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Abstract: Electrochemical Impedance Spectroscopy (EIS) measurements were carried out in high
temperature water with Ni-based Alloy-182. The aim was to correlate the EIS results with differences
in Stress Corrosion Cracking (SCC) susceptibility that is present around the Ni-NiO transition. There
was a clear difference between the EIS results at and away from the Ni-NiO transition. To make
a more quantitative correlation a simple equivalent circuit was used to fit the experimental data.
A clear correlation between the CPE exponent (n) and the SCC susceptibility could be obtained.
Additionally, it was shown that the high frequency arc of the EIS data was related to the diffuse
double layer
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1. Introduction

Due to the ability of nickel-based alloys to offer good mechanical properties, corrosion
resistance and compatibility to other materials, they are frequently used as a weld metal for
internal components of Pressurized Water Reactors (PWR). For instance, the nickel-based
Alloy 182 is commonly used as a weld material between a low-alloy steel component, e.g.,
a nozzle made of SA 508, and a stainless steel component, e.g., a pipe made of 316 L. Alloy
182 is known to accommodate the differences in composition and thermal expansion of the
two connecting metals [1,2]. However, Alloy 182 is prone to primary water stress corrosion
cracking (PWSCC) in the PWRs primary circuit [2]. As such, the stress corrosion cracking
behavior of this alloy has been investigated quite extensively [1–8].

Nickel-based alloys, like Alloy 182, show a maximum in SCC crack growth around
certain combinations of dissolved hydrogen content and temperature [3]. It is believed that
this maximum in crack growth rate is related to the Ni/NiO transition [4]. The oxide film
established on Alloy 182 in PWR water is thought to consist of two layers: a chromium-rich
spinel layer growing into the metal and a deposited layer on top of it [5–7]. The character of
the deposited layer, mainly containing nickel and iron, changes when crossing the Ni/NiO
transition line from crystal-like magnetite or trevorite (in the Ni stability region) to needle-
like nickel-oxide [8]. In previous work the oxide layers formed at different combinations
of dissolved hydrogen and temperature were investigated [9]. It was shown that there
are distinct differences in the oxide layer morphologies in various areas of the dissolved
hydrogen–temperature space.

In this work we investigate whether in-situ Electrochemical Impedance Spectroscopy
(EIS) measurements can be used to differentiate between these different oxide layer mor-
phologies. EIS measurements are particularly suitable for in-situ measurements in high
temperature water systems where a “pseudo” reference electrode could be used. This
“pseudo” reference electrode can be made from platinum or even the same material as the
test specimens. EIS measurements were carried out successfully on stainless steels and
Ni-based Alloys in high temperature water to distinguish between the different materials
and water chemistries [10,11]. Other than our work, only a few studies were carried out
with EIS to investigate the oxidation behavior of Ni-based alloys 600, 690 and 182 in high
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temperature water [12–17]. Results with Alloy 182 show that the oxide layer morphology
strongly depends on the temperature and dissolved hydrogen concentrations. The reported
surface appearances could vary between rather smooth, crystallites shaped to needle like
oxides with a very dispersed morphology. Similarly, EIS was used to study the oxidation
behavior of stainless steel in super critical and high temperature water [18,19].

In this study we used the same approach as described in reference [9], where measure-
ments were carried out at different combinations of dissolved hydrogen and temperature.
This is illustrated in Figure 1 where the Ni-NiO transition curve is plotted as a function
of temperature and dissolved hydrogen concentration, including the different oxide layer
morphologies. The Ni-NiO transition curve is taken from Andresen (solid line) [3], based
on recent experimental results and calculations and is situated above the Terachi curve
(dashed line) [20], based on earlier, thermodynamic calculations. Notice that the Andresen
curve was set using data published previously by Attanasio and Morton [4,20]. The dots
show the test conditions where EIS measurements were carried out.
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Figure 1. The nickel–nickel oxide transition curve as a function of temperature and dissolved hydrogen concentration
showing the selected test conditions for the EIS measurements and related surface morphology. Solid line data from
Andresen [3]; dashed line data from Terachi [6].

2. Materials and Methods
2.1. Materials

The specimens were cut out of a dissimilar metal weld made of Alloy 182; between a
low alloy steel nozzle made of SA-508 and a stainless steel pipe made of 316 L (Figure 2).
The dissimilar metal weld was made at CDTN (Brazil) [10]. The chemical composition is
given in Table 1.
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tached to a Thermocoax cable via a suitable connector and served as a working electrode 
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Table 1. Chemical composition of the Alloy 182 weld metal.

Alloy C Cr Fe Ni Mn Si P S Nb Ti Cu Mo

182 0.047 14.9 Bal. 71.8 5.81 0.015 0.015 0.006 1.89 0.183 0.019 0.24

2.2. Environment

Tests were carried out under representative PWR primary water chemistry. Such a
water chemistry consists of Boron (added to control reactivity), Lithiumhydroxide to control
the pH and dissolved hydrogen to suppress radiolysis [21,22]. The temperatures and
hydrogen concentrations were chosen in a way that they correspond to the test conditions
as shown in Figure 1. Notice that a PWR is operated in the temperature range 300 to 345 ◦C
and as such the materials used in the primary circuit are subjected to these temperatures
as well. Boron was added as boric acid, H3BO3, with a concentration of 1000 ppm B.
Lithium was added as lithium hydroxide with a concentration of 2 ppm Li. The resulting
high temperature pH was calculated to be approximately 7.12. Hydrogen was added
to the water by hydrogen purging at appropriate partial pressures to get the desired
concentrations of dissolved hydrogen. The simulated PWR water was circulated through
the autoclave at a rate of approximately 10 L per hour and the water chemistry was
controlled by resin ion exchangers saturated with lithium and boron. The water in the
recirculation loop was cooled to room temperature after passing through the autoclave and
the conductivity, dissolved oxygen concentration, dissolved hydrogen concentration and
pH were continuously monitored.

2.3. Electrode Set-Up

Figure 3 shows the electrode arrangement in the autoclave. The working electrode
was positioned in the middle of the autoclave. A Pt rod served as a pseudo reference
electrode for the high temperature impedance measurements. The test specimens were
attached to a Thermocoax cable via a suitable connector and served as a working electrode
(see Figure 3 right-hand side). This allowed to make electrochemical measurements up to
345 ◦C. The autoclave body served as the counter electrode, which guaranteed a uniform
distribution of the currents and potentials of the electrochemical cell. The specimens were
cylindrical in shape with a diameter of 5 mm and length of 10 mm, resulting in a surface
area of 193 mm2. The surface finish was 1200 grit.
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specimen connected to the cable and ceramic connector.

2.4. EIS Measurements

Electrochemical measurements were performed in an autoclave connected to a water
recirculation loop that maintained a simulated primary water PWR environment. Electro-
chemical measurements were performed with a Gamry Instruments Reference 600 system
(Warminster, PA, USA). The system had a floating earth and so could be used in autoclave
systems. The total test time was two weeks with one EIS test per day. Before each test
the open circuit potential (OCP) was measured during 5 min. Electrochemical impedance
spectroscopy (EIS) was performed from 100 kHz down to 1 mHz with 10 points per decade
and an amplitude of 10 mV around the OCP.

The test matrix is shown in Table 2. It shows the four test conditions that were used
in this work. These test conditions correspond with different oxide layer morphologies
as shown in Figure 1. The temperature and hydrogen concentrations were chosen such
that they corresponded with the dot in Figure 1. Notice that a temperature variation of
only 15 ◦C can result in a remarkable difference in oxide layer morphology (test condition
2 versus test condition 3).

Table 2. Test matrix of the impedance measurements.

Test nr Working Electrode Temperature Hydrogen Concentration

1 Alloy 182 300 ◦C 35 cc/kg H2
2 Alloy 182 330 ◦C 35 cc/kg H2
3 Alloy 182 345 ◦C 35 cc/kg H2
4 Alloy 182 330 ◦C 5 cc/kg H2
5 Pt 330 ◦C 35 cc/kg H2
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3. Results

The EIS data were interpreted in two different ways. The first method was to fit the
experimental data with an equivalent circuit to obtain different kinetic parameters that
could describe the corrosion processes that took place at the metal-oxide-solution interface.
The second method was to examine the low frequency impedances and compare these
with the different measurements.

3.1. Equivalent Circuit Modelling

Several equivalent circuits are proposed to interpret high temperature impedance data
on austenitic stainless steel materials [11,12,18]. These models all distinguish between a
high frequency part typically related to the oxide layer, a mid-frequency part related to the
electrochemical double layer and a charge transfer resistance, and finally a low frequency
part related to diffusion effects. Based on these assumptions an equivalent circuit model
was constructed as shown in Figure 4, with the main difference being that the capacity of
the diffuse double layer was added. This model was used to interpret the experimental
data. The equivalent circuit model consists of the following elements [23,24]:

• Cox: the capacity of the oxide layer, that is present on the metal surface
• Rox: the (ohmic) resistance of the oxide layer
• Rct: charge transfer resistance of the electrochemical reactions that take place at the

oxide layer water interface
• O: diffusion resistance related to the electrochemical active species moving from and

to the oxide layer water interface, assuming a finite length of the diffusion layer (first
alternative). The impedance (ZO) is given by:

ZO =
σ√
jω

tanh
(

B
√

jω
)

(1)

where σ is the Warburg coefficient and B a Warburg fit parameter represented by
B = δ/

√
D. Here δ is the diffusion layer thickness and D is some average value of the

diffusion coefficients of the diffusion species.
• W: diffusion resistance related to electrochemical active species moving from and

to the oxide layer water interface, assuming an infinite length of the diffusion layer
(second alternative). The impedance (ZW) is given by:

ZW =
σ√
jω

(2)

where σ is the Warburg coefficient.
• CPE: Constant Phase Element representing the electrochemical double layer capacity

on a heterogeneous/dispersed substrate. The impedance is given by:

CPE =
1

Yo(jω)n (3)

where Yo is the CPE constant or pseudo capacitance and n the CPE exponent.
• Csolution: diffuse double layer capacity
• Rsolution: solution resistance of the test water
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Figure 4. Equivalent circuit model for the metal-oxide-solution interface of Alloy 182 in high
temperature water containing an oxide layer capacity (Cox), an oxide resistance (Rox), a charge transfer
resistance (Rct), a diffusion resistance for finite length diffusion layer (O) or a diffusion resistance for
infinite length diffusion layer (W), a Constant Phase Element (CPE), a solution capacitance (Csolution)
and a solution resistance (Rsolution).

Figure 5 shows a fit example of the impedance data after eight days of testing at
300 ◦C with the equivalent circuit of Figure 4. This fit was performed for all the impedance
data in order to observe trends in parameter values with time. The results are reported in
Section 3.4.
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Figure 6 shows the impedance data after eight days of testing for the five test condi-
tions. All the specimens, including the Pt electrode, exhibit a large high frequency arc. The
origin of this arc will be discussed in Section 3.2. A first visual interpretation shows that at
35 cc/kg H2 the shape of the Nyquist plots are similar for the Pt and Alloy 182 electrodes,
there is a decreasing part at the left, a central elliptical part and an increasing part at the
right. Only the sizes (the actual values) are different. This means that the electrochemical
response is dominated by the electrokinetic behavior of the dissolved hydrogen, which is
in agreement with results from reference [11]. The impedance result of the low hydrogen
concentration is clearly different in shape and size. That is, a higher impedance of the
electrochemical reactions can be noticed, which is related to the lower hydrogen concen-
tration. This in fact confirms again the dominance of the hydrogen oxidation/reduction
reaction on the total impedance. The equivalent circuit fit results are shown in Table 3. The
results of the high frequency arc are not mentioned in this table as they will be discussed
in Section 3.2. The numbers in Table 3 confirm the visual observations. The highest Rct
is found for the lowest hydrogen concentration (5 cc/kg). The lowest n value (which is
a measure for the surface roughness/porosity) is found for the test condition, where the
needle like oxide is present (35 cc/kg H2, and 345 ◦C). This surface is shown in Figure 1
and is highly irregular.
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Table 3. Fit results of the equivalent circuit model after eight days of testing.

Test Condition Material Rsolution
(Ohm·cm2)

Yo
(Ohm−1·sn·cm−2) n

σ

(Ohm·s−
1
2 ·cm2)

B Rct
(Ohm·cm2)

300 ◦C, 35 cc/kg H2 Alloy 182 940 6.74 × 10−3 0.580 18.36 13.5 155

330 ◦C, 35 cc/kg H2 Alloy 182 1009 7.15 × 10−3 0.519 2.96 – 74

345 ◦C, 35 cc/kg H2 Alloy 182 717 4.22 × 10−3 0.037 719 134.0 259

330 ◦C, 5 cc/kg H2 Alloy 182 694 4.65 × 10−3 0.376 249 8.5 588

330 ◦C, 35 cc/kg H2 Pt 652 1.48 × 10−3 0.459 6.88 23.8 103

3.2. Interpretation of the High Frequency Arc

All impedance results show a high frequency arc. This high frequency arc can be a
response of the system, but it can also be an artefact coming from the measuring device,
i.e., the potentiostat and cell cable connections [25,26]. If the response is from the system,
it can possibly be related to the oxide film that is formed during the high temperature
exposure test. Another possibility is that it is related to the capacitance of the solution.
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This can happen when the system has a relatively high solution resistance. To be sure
that we are not analyzing artefacts, but only real system responses, we have measured the
impedance of the potentiostat and signal cables alone. This is done by connecting all the
leads (WE, WE sense, RE, CE and CE sense) to each other. In this way the impedance of the
potentiostat and leads are determined. Two measurements were carried out: the first one
at room temperature in air, the second one in high temperature water at 300 ◦C.

The results of the two impedance tests are shown in Figure 7. Both the results at room
temperature as well as the results at high temperature show inductive behavior and the
spectrum fits well to a series RL model. Generally, this arises either from the inductance of
the leads to the cell or from cell/potentiostat interactions [26]. From these results it is clear
that the high frequency arc cannot be related to the measuring device or leads, but that it is
a system response.
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Figure 7. EIS results of the leads and potentiostat (Nyquist plot).

The high frequency arc observed in most of the Nyquist results of alloy 182 is most
probably related to the oxide film capacitance and/or the space charge (diffuse double
layer) capacitance. The latter is typical for systems with a relative high solution resistance.
It can be a measurement of the capacitance of the solution, i.e., the space charge or diffuse
double layer. The reason for this is that at low concentrations the cations and anions differ
from their bulk concentrations. Ions of opposite charge cluster to the electrode surface,
while ions of the same charge are repelled from it. Among others, this is described by the
Gouy–Chapman model. The resulting differential capacitance depends strongly on the bulk
concentration and the potential difference between the electrode and the solution [27,28].

A simple calculation was carried out to see whether one can distinguish between the
oxide film impedance and the solution impedance, both represented by a parallel circuit
of a resistance and a capacitor as shown in Figure 8. A typical value for the space charge
is 0.1 nF cm−2 [26]. A typical value for the oxide film capacity can be obtained with the
following calculation:

Coxide =
ε0εr A

d
=

8.9× 10−12 × 12× 1.93× 10−4

1× 10−6 = 2.07× 10−8F (4)

where ε0 is the electric constant (F/m), εr is the dielectric constant of the oxide layer, A is
the surface area of the electrode (m2) and d is the thickness of the oxide layer (m). Therefore,
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for the oxide capacitance a value of about 20.7 nF (or 10.7 nF/cm2) will be used. This is
more than two orders of magnitude different from the space charge.
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Figure 8. High frequency impedance is related to the oxide layer impedance and solution impedance (=solution resistance +
solution capacitance).

Besides the capacitance, also the ohmic resistance of the oxide film and diffuse double
layer (≈solution resistance) differ. For the oxide layer resistance a value of 100 Ohm cm2 is
used, based on Contact Electric Resistance (CER) measurement on Ni-Cr alloys [29]. The
solution resistance is the difference between the ohmic resistance (Table 3) and the oxide
layer resistance.

A simulation of the high frequency part of the impedance is plotted in Figure 9. The
values in Table 4 were used to make the calculation. These values were taken from the fit
results of Figure 10. The individual contributions of the oxide film and the solution are
shown together with the total impedance. When using the values in Table 4, the impedance
of the oxide film is hidden behind the impedance of the solution.
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Figure 9. High frequency part of the impedance: oxide layer (blue cross), solution (green dash) and
total high frequency impedance (red square).
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Table 4. Values for the high frequency impedance calculation.

Oxide Layer Impedance

Rox 100 Ohm cm2

Cox 10.7 nF/cm2

Solution Resistance and Capacitance (“Space Charge” or Diffuse Double Layer)

Rsolution 850 Ohm cm2

Csolution 0.1 nF/cm2
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only the oxide layer and solution impedance (ohmic resistance and space charge).

Depending on the exact values, the oxide film can still be visible or not. If we plot the
simulation together with measured data, as shown in Figure 10, it is clear that the part of
the oxide film impedance is barely visible. When longer exposure times are used, resulting
in a thicker oxide film (with higher ohmic resistance), maybe a more pronounced result
could be expected.

3.3. Interpretation of the Warburg Coefficient

The Warburg impedance is related to diffusion phenomena that are taking place at
the electrode surface. It represents the electrochemical active species that are moving from
and to the electrode surface. In this section the Warburg coefficient is calculated for the
hydrogen oxidation reaction and compared with the experimentally obtained values. For a
simple electrode reaction (Red↔ Ox + e−) the Warburg coefficient σ is given by [23,24,28]:

σ =
RT

n2F2 A
√

2

(
1

CO
√

DO
+

1
CR
√

DR

)
(5)

in which R is the gas constant, T is the temperature, DO is the diffusion coefficient of
the oxidant, DR is the diffusion coefficient of the reductant, A is the surface area of the
electrode, n is the number of electrons involved, CO is the concentration of the oxidant and
CR is the concentration of the reductant.

For corroding systems, the situation is far more complex, as the different electrochemi-
cal reactions where diffusion takes place will contribute to the Warburg impedance and as
such to the Warburg coefficient. Here we will make a simple calculation to see whether
indeed the hydrogen dominates the Warburg impedance. To do this we assume that the
hydrogen oxidation is the main electrochemical reaction at the electrode surface. That is,
it is assumed that this reaction is dominant with respect to the other reactions, like the
oxidation of the surface leading to the oxide layers as shown in Figure 2. If the hydrogen
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oxidation (H2↔ 2H+ + 2e−) is the main contributor to the Warburg coefficient, Equation (5)
changes to:

σ =
RT

n2F2 A
√

2

(
1

CH2
√

DH2

)
(6)

It is assumed that the backward reaction is not diffusion controlled due to the aban-
doned presence of the water. To calculate the Warburg coefficient for the four different test
conditions the numbers shown in Table 5 were used. The hydrogen diffusion coefficients at
high temperature were taken from reference [30]. Table 5 also shows a comparison between
the measured Warburg coefficient and the calculated Warburg coefficient.

Table 5. Comparison of the calculated and measured Warburg coefficients.

Test Condition Material Temperature
(K)

Hydrogen
Concentration

(mol/cm3)

Hydrogen Diffusion
Coefficient

(cm2/s)

σ Calculated
(Ohm·s− 1

2 ·cm2)
σ Measured

(Ohm·s− 1
2 ·cm2)

300 ◦C, 35 cc/kg H2 Alloy 182 573 1.56 × 10−6 4.81 × 10−4 3.71 18.36

330 ◦C, 35 cc/kg H2 Alloy 182 603 1.56 × 10−6 5.64 × 10−4 4.02 2.96

345 ◦C, 35 cc/kg H2 Alloy 182 618 1.56 × 10−6 6.12 × 10−4 4.22 719

330 ◦C, 5 cc/kg H2 Alloy 182 603 2.23 × 10−7 5.64 × 10−4 28.12 249

330 ◦C, 35 cc/kg H2 Pt 603 1.56 × 10−6 5.64 × 10−4 4.02 6.88

The calculated and measured Warburg coefficients for the Pt specimen are close to-
gether. As only redox reactions are considered here to take place, this makes sense. The
morphologies of the Alloy 182 surfaces are quite different, as shown in Figure 2. For the
specimens’ tests at 300 ◦C and 330 ◦C the surface is oxidized but is still relatively smooth.
Therefore a Warburg impedance related to hydrogen diffusion should be a viable option.
For 330 ◦C the calculated and measured Warburg coefficients for Alloy 182 specimen are rel-
atively close, but at 300 ◦C this is much less the case. The calculated and measured Warburg
coefficients for the 345 ◦C + 35 H2 cc/kg and the 330 ◦C + 5 H2 cc/kg test conditions are far
away from each other. Looking at the surface morphologies of these specimens it is clear
that the (simplified) equation for the Warburg coefficient does not cover all the diffusion
phenomena that are taking place at the electrode surface. In conclusion, for the Pt and Alloy
182 at 330 ◦C the Warburg impedance is dominated by the hydrogen oxidation reaction. For
the other test conditions, other phenomena can play a role and/or the Warburg impedance
is not sufficient to describe the different processes that are taken place.

3.4. Trend Analysis of the Equivalent Circuit Fit Parameters

In this section the fit results of the equivalent circuit as shown in Figure 4 will be
discussed. For each circuit element a plot was made where the value of interest is plotted
as a function of time (two weeks) for each of the four tests. This allows one to see how
these parameters develop over time and if their values can be used to distinguish between
the different conditions and oxide layer morphologies.

Figure 11A shows the solution resistance (Rsolution) as a function of time. There is a
difference between the four tests, but no evolution versus time. This is to be expected as
the solution resistance is mainly affected by the water resistance, which should be more or
less constant for each test condition.
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Figure 11B shows the CPE constant related to the electrochemical double layer (Y) as
a function of time. There is a difference between the four test runs and also a small change
in time. The CPE constant reflects the value of the electrochemical double layer, which can
change over time due to the changes in oxide morphologies of the specimen surface which
then changes the effective surface area. This is more pronounced for the conditions where
there are needles (345 ◦C, 35 cc/kg H2) or crystallites (330 ◦C, 5 cc/kg H2) on the surface.

Figure 11C shows the CPE coefficient (n) as a function of time. This n value can be
related to the surface roughness or tortuosity of the oxide layer. The lower the number,
the higher the deviation from a smooth surface. The n values clearly reflect the surface
morphologies as shown in Figure 1. For the relatively smooth surfaces (300 ◦C, 35 cc/kg
H2 and 330 ◦C, 35 cc/kg H2) the value is the highest. For the rough and irregular surfaces
(330 ◦C, 5 cc/kg H2 and 345 ◦C, 35 cc/kg H2) the values are the lowest.
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Figure 11D shows the Warburg coefficients as functions of time. Y(cotanh) is the
coefficient of the finite Warburg impedance and W is the coefficient of the infinite Warburg
impedance. It can be noticed that there is a quite large difference between the four test
conditions. A lower hydrogen concentration means a higher Warburg impedance and so a
smaller coefficient; therefore the result for the 5 cc/kg H2 makes sense. For the 35 cc/kg
H2 one would expect some influence of the temperature and as such 330 ◦C has a higher
coefficient than 300 ◦C. The 345 ◦C is not consistent with the other two, but the surface is
highly irregular (needle like oxides). That means that the diffusion processes are seriously
hampered, resulting in a smaller coefficient.

Figure 11E shows the values of the Warburg fit parameter B (represented by δ/
√

D).
The B parameter is a measure for the length of the diffusion layer thickness. With increasing
size of this B parameter, the finite Warburg changes to an infinite Warburg impedance.
There is a large scatter for 345 ◦C (again related to the highly dispersed surface of the
specimen under this test condition), and the values are around ten. For the W fit of 330 ◦C
there is no plot of the B parameter as it is close to infinite (B→∞).

Figure 11F shows the charge transfer resistance as a function of time for the four
different test conditions. These results are in good agreement with the observed surface
conditions and the water chemistry. The higher the temperature, the higher the reaction
kinetics and so the lower the resistance. The 345 ◦C results are as expected to be above
the 300 ◦C results. The low hydrogen concentration (5 cc/kg H2) is much higher than the
35 cc/kg H2. The 345 ◦C results are a bit in between, which is due to the highly dispersed
surface area.

Concluding remarks: The results of the fit parameters obtained with the equivalent
circuit analysis are consistent with respect to the test temperature, hydrogen concentration
and surface conditions. The CPE exponent (n) and charge transfer resistance (Rct) show the
most pronounced differences between the different test conditions. Here the CPE exponent
(n) can be associated with the surface morphology. A high surface roughness or high
degree of tortuosity results in a larger dispersion of the electrochemical processes and so
a smaller value of n. The charge transfer resistance (Rct) is typically related to the water
chemistry. More hydrogen and higher temperatures result in faster kinetics and as such a
smaller value of Rct. These correlations do not necessarily have a one to one relationship
with the SCC susceptibility. Therefore, in the Discussion section the “Crack growth rate
factor” is introduced, which will be used to make a quantitative correlation between the
impedance results and the SCC susceptibility.

3.5. Low Frequency Impedance Analysis

In this section the impedance data is interpreted without using an equivalent circuit
model. Values of the impedance were directly taken from the impedance diagrams and
plotted as a function of time for the four different test conditions. Figure 12 shows the
modulus of the low frequency impedance, which is the impedance at 1 mHz. Figure 13
shows the polarization resistance obtained from the impedance diagram, which is the
difference between the low frequency impedance and the solution resistance.

Figure 12 shows a clear and distinct difference between the four test conditions.
The highest impedance is measured at the lowest hydrogen concentration. This makes
sense as hydrogen is a dominant factor in the impedance and less hydrogen means a
higher impedance. It can also be noticed that the impedance is decreasing with increasing
temperature. This makes sense as well, as the reaction kinetics do increase with temperature,
resulting in a lower impedance.
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Figure 13 shows that the polarization resistance follows more or less the same trend
as the low frequency impedance in Figure 12. The polarization resistance is solely related
to the electrochemical processes at the interface, while the low frequency impedance is
also influenced by the solution resistance. The only difference here is that the results of
the two highest temperatures are switched. This might be due to the fact that the surface
conditions are different.

4. Discussion

The main aim of this work is to find a correlation between the in-situ impedance
measurements and the SCC susceptibility of Alloy 182 at the different test conditions.
The overall impedance response reflects quite well the water chemistry (temperature and
hydrogen concentration) as shown in Figure 12. However this doesn’t necessarily reflect the
degree of SCC susceptibility. Also the dots in Figure 1 represent only a semi-quantitative
measure for the SCC susceptibility, being the distance to the Ni/NiO transition line.
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A more quantitative estimate of the SCC susceptibility can be made using a model
proposed by Attanasio and Morton [4,20], which was further developed by Andresen [3,31].
This model is based on trend curve analysis of a large number of SCC crack growth rate
tests with Ni-based Alloys at different concentrations of dissolved hydrogen. With this
model the peak in SCC crack growth rate can be calculated as function of temperature and
hydrogen concentration. It can also be used to calculate the relative crack growth rate as
a function of hydrogen concentration and temperature. This allows us to determine for
each of the test conditions (as mentioned in Section 2) a value for the crack growth rate
factor. This crack growth rate factor is the difference between the lowest and highest crack
growth rate around the Ni/NiO transition line. A short summary of this model is given
here, taken from the EPRI MRP-115 report [31].

This crack growth rate factor is defined as

Vp = (P− 1)exp

−0.5

[
∆ECP + ECPOS

λ + (0.46)
1
P

]2
+ 1 (7)

where Vp is the crack growth rate velocity relative to the peak height, P is the height of
the peak, λ is the width of the peak, ECPos is the offset of the CGR peak from the Ni/NiO
phase boundary and ∆ECP is the H2 value versus peak H2.

The ∆ECP is given by

∆ECP = 29.58
(

T(°C) + 273.2
298.2

)
· log

(
H2

H2(peak)

)
(8)

In Equation (8) the hydrogen concentration that corresponds with the Ni/NiO transi-
tion as a function of temperature is given by:

H2(peak) = 10(0.0111·T(°C)−2.59) (9)

With these three equations the crack growth rate velocity to the peak height can be
calculated. It is assumed that this ratio to the peak height is similar at different temperatures,
but not the crack growth rate itself. Therefore, the temperature dependence must be
calculated, using the following equation.

VR = exp
(
−Q

R

(
1
T1
− 1

T2

))
(10)

where VR is the ratio of the crack growth rate at one temperature (T2) versus another
temperature (T1), Q is the activation enthalpy, R is the molar gas constant and T is the
temperature in K. The necessary parameters are summarized in Table 6.

Table 6. Values of the parameters used to calculate the crack growth rate factor [31].

Description Value

H2(peak) at 300 ◦C 5.50 cc/kg
H2(peak) at 330 ◦C 11.83 cc/kg
H2(peak) at 345 ◦C 17.34 cc/kg

P 8.09
ECPos 0

λ 20.2 mV
Q 130 kJ/mol
R 8.314 J/mol-K
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The above mentioned equations were used to calculate the crack growth rate factors as a
function of hydrogen concentration for the three test temperatures (300, 330 and 345 ◦C) used
in this work. Figure 14 shows the results. It is clear that the higher the temperature, the higher
the peak, which in its turn is shifting to the right at regions of higher hydrogen concentrations.
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Figure 14. Calculated effect of hydrogen on the crack growth rate factor of Nickel-Base Alloys for the
temperatures 300 ◦C, 330 ◦C and 345 ◦C.

From these results a crack growth rate factor for each test condition can be determined
as shown in Table 7.

Table 7. Crack growth rate factor for each test condition.

300 ◦C,
35 cc/kg H2

330 ◦C,
35 cc/kg H2

345 ◦C,
35 cc/kg H2

330 ◦C,
5 cc/kg H2

CGR factor 0.142 1.045 3.99 1.27

Figure 15 shows the impedance parameters (Rct, Rp, Rz and n) as functions of the crack
growth rate factor. The impedance parameters of the last seven measurements (day 8 to
day 14) were plotted, assuming that more or less stable conditions were reached after one
week of testing. The parameter that shows the best correlation with the crack growth rate
factor is the CPE exponent n (Figure 15D). This exponent can be seen as a representative of
the surface roughness or tortuosity of the surface oxides. The lower this value the more
irregular the surface and/or the larger the dispersion at the surface. It shows the best
correlation with the SCC susceptibility of all the circuit parameters, where a low value is
related to a higher SCC susceptibility and vice versa.
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Figure 15. Impedance fit parameters (Rct, Rp, Rz and n) as a function of crack growth rate factor: (A) Charge transfer
resistance Rct, (B) Polarization resistance Rp, (C) low frequency modulus RZ, (D) CPE exponent n.

5. Conclusions

In-situ EIS measurements were carried out in high temperature water with Ni-based
Alloy 182, with the main aim to correlate the EIS results with the differences in stress
corrosion cracking (SCC) susceptibility that is present around the Ni-NiO transition.

During the measurement time of two weeks little or no evolution of the impedance
was observed, which meant that the impedance was dominated by the water chemistry
(dissolved hydrogen). This was confirmed by the measurement on platinum, which had a
similarly shaped impedance response (although different in magnitude), as the Ni Alloys.

First, a simple equivalent circuit model was used to interpret the EIS data. It was
shown that the CPE exponent n, which is a measure of the degree of roughness or dispersion
of the surface area, could be correlated to the different test conditions. The lowest value
for n was obtained for the test condition 345 ◦C and 35 cc/kg H2, which had the most
dispersed surface morphology. A comparison with the SCC susceptibility, expressed in a
crack growth rate factor after a model of Morton/Andresen, showed the same correlation.

Second, the low frequency impedance values measured at 1 mHz allowed to make a
clear distinction between the four test conditions. The highest impedance was at the lowest
hydrogen concentration whereas the lowest impedance was at the highest temperature
and hydrogen concentration.

In addition, it was shown that the high frequency arc, commonly present at EIS
data in high temperature water, was related to the diffuse double layer present at the hot
water/metal interface.
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