PD-GS-PD tests (stages 1, 2 and 3) performed on nickel alloys in
5 mol/L CaCly, at 110°C.
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Figure 2. Images of alloy HYBRID-BCI specimens after PD-GS-PD tests
performed in chloride solutions at different temperatures.

HYBRID-BCI. This feature was observed in several tests performed
in different alloys and it was attributed to variability in the specimen
preparation which did not affect the determination of the repassiva-
tion potentials. The passive current density of alloy HYBRID-BC1
was higher than those of alloys 625, C-22 and C-22HS in all the
tested conditions. This was a consequence of the lower Cr and higher
Mo content of alloy HYBRID-BC1 in comparison to the other tested
alloys.® During the galvanostatic step (stage 2) the potential dropped
due to the crevice corrosion propagation. This is observed as a con-
stant current density of approximately 2 wA/cm? within a potential
range in Figure 1. In stage 3, the current density decreased sharply at
the beginning of the reverse potential scan (Fig. 1). The Eg crgy for
each test was selected as the cross-over potential determined at the
intersection of the forward (stage 1) and reverse (stage 3) scans.
Figure 2 shows specimens of alloy HYBRID-BCI after testing in
solutions with different chloride concentrations at 70, 80 and 90°C.
The specimens tested in 0.1 and 1 mol/L NaCl solutions had a similar
appearance showing corrosion products on the alloy surface below
the crevice former teeth, while the corrosion products were practi-
cally absent in those specimens tested in 5 mol/L. CaCl,. Microscopic
observation of the four tested alloys indicated that the area of crevice
corrosion attack moved outwards (to the crevice mouth) as the chlo-
ride concentration increased. Figure 3 shows SEM images of crevice
corroded alloy C-22 after testing in solutions with different chloride
concentrations, at temperatures from 40°C to 90°C. As observed for
alloy HYBRID-BC1 (Fig. 2), alloy C-22 specimens tested in 0.1 and
1 mol/L. NaCl solutions showed abundant corrosion products while

T 40° o 70°C 90°C
(o 0°C | 50°C _

0.1
mol/L

Figure 3. SEM images of alloy C-22 specimens after PD-GS-PD tests per-
formed in chloride solutions at different temperatures.
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Figure 4. ER crev as a function of temperature for alloys C-22 and HYBRID-
BC1 in 4 mol/L NaCl and 2 mol/L CaCl, solutions.

specimens tested in 5 mol/L CaCl, did not show significant corrosion
products. All the tested alloys showed the same localized attack mor-
phology: discernible alloy grains in the attacked areas (especially in
5 mol/L CaCl, solutions) and preferential attack at triple points, as
reported elsewhere.®%123¢ The increase of [C1~] from 1 to 10 mol/L
led to a lesser amount of corrosion products for all the tested alloys.
Temperature did not show an important effect on the localized attack
morphology, in the tested conditions.

Effect of cations.— Previous works shows that Eg crgy for alloy
C-22 in 1 mol/L chloride solutions at 90°C is not affected by the
cations Na®, K+, Ca>* and Mg>* .37 However, increasing chloride
concentration from 4 mol/L (as NaCl) to 10 mol/L (as CaCl,) produced
a slight increase of Eg cgrey for alloys C-22 and C-22HS.%!? In this
work, we studied the effect of cations Nat and Ca®* on Eg cggy since
the localized attack morphology significantly changed when [Cl7]
varied from 1 to 10 mol/L, but at the same time the cation identity
changed (Na* to Ca®*). The cation effect was assessed on alloys C-22
and HYBRID-BCI.

Figure 4 shows Egr crev as a function of temperature for alloys
C-22 and HYBRID-BCI1 in 4 mol/L NaCl and 2 mol/L CaCl,. The
points are average values from three tests and the error bars represent
one standard deviation. At 70 and 80°C, Eg crey Was similar within
experimental error in NaCl and CaCl, solutions for the two alloys.
At 60°C, Egcrev values for alloys C-22 and HYBRID-BC1 in the
CaCl, solution were 90-mV higher than in the NaCl solution. Figure 5

shows SEM images of alloy HYBRID-BCI1 specimens tested in
4 mol/L NaCl and 2 mol/L CaCl, solutions, at 60°C. Abundant corro-
sion products were observed covering the attacked areas and around

Figure 5. SEM images of alloy HYBRID-BCI specimens after PD-GS-PD
tests performed in a) 4 mol/L NaCl, and b) 2 mol/L CaCl,, at 60°C.

them. The localized attack morphology of the tested alloys was the
same at the three tested temperatures, in NaCl and CaCl, solutions.

Due to the discrepancies observed on the Eg crgv values at 60°C,
24-hour constant potential tests were performed in 4 mol/L NaCl
and 2 mol/L. CaCl, solutions at —0.050 Vgscg for alloy C-22, and
at 0.150 Vgcg for alloy HYBRID-BC1. The applied potentials are
shown in Figure 4 (stars). Crevice corrosion initiated after similar
incubation periods in both solutions for the two tested alloys. Crevice
corrosion was not expected to occur in the 2 mol/L CaCl, solutions
since the applied potential was lower than the previously determined
Egr crev. Therefore, we concluded that the 4 mol/L NaCl and the 2
mol/L CaCl, solutions have the same aggressiveness regarding crevice
corrosion. Apparent differences among Eg crey values determined in
calcium and sodium chlorides may be attributed to an artifact from
the PD-GS-PD technique when applied in CaCl, solutions, in certain
conditions. Present results indicated that whenever possible, Eg crev
values should be determined in NaCl solutions rather than in CaCl,
solutions since they are more reliable and conservative.

Corrosion potential in crevice-like solutions.— This set of exper-
iments in HCI solutions was performed to determine Ecorg™ Which
is a relevant parameter for the localized acidification model (Eq. 2).
Further analyses of these results are out of the scope of the present
paper. Ecogr* is the minimum value that Eg crgy can attain.?! Ecorg
varied less than 8 mV within the immersion time for all the tested
temperatures. Ecorr stability of less than 1 mV/hour was obtained in
most of cases after 30 minutes of immersion. The average value of
Ecorr for each temperature was calculated from the last 10 minutes
of immersion. The sampling rate was 0.5 Hz. Therefore, Ecorr Was
averaged among 300 values.

Electrolytes of 1 and 3 mol/L HCl were selected as candidate
crevice-like solutions to determine Ecorr* for each alloy. Considering
the effect of chloride concentration in the proton activity, the pH values
of the testing solutions were pH = 0 for 1 mol/L HCl and pH = —1
for 3 mol/L HCL.3**° The Ecorr of alloy 625 in 3 mol/L HCI was
40 mV higher than in 1 mol/L HCI and it was even higher than
the Eg crev of alloy 625 in 5 mol/L CaCl, for temperatures above
70°C. Consequently, 3 mol/L. HCI was considered too aggressive for
alloy 625 and therefore a 1 mol/L HCI was selected as the crevice-
like solution for this alloy. Alloys C-22, C-22HS and HYBRID-BC1
showed similar Ecorg values (within a 10-mV range) in 1 and 3
mol/L HCl for each temperature. This observation is in agreement
with previous results indicating a very slight decrease of Ecogrg for
alloy C-22 in HCI solutions in the pH range from —1.75 to 0, at
90°C.* Taking into account the higher PRE of alloys C-22, C-22HS
and HYBRID-BC1 compared to alloy 625, the crevice-like solution
for these high PRE alloys was assumed to be 3 mol/L HCI, which is
more aggressive than for alloy 625.

Figure 6 shows Ecorr Of the tested alloys in the corresponding
crevice-like solutions as a function of temperature. Ecorr showed
a slight decrease from 30 to 70°C, then slightly increasing from
70 to 100°C for all the tested alloys. Alloy HYBRID-BC1 showed
the lowest Ecogrg variation in the studied temperature range. Alloys
C-22 and C-22HS showed identical Ecorg values within experimental
error in the studied conditions. Ecorr of alloys 625, C-22 and C-22HS
decreased 30 to 40 mV when the temperature increased from 30 to
40°C. At higher temperatures, Ecorr remained in a 20-mV range.

Given the small spread of Ecogrr Of the tested alloys in the crevice-
like solutions at temperatures above 40°C, Ecorr* Was assumed to be
constant and equal to the average of the Ecogrr values in the range
from 40 to 100°C (Fig. 6). The obtained Ecorr™* values for each alloy
are listed in Table II. In general, Ecorr™ increased with the PRE of
the tested alloys.

Effect of temperature.— Figures 7-10 show Eg crgyv from PD-GS-
PD tests on alloys 625, C-22, C-22HS and HYBRID-BC1, respec-
tively, as a function of temperature (T) for the three tested chloride
concentrations. Symbols are average values from at least three tests
and the error bars represent one standard deviation. Equation 3 was
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Figure 6. Ecogrr of tested alloys as a function of temperature in HCI solutions
simulating active crevices.

fitted to a range of the collected data for each alloy. Equation 3 is
empirical and has been used by Dunn et al. for fitting to Eg crev data
of alloy C-22 as a function of T and [C17].** A, B, C and D are con-
stants which depend on each alloy. Figures 7-10 also show the fits of
Equation 3 for the four Ni alloys. Comparison of the Eg crgv values
of the tested alloys as a function of T and [Cl~] indicate that their
corrosion resistance increased according to their corresponding PRE,
being 625 < C-22 < C-22HS < HYBRID-BCI.

Er.crev = (A + BD)log[CI"] + CT + D [3]

Figure 7 shows that according to the model prediction, the obtained
Er crev values reached a limiting value for alloy 625 (the least cor-
rosion resistant among tested alloys) above T* = 90°C. T* was de-
fined as the saturation temperature for Eg crgy, i.€., the temperature
at which Eg crpv reaches its minimum limiting value. Consequently,
Equation 3 was fitted to the obtained data only in the temperature range
from 20 to 90°C. For alloys C-22 and C-22HS, the fitting of Equation 3
predicted that E crev reaches Ecorr* near the highest testing temper-
atures: T* = 110°C for alloy C-22, and T* = 120°C for alloy C-22HS
(Figs. 8 and 9, respectively). Equation 3 did not apply for T > T*
since in such conditions Eg crey Was constant and equal to Ecorr*
(Figs. 7-9). For alloy HYBRID-BC1, Eg crey Would reach Ecorr*
at T* = 150°C, which is well above the tested temperature range
(Fig. 10). The highest testing temperatures were 90°C in the [Cl™]
= 0.1 and 1 mol/L solutions and 117°C in the [C1~] = 10 mol/L solu-
tions. The extrapolation of Equation 3 for dilute chloride solutions (0.1
and 1 mol/L) above 90°C are conservative estimations (Figs. 7-10).
Table II shows the parameters obtained by least square fits of Equation
3 for the tested alloys along with the correlation coefficients (R?), the
considered temperature ranges and the saturation temperatures. All
the R? values from the non-linear fits were above 0.9 which indicates
that Equation 3 successfully represented Eg crev as a function of tem-
perature and chloride concentration for the tested alloys. Statistically
Er crev may be considered to display a normal distribution around
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Figure 7. Eg crgy of alloy 625 as a function of temperature. Average Er crev
values are represented along with the fit of Equation 3.
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Figure 8. Er crpvy of alloy C-22 as a function of temperature. Average
ERr crev values are represented along with the fit of Equation 3.

the average values given by the fits (Table II). The parameter A in-
dicates the variation of Eg crey With log[C1™] independently of the
temperature, while B indicates the temperature-dependent variation
of Eg crev With log[C17]. Alloy 625 showed lower absolute values
of A and B when compared to the other tested alloys indicating a
slight dependence of Eg crey Wwith log[Cl™] (Table II). Alloy C-22
and C-22HS showed the highest dependence of Eg crey With log[Cl™]
among tested alloys. The parameter C states the temperature depen-
dence of Eg crev, Which was higher for alloys C-22 and C-22HS than
for alloys 625 and HYBRID-BCI1. The parameter D is an independent
term which increased with the PRE of the alloys (Table II).

Figure 7 shows Eg crev of alloy 625 as a function of temperature
for different chloride concentrations. Alloy 625 was tested in the
temperature range from 20 to 117°C. The reported CCT for alloy

Table II. Corrosion potential of the alloys in the crevice-like solution and fit parameters of Equation 3 along with correlation coefficients,

temperature ranges of fits and saturation temperature.

Alloy Ecorr*, Vsce A, Vsce B, V/IK C,VIK D, Vsce R? T range T*
625 -0.261 + 0.006 -0.121 £ 0.015 0.00075 %+ 0.00025 —-0.00379 4+ 0.00020 0.126 + 0.012 0.901 20-90°C 90°C
C-22 -0.212 + 0.008 -0.289 £+ 0.021 0.00324 + 0.00030 —-0.00522 4+ 0.00027 0.294 +0.019 0.918 40-110°C 110°C
C-22HS —0.215 £ 0.008 -0.267 4+ 0.024 0.00266 + 0.00032 -0.00494 + 0.00031 0.326 + 0.023 0916 40-117°C 120°C
HYBRID-BC1 -0.184 + 0.005 -0.226 £ 0.018 0.00176 + 0.00022 —0.00393 4 0.00020 0.363 £ 0.016 0.983 60-117°C 150°C
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Figure 9. ER crev of alloy C-22HS as a function of temperature. Average
ERr crev values are represented along with the fit of Equation 3.

625 in the ASTM G 48 solution (immersion test Method D, acidified
FeCls) is 40°C.3° However, current electrochemical results show that
crevice corrosion occurred in the entire temperature range (20 to
117°C) in 0.1 to 10 mol/L chloride solutions. The CCT inferred from
present results was lower than 20°C. Above 100°C, the measured
Ercrev values for alloy 625 at [C17] = 10 mol/L showed a slight
increase which might be due to an increase of Ecorr*.

Figure 8 shows Eg crry of alloy C-22 as a function of temperature
for different chloride concentrations. Alloy C-22 was tested in the
temperature range from 30 to 117°C, showing crevice corrosion only
at T > 40°C, in all the tested solutions. The reported CCT for alloy
C-22 in the ASTM G 48 solution is 80°C,** while based on current
results a CCT between 30 and 40°C was estimated. Eg crgv showed a
significant increase in the low temperature range for [C1~] = 0.1 and
1 mol/L (Fig. 8). Present results for alloy C-22 were consistent with
those of Mishra and Frankel'” and those of Mishra and Shoesmith’
but the current investigation found crevice corrosion at tempera-
tures 15 to 20°C lower than previously reported.”'” Results of Dunn
etal.*’ were dramatically less conservative since they used solid PTFE
crevice formers (i.e. they did not use rigid ceramic washers). The
crevice former materials significantly influence the measured Eg crev
values being more relevant than the applied testing technique.>'*!!
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Figure 10. Er crev of alloy HYBRID-BC1 as a function of temperature.
Average ER crgv values are represented along with the fit of Equation 3.

Figure 9 shows Eg crey of alloy C-22HS as a function of temper-
ature for different chloride concentrations. Alloy C-22HS was tested
in the range from 30 to 117°C. Crevice corrosion was observed at
T > 40°C in [C17] = 10 mol/L solutions, and at T > 50°C in [C]l™]
= 0.1 and 1 mol/L solutions. The reported CCT for alloy C-22HS in
the ASTM G 48 solution is 100°C.*° From the present results, CCT
was estimated between 30 and 40°C. Alloy C-22HS showed a Eg crev
dependence with temperature and chloride concentration similar to
that of alloy C-22. The fit parameters of the alloys C-22 and C-22HS
were similar (Table II). Alloy C-22HS was slightly more crevice cor-
rosion resistant than alloy C-22 in the tested conditions (which agrees
well with the PRE values in Table I).

Figure 10 shows Eg crev of alloy HYBRID-BCI as a function of
temperature for different chloride concentrations. Alloy HYBRID-
BCI1 was tested in the range from 50 to 117°C. Crevice corrosion was
observed at T > 60°C in [C1"] = 1 and 10 mol/L solutions, and at T
>70°C in [C17] = 0.1 mol/L solutions. CCT for alloy HYBRID-BC1
in the ASTM G 48 solution is 125°C.>® Present results indicated that
CCT was between 50 and 60°C. Alloy HYBRID-BCI1 was the most
resistant to crevice corrosion among the tested alloys.

Discussion

Critical crevice temperature.— The present results show that al-
loys 625, C-22 and C-22HS may suffer crevice corrosion below the
CCT determined according to ASTM G 48.%° This discrepancy is due
to the higher aggressiveness of the PD-GS-PD tests compared to the
standard immersion test in acidified FeCl; solutions. The crevicing
devices, i.e., the applied torque values, and materials (PTFE-wrapped
ceramic), were more demanding in the present work than those used
in ASTM G 48. Also, the crevicing washers in ASTM G 48 are made
using solid PTFE materials which deform under pressure and do not
form a tight firm crevice on the surface. Moreover, in the ASTM G 48
immersion test, there may be a limitation of the cathodic current that
drives the anodic dissolution in the creviced spots since reduction re-
actions on the passive alloy may be inhibited. In the galvanostatic and
potentiostatic electrochemical tests, the cathodic current has no limita-
tions since the counter electrode supplies all the required current. The
testing conditions used here may seem too aggressive for the alloys.
However, it should be emphasized that present results would apply if
a tight crevice is formed on the alloy surface and a cathodic reaction
is available to support the anodic current demand inside the crevice.
Under these conditions, the present results are not over conservative
and may be applied to in-service conditions.

Crevice corrosion dependence on environmental variables.— The
dependence of Eg crgy With temperature and chloride concentration
was studied for alloys 625, C-22, C-22HS and HYBRID-BCI1. Equa-
tions 4 and 5 are the derivatives of Er crev (Eq. 3) with respect to the
logarithm of chloride concentration and with respect to temperature,
respectively. Figure 11 shows —dEg crrv / d(log[C17]) as a function
of T (Eq. 4), and Figure 12 shows —dEg crey / dT as a function of
[CI7] (Eq. 5) for the tested alloys. The dashed lines in Figures 11 and
12 indicate the 95% confidence interval. As the environmental condi-
tions became more aggressive (increase of T and [C17]) the absolute
values of both slopes decreased indicating Eg crgy Was less dependent
on the respective environmental variables.

—dER,CREv/d(IOg[Cr]) =A+BT [4]

—dEg crev /dT = Blog[Cl" ] 4+ C [5]

Figure 11 shows the theoretical slope: —dEg crev /d(log[Cl‘])

= 2.3RT / F, where R is the universal gas constant and F is the Faraday
constant. This slope is obtained by considering the ohmic potential
drop between the alloy/solution interface within a pit/crevice and the
bulk solution, as shown in Equation 6.2! [Cl™ oyl is the chloride
concentration at the alloy/solution interface, which is generally almost
saturated.’>?® The chloride saturation concentration within crevices of
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Figure 11. Derivative of Er crgv with respect to log[Cl™] as a function of
the temperature.

Ni-Cr-Mo alloys is estimated to be 10 to 13 mol/L.2° The absolute
value of dEg crev / d(log[CI7]) for the tested alloys decreased as tem-
perature increased showing higher values than the theoretical slope
in the low temperature range (Fig. 11). Laycock and Newman re-
ported similar findings for pitting of stainless steels.?>?* They attribute
the high value of the slope to the formation of chloro-complexes of
chromium?? and the apparently anomalous temperature dependence
of this slope to a gradual change in the dominant reaction path.?* How-
ever, the theoretical slope only considers the ohmic potential drop in
the solution, neglecting any additional contribution due to the ohmic
drop in the corrosion products usually found covering the alloys.?!
The high experimental slopes found in the present study may be due
to ohmic effects of passivating species at the alloy/solution interface,
such as the polymeric molybdates found on alloy C-22.*' The decrease
of the values as temperature increased was attributed to the decrease of
this additional ohmic drop. —dEg crev / d(log[CI]) approached the
theoretical value (2.3RT / F) above 70°C within the standard error, for
all the tested alloys (Fig. 11).

AD = 2-3RT/F(10g[Cl_]alloy/sol - IOg[Cl_]) [6]

Table III shows a literature review of —dER crgv / d(log[CI7]) for al-
loy C-22 in hot chloride solutions. The slopes obtained by different
testing methods using PTFE-wrapped ceramic crevice formers are
in the range from 52 to 95 mV/dec.'>***? In the present work, the
slope for alloy C-22 was in the range from O to 50 mV/dec (Fig. 11).
Differences among slopes may be ascribed to the tested chloride con-
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Figure 12. Derivative of Eg crgv With respect to temperature as a function of
the chloride concentration.

centration ranges. The slopes obtained by Dunn et al. using solid
deformable PTFE crevice formers are higher than those from present
results (from 75 to 360 mV/dec).** As explained above, the type of
crevice formers materials play an important role in crevice corrosion
testing.

Figure 12 shows the linear decrease of —dEg crev / dT as a function
of log[Cl~] for the tested alloys. Eg crey for alloys C-22 and C-22HS
showed a higher temperature dependence than for alloys 625 and
HYBRID-BC1 at [C17] < 3 mol/L. Alloys 625 and HYBRID-BCI
showed slopes similar to those of 300 series stainless steels for [C1™]
=0.5to 1 mol/L.**3? At[Cl~] > 3 mol/L, all the tested alloys showed
similar temperature dependences with slopes from —3 to —2 mV/K. A
slope of —6.2 mV/K was estimated from Mishra and Frankel’s data!’
for alloy C-22 in 1 mol/L NaCl, which is in agreement with the current
results. Dunn et al.** reported slopes from —13.8 to —11.5 mV/K
for MA alloy C-22. A comparison of current data and data from
Dunn et al.*’ suggests that both slopes (—dEg crev /d(log[C]7]) and
—dER crev / dT) may depend on the type of crevice former materials
used.

Crevice corrosion kinetics.— The localized acidification model
provides a mathematical expression for estimating Eg crev as a func-
tion of Ecorr™, 1 and A® (Eq. 2). In the present work, we obtained
ERr crev from PD-GS-PD tests and measured Ecorr™ in crevice-like
solutions. Then n and A® were calculated by a simplifying assump-
tion as it is explained below.

Table III. Literature review of the slope —dEg crev / d(log[C17]) for alloy C-22 in different testing conditions.

Metallurgical —dER,crev / d(log[CIT]),
Ref. T, °C Crevice formers Testing technique* condition™* [C17], mol/L mV/decade

40 80 Solid PTFE PD-PS-PD MA 0.5-5 180
125 torqued to 0.35 5’@870°C 0.01-5 75

60 N.m 360

95 230

20 90 PTFE-wrapped THE MA 0.0005-1 86
ceramic torqued to CPP MA & ASW 0.0005-4 95

5-8 N.m

42 CPP MA 0.0001-10 60
12 PD-GS-PD MA 0.14 52

*PD-PS-PD: Potentiodynamic-Potentiostatic-Potentiondynamic method; THE: Tsujikawa-Hisamatsu Electrochemical method; CPP: Cyclic Potentiody-
namic Polarization method; PD-GS-PD: Potentiodynamic-Galvanostatic-Potentiondynamic method.
**MA: Milled Annealed; 5’ @870°C: thermally aged for 5 minutes at 870°C; ASW: As-welded.

Downloaded on 2015-01-05 to IP 216.66.5.46 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Cl12 Journal of The Electrochemical Society, 162 (3) C105-C113 (2015)

A® may be neglected in highly concentrated solutions. Equation
6 indicates that A® decreases as [Cl™] increases and it becomes nil
for [CI7] = [CI™ Jaiioyssor- In the present case, a value of [C1™ Jajoyss0l
= 10 mol/L. was considered, which is near the reported saturation
value for crevices of Ni-Cr-Mo alloys.”® A similar assumption has
been made before.® The absence of corrosion products in tests at [C1~]
= 10 mol/L (Fig. 2) suggests that there is no additional ohmic drop.
Consequently, assuming A® = 0 V for [CI"] = 10 mol/L seems
reasonable.

Equation 7 was obtained from Equations 2 and 3, evaluated at [C]~]
= 10 mol/L (A® = 0 V) and it gives the value of 1 as a function of
T. Since B 4+ C < 0 for all the tested alloys, n decreases linearly with
the increase of temperature. In the present case, Ecorr* Was assumed
to be constant between 40°C and 100°C due to its slight temperature
dependence (Fig. 6). If Ecorr* Was a strong function on temperature,
1 would show a more complex temperature dependence. For instance,
n for alloy 625 showed a non-linear temperature dependence below
40°C since Ecorr* increased more than 30 mV (Fig. 6). The present
analysis of crevice corrosion kinetics was restricted to temperatures of
40°C and above. Note that 1) and Ecorg* are not functions of [C17].2!

Nn=A+B+CT+D—Ecorr” (7]

Equation 8 gives the value of A® as a function of T and [Cl™].
Equation 8 was obtained from Equations 2, 3 and 7 and it has the same
form as Equation 6. A® decreases with the increase of T and [C1™].
A® is not affected by the assumption of a temperature-independent
Ecorr™-

A® = (A + BT)(log[CI"] — 1) (8]

Figure 13 shows a three-dimensional plot of Eg creyv as a function
of temperature and chloride concentration for alloy C-22. Ecogrr™, 1
and AP were sequentially added to give Eg crey. (Fig. 13). Ecorr*
does not depend on chloride concentration and it was considered to be
constant with temperature in the tested conditions. 1 increased linearly
below T* = 110°C, while it was nil above 110°C for alloy C-22. A®
became an important contribution to Eg crey as [C1~] decreased below
90°C (Fig. 13).

Figure 14 shows n and A® in [CI"] = 1 mol/L solutions as a
function of temperature. 1 and A ® decreased as temperature increased
with slopes which depended on each alloy. In general, 1 increased as
the PRE of the alloys increased. However, below 50°C, alloy 625
(PRE = 51) showed a slightly higher value for n than alloy C-22
(PRE = 70). Alloys C-22 and C-22HS showed a large A® at low
temperatures but it became nil above 90 and 100°C, respectively.
Alloys 625 and HYBRID-BC1 showed lower A® variations with
temperature but a significant value of A ® even above 100°C. However,
unlike Ecorr™ and v, A® did not increase with the PRE of the tested

Figure 13. Ecorr™, Ecorr™ + 1 and Eg crgy for alloy C-22 as a function of
temperature and chloride concentration.
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Figure 14. Anodic polarization to maintain crevice acidity (n) and ohmic
potential drop (A®) in 1 mol/L chloride solutions as a function temperature
for the tested alloys.

alloys. The trend of A® with the PRE depended on the temperature
(Fig. 14). The present results suggest that PRE would be a good
measure of the crevice corrosion resistance of the tested alloys only
in concentrated chloride solutions where the contribution of A® is
negligible. In dilute chloride solutions, the crevice corrosion resistance
of the alloys might not have a direct correlation with PRE, since A®
becomes the main contribution to Eg crgy. This is in agreement with
the findings of Sosa Haudet et al.* for a variety of nickel alloys in 0.1—
10 mol/L chloride solutions, at 60°C. In [C1”] = 1 mol/L solutions,
n was higher than A® for alloys HYBRID-BC1 and C-22HS in the
entire temperature range (Fig. 14). For alloy C-22, n was higher than
A® only above 56°C. For alloy 625, a completely different behavior
was observed since 1 was higher than A® below 66°C, while AP
became the main contribution to Eg crev above 66°C (Fig. 14). This
finding suggests that as the crevice corrosion resistance of the alloys
increases 1 becomes a more important contribution to Eg crey When
compared to AP.

The application of the localized acidification model allowed a
better understanding of the relative contributions of Ecorr*, AP and
n to Ercrev at different temperatures for the tested alloys. Ecorr*
alone explained neither the different crevice corrosion resistances of
the alloys (it was in a 80-mV range for the tested alloys) nor the
temperature dependence of Eg crry. The relative contributions of A®
and 1 and their dependence with temperature explains the observed
behavior of Eg crgv-

Conclusions

The crevice corrosion resistance of alloys 625, C-22, C22HS and
HYBRID-BC1 was assessed in 0.1 to 10 mol/L chloride solutions at
temperatures ranging from 20°C to 117°C. Alloy 625 suffered crevice
corrosion in the entire temperature range, alloys C-22 and C-22HS
suffered crevice corrosion at 40°C and higher temperatures, while
alloy HYBRID-BCI suffered crevice corrosion at 60°C and higher
temperatures. The results show that the studied Ni alloys may suffer
crevice corrosion tens of degrees below the reported critical crevice
temperatures obtained through immersion tests.

Comparison of the crevice corrosion behavior of alloys C-22 and
HYBRID-BC1 in 4 mol/L NaCl and 2 mol/L CaCl, solutions in-
dicated that both solutions have the same aggressiveness regarding
crevice corrosion. However, crevice corrosion repassivation potential
values should be determined in NaCl solutions rather than in CaCl, so-
lutions whenever possible, since the former are more reproducible and
conservative. The explanation of this behavior needs further research.
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The repassivation potential of the tested alloys as a function of
temperature and chloride concentration is given by Er crev = (A +
BT)log[Cl™] + CT + D for a range of environmental conditions.
When the temperature and chloride concentration increased Eg crev
showed a lesser dependence on the environmental variables. For alloys
625 and C-22, Eg crev reached a minimum limiting value which was
coincident with the corrosion potential in the crevice-like solution.
For alloys C-22HS and HYBRID-BC1, Eg crgv is expected to reach
its minimum limiting value above 120°C and 150°C, respectively.

The slope —dEg crev / d(log[C17]) was higher than the theoretical
value (2.3RT / F) which was attributed to additional ohmic effects of
passivating species at the alloy/solution interface. The decrease of
—dER crev / d(log[CI™]) as temperature increased was linked to the
decrease of this additional ohmic drop. Eg crgy for alloys C-22 and
C-22HS showed a higher temperature dependence than for alloys 625
and HYBRID-BCI1 at [CI7] < 3 mol/L. At [C]™] > 3 mol/L, all the
tested alloys showed similar temperature dependences with a slope
from —3 to —2 mV/K.

According to the localized acidification model, Eg crgy is the sum
of three contributions: Ecorr™*, 1 and A®. Ecorr™ Was insensitive to
temperature changes while 1 and A® decreased linearly as the tem-
perature decreased with slopes which depended on each alloy. Ecorr*
and 1 increased with the PRE, while the dependence of A® with PRE
was a function of the temperature. Consequently, the PRE may be
a good measure of the crevice corrosion resistance of nickel alloys
containing chromium and molybdenum only in concentrated chlo-
ride solutions, while in dilute chloride solutions the crevice corrosion
resistance might not be a direct function of PRE.
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