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ABSTRACT

Inconel 600™, an austenitic high nickel alloy, has relatively low corrosion properties and is used extensively for aerospace and
nuclear engineering applications. Other applications include exposure of the material to caustic and acidic environments and
possible use in prosthetic implants. Electrochemical techniques, which include potentiodynamic polarization and polarization
resistance, provide a means to rapidly determine the corrosion rates and the suitability of the alloy in a specific corrosive environ-
ment. The results from these two techniques were used to determine the corrosion rates as well as other thermodynamic proper-
ties for the alloy exposed to various strong and weak acids, salt and Ringer’s solution. The results showed slight differences in the
corrosion rates determined by the two electrochemical techniques, with those from the polarization resistance technique being
on average larger. The corrosion activation energies determined for the alloy in different solutions were indicative of the corro-
sion rates with some anomalies in values for results observed in the 10 % acetic acid solution. The microstructural composition of
the alloy was also investigated by SEM-EDS and showed peculiar inclusions that can contribute to an acceleration of the corrosion

rates.
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1. Introduction

Inconel 600™ is a trademark of Inco Alloys International and is
also referred to as Alloy 600." It was originally developed for milk
cans in the 1940s and is now used in a variety of industries
including high temperature and pressure water reactors in the
nuclear industry.* Its high nickel and chromium percentage
makes it a specialized super alloy which is used when normal
stainless steels would not suffice in high temperature applica-
tions. The typical elemental composition range of the alloy is
summarized in Table 1 and the analytical set of results as deter-
mined by X-ray fluorescence (XRF) spectroscopy for the alloy
samples used in this study are also shown.!

Inconel 600™ is utilized in many different highly corrosive and
high temperature environments with some of the most note-
worthy being the chemical manufacturing industry, aerospace,
nuclear engineering components and gas turbine components.”
In other studies, the corrosion behaviour of Inconel 600™ and
Inconel 601™ were examined in solutions of orthophosphoric
acid, between concentrations of 0.5 N and 15 N.* Inconel 600™
was found to have a smaller passivation range than Inconel
601™ and was also found to be more corrosive. The studies
showed that the corrosion rates at ambient temperature would
typically vary between 0.040 to 1.097 mm yr' in acid solutions of
0.5 N to 15 N, respectively.* In another study, the anodic corro-
sion behaviour of Inconel 600™ in sulphuric acid was studied by
means of anodic polarization and electrochemical impedance
spectroscopy (EIS).” The corrosion rates reported varied between
0.033 and 0.8344 mm yr and were obtained in solutions that
varied between 0.01 M to 10.00 M, respectively. Extensive studies
in using Inconel 600™ in nitric acid and caustic soda applications

* To whom correspondence should be addressed.
E-mail: ernst.ferg@mandela.ac.za

Table 1 The actual and recommended elemental composition range of
Inconel 600™ alloy used in this study.

Element XRF analysis content* Recommended**
/% by mass /% by mass

Ni 72.34 72.0 minimum

Cr 16.15 14.0-17.0

Fe 9.47 6.0-10.0

C Below LoD (0.0) 0.15 maximum

Mn 0.64 1.00 maximum

S Below LoD (0.0) 0.015 maximum

Si 0.35 0.50 maximum

Cu Below LoD (0.0) 0.50 maximum

*Composition of the alloy used in this study as determined by XRE
**Recommended alloy composition range.

were performed by Abdallah et al.*® They made use of cyclic
voltammetry to investigate the formation of the passivation film
and compared it to other alloys such as Incoloy 800 and 316 stain-
less steel.

Balamurugan et al.’ reviewed the use of specialty alloys in bio-
medical devices that can range from prosthetic limbs to dental
implants and pacemakers. All metallic-based inserts are suscep-
tible to corrosion and are usually studied by exposing them to a
Ringer’s solution that simulates the properties of bodily fluids.’

In this study, the corrosion properties Inconel 600™ were
analyzed by using two slightly different electrochemical tech-
niques when the alloy was exposed to a range of different acids
and other typical corrosive solutions at various temperatures.
The respective corrosion rates and thermodynamic activation
energies of corrosion were determined and compared.
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2. Experimental

Potentiodynamic polarization and linear polarization analyses
were performed on a Princeton PAR 263A potentiostat. Cylindri-
cal samples of the alloy were cast in resin allowing for only an
area of 0.10 cm® to be exposed in the relevant solution. Samples
were polished to a mirror finish by using a 3 um diamond
suspension. Once polished, the samples were allowed to stand
in the relevant solution until a stable open circuit potential
(OCV) was achieved. This would usually be achieved within one
hour of equilibration time. All potentiodynamic polarization
and linear polarization resistance experiments were performed
in solutions that were prepared with de-aerated and deionized
water.

The solutions used in this study were:

Ringer’s solution: This was prepared by adding 9.0 g L' NaCl;
0.42 g L' KCL; 0.2 g L NaHCO,and 0.25 g L™ CaCl, to distilled
water and is the standard solution used to typically simulate
human body fluid conditions in order to evaluate the corrosion
characteristics of metal prosthetic inserts."

3.5 % NaCl was prepared by adding AR grade NaCl to deionized
water. This would typically simulate the concentration of sea wa-
ter.

A solution of 25.8 % H,SO, was prepared by adding AR-grade
concentrated acid to distilled water. This was done typically
to simulate the H,SO, acid concentration used in lead acid
batteries.

A range of HCI solutions were chosen at 0.74, 2.20, 3.70 and
740 % by mass by adding the correct amount by mass of
AR-grade concentrated HCl to distilled water.

The range of acetic acid (HOAC) solutions were chosen to be
0.10, 1.00, 3.00, 5.00 and 10.00 % by mass by adding the correct
amount of AR-grade concentrated acetic acid to distilled water.

A double-walled glass corrosion cell was used to conduct tests
once stable temperatures were obtained within 1.0 °C. The tem-
peratures chosen were 20, 25, 35, 45 and 50 °C.

Potentiodynamic polarization analysis was performed over a
range of 100 mV in the anodic and cathodic regions either side of
the E .. The step rate used was 2 mV s and data points were
recorded every 0.5 s. The same parameters were used at each
successive temperature after waiting for the open circuit to
stabilize.

The use of potentiodynamic polarization and polarization
resistance allows for the rapid quantification of the corrosion
rate (CR) of the alloy and the feasibility of its use in a specific
environment. Potentiodynamic polarization analysis is per-
formed by means of the Butler-Volmer equation and polarization
resistance by the Stern-Geary equation.”’ By performing these
electrochemical analyses at different temperatures (T) and by
means of the Arrhenius equation, the activation energy (E,) of
the corrosion reaction can be described by using the linearized
form of the Arrhenius Eq. 1.

In(CR) = (’? )(;)Jr In(A) (1)

where R is the gas constant and A is the pre-exponential factor.
The transition state Eq. 2 was used to calculate the change in
corrosion enthalpy (AH) and entropy (AS).

oS8 )45 1) .
T Nh R R \T

where N is Avogadro’s constant and & is the Planck constant.
Polarization resistance was performed overarange of 25mVin
the anodic and cathodic regions either side of the E. The step

rate used was2mV s™ and data points were recorded every 0.5s.
Polarization readings were performed directly after the relevant
potentiodynamic polarization at a given temperature. The open
circuit potential was allowed to stabilize and the electrode was
only moved to remove any bubbles that may have formed on the
surface of the alloy. Polarization resistance calculations were
performed by using the respective anodic and cathodic Tafel
coefficients obtained from the previous potentiodynamic polar-
ization analysis. The corrosion currents obtained from both the
potentiodynamic polarization and polarization resistance
analysis were used to calculate the corrosion rates by means of
the addition of the corrosion rates of each alloyed element by
using Egs. 3 and 4, respectively.

CR Epoment = JoElement x(ICWXM) .
nF
CR emen. CR emen
CR gy (§ cm™ s7) = Element1 | | | =" Element2 | 4
P1 o

CREIement 3 +
P3
where [

. 18 the corrosion current density (uA cm™), n is the
charge number, M is the molar mass of the element (g mol™) and
p is the mass density (g cm™).

All electrochemical techniques were performed in duplicate.

For microstructural analysis, samples were polished to a
mirror finish by using a 3.0 um diamond suspension. The
samples were then electrochemically etched with a solution of
10 g of chromic acid in 90 mL of deionized water. The grain size
distribution was calculated by means of a Zeiss light microscope
according to the ASTM E112-13 method."

XRF analysis was semi-quantitative and was done on a Bruker
S1 Titan handheld XRF in "Alloys” mode.

3. Results and Discussion

As a representative example, the corrosion rates and relevant
electrochemical data for Inconel 600™ alloy in Ringer’s solution
for both the potentiodynamic polarization and polarization resis-
tance analysis at different temperatures are shown in Tables 2
and 3, respectively.

A graphical representation of the potentiodynamic polariza-
tion and the polarization resistance plots obtained at five succes-
sive temperatures in Ringer’s solution are shown in Figs. 1 and 2,
respectively.

The results showed that the corresponding corrosion rates
(mm yr') that were determined by potentiodynamic polariza-
tion plot analysis were slightly lower than those that were deter-
mined by polarization resistance measurements. The slight
difference could be attributed to the fact that the polarization
resistance measurements were performed over a much smaller
potential range, which was the linear region of about 25 mV on
either side of the OCV. The potentiodynamic polarization plot
analysis would make use of about 100mV on either side of the
OCV allowing for a larger set of data to be used in determining
the corrosion current which would in turn also affect the corro-
sion rate. The results from the potentiodynamic polarization
plot analysis can also be influenced by any additional pitting
corrosion that could occur on the surface of the sample during
analysis within the voltage range studied. Notably, the differ-
ences in the CR between the two techniques would also increase
as the analysis temperature increased.

The calculated parameters and the Arrhenius equation (Eq. 1)
were used to determine the activation energy as well as the
change in corrosion enthalpy and entropy from the transition
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Table 2 Potentiodynamic polarization parameters and corrosion rates

Table 3 Polarization parameters of Inconel 600™ in Ringer’s solution at

(CR) of Inconel 600™ in Ringer’s solution at different temperatures. E ,  different temperatures. CR = Corrosion rate; E_ ., = corrosion potential;
= Corrosion potential; I, = corrosion current. I, = corrosion current.
T CR - Lo Beat Ban T CR R
/K /10° mm yr! /mV JuA cm™ /mV /m /K /107 mm yr™ /G /mV /uA cm™
293 7.52 -184.7 0.007388 97.417 176.332 293 12.9 21.585 -210.7 0.01264
298 10.0 -191.5 0.009837 94.412 127.927 298 17.2 15.929 —209.0 0.01693
308 22.6 -225.1 0.02217 102.500 121.373 308 452 5.444 —-264.5 0.04438
318 57.6 -243.1 0.05663 115.008 112.025 318 81.5 3.081 -266.0 0.08009
323 80.1 —249.0 0.07875 124.362 123.693 323 109.0 2.514 —270.8 0.10730
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Figure 1 Potentiodynamic polarization plots at five successive temperatures in Ringer’s solution.
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Figure 2 Linear polarization resistance plots at five successive temperatures in Ringer’s solution.
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Figure 3 Linearlized Arrhenius plots of both potentiodynamic polarization and polarization resistance analysis of Inconel 600™ in Ringer’s solution.

state (Eq. 2). As an example, the plots of the linearized form of the
Arrhenius equation for both the potentiodynamic polarization
and polarization resistance results of the analysis in Ringer’s
solution are shown in Fig. 3.

The activation energies (k] mol™) that were obtained for the
alloys exposed to various solutions from both the potentio-
dynamic polarization and polarization resistance analysis
showed reasonably close correlations (Fig. 4). The correspond-
ing thermodynamic parameters are summarized in Table 4.

The results showed that the corrosion activation energies for
the various HCl acid concentrations were similar in magnitude
when compared to the activation energies of the Ringer’s and
3.5 % NaCl solutions, even though the corrosion rates of the
alloy at 20 °C in the respective solutions were considerably
different (Table 4). This implied that the influence of tempera-
ture on the respective corrosion process as expressed through
the Arrhenius equation was similar, thereby resulting in similar

thermodynamic parameters, although in terms of the rate of
corrosion, it was considerably different. Notably, the activation
energy of the metal alloy in Ringer’s solution was slightly higher
and subsequently showed a larger change in enthalpy when
compared to the sample that was exposed to the 3.5 % NaCl
solution. This result was observed even though the corrosion
rate at 20 °C was seen to be comparatively smaller for the alloy in
Ringer’s solution.

The activation energy of an electrochemical process can be
described as the energy that must be overcome for a single elec-
tron to exchange through the electrode-electrolyte interface.
Hence, the lower activation energies are indicative of an increase
in the corrosion rates with an increase in temperature and vice
versa.

The results showed that the corrosion rates of the alloy in
relatively high concentrated sulphuric acid solutions were
similar in magnitude to the rate of corrosion in the various
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Figure 4 The activation energies determined by potentiodynamic polarization and polarization resistance measurements for all solutions studied.
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Table 4 Thermodynamic parameters, namely AH and AS, for each
solution determined by potentiodynamic polarization and polarization
resistance measurements.

Results using potentiodynamic polarization analysis
Results using polarization resistance analysis

Solution E, AH AS CRat20°C
/K] mol™  /kJ mol™ JK'mol" /10° mm yr
Ringer 64.16 61.60 -114.33 7.52
57.79 55.23 -130.99 12.9
3.5 % NaCl 48.11 45.56 -147.90 81.2
43.01 45.62 -163.08 105.0
25.8 % H,SO, 12.74 10.18 -227.09 12500
9.35 6.80 -235.59 18300
0.74 % HCl 53.28 50.75 -86.74 16400
51.89 49.35 -85.11 34900
2.2 % HCl 40.44 37.89 -128.63 18700
51.62 49.06 -92.22 17100
3.7 % HCl 49.75 47.22 -99.17 15000
43.97 41.44 -117.34 18300
7.4 % HCI 48.80 46.27 -100.95 18600
47.48 44.95 -100.51 33600
0.1 % HOAC 47.90 45.34 -149.74 73.4
45.61 43.05 -155.60 93.0
1 % HOAC 31.84 29.29 -197.87 156
30.10 27.54 -202.46 196
3 % HOAC 16.48 13.92 —249.02 200
9.53 6.97 —269.67 288
5 % HOAC 15.22 12.66 -255.16 158
13.59 11.04 -259.52 185
10 % HOAC 102.88 100.32 59.06 966
100.34 97.78 51.11 1280

hydrochloric acid solutions. The slight differences between the
corrosion rates at 20 °C determined by the potentiodynamic
polarization and polarization resistance methods are due to the
differences in their respective analytical approach.

The activation energy determination of the alloy in acetic acid
solutions showed a gradual decrease over the first three lower
concentrations (1 % to 5 %), with comparatively similar corro-
sion rates at 20 °C (Table 4). However, in a solution of 10 % acetic
acid, a very large increase in the activation energy was observed
with a significantly larger increase in the corrosion rate at 20 °C.
This could be due to a significant increase in the passivation
layer that formed on the surface of the alloy in this particular
acetic acid solution. However, the study showed that the alloy
exposed to the 10 % acetic acid solution had a significantly larger
activation energy.

In this study, all solutions were shown to have positive values
for AH which implied that all corrosion processes were endo-
thermic. The AH component is the main constituent of the
activation energy and the biggest driving force for the corrosion
reaction to move forward spontaneously. However, for the alloy
in the 10 % acetic acid solution, the AH was significantly larger
than for the other solutions. The change in entropy (A) for all
solutions, except the 10 % acetic acid, was negative, implying
that the change in the Gibbs energy for the forward corrosion
reaction would increase with increasing temperature. However,
for the metal alloy in the 10 % acetic acid solution, the change in
entropy was shown to be positive. This implied that there was a
netincrease in the entropy of the system, which in part includes
the increase in the formation of the passivation film and that the
net corrosion rate would subsequently start to decrease due to
the protective layer that formed. This protective layer would
form faster with an increase in temperature.

The results showed that there were no significant increases in
the corrosion rates of the alloy when exposed to various concen-
trations of HCl of up to 7.4 %. This was also reflected in the
respective activation energies observed over the acid’s concen-
tration range. The results were similar in magnitude to the
reported corrosion rates of the alloy when exposed to ortho-
phosphoric acid.* By obtaining the respective corrosion activa-
tion energies, it is then possible to determine the corrosion rates
at higher temperatures and determine if the alloy is suitable for
certain high-temperature engineering applications.

The microstructural analysis of the Inconel 600™ alloy is
shown in Figs. 5 and 6.

Figure 5 Optical microscope image at X200 magnification of etched Inconel 600™ showing austenitic grain morphology with some regions display-

ing typical twinning.
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Figure 6 (a) x4000 magnification of a SEM micrograph showing a TiN inclusion in the Inconel 600™ alloy. (b) Elemental EDS scan of the inclusion

area 2 as shown in the micrograph.

The micrographs show a fine austenitic grain morphology
with an average grain area of 157.06 um* and an average grain
diameter of 50.00 wm from the transverse micrograph. The longi-
tudinal micrograph also showed a fine austenitic grain morphol-
ogy with an average grain area of 142.86 um® and an average
grain diameter of 45.48 um.

The SEM micrographs of the alloy show that there were local-
ized inclusions or intergranular precipitates. The EDS analysis
showed a high element weight percentage of Tiand N which can
be in the form of TiN, which has been reported elsewhere."
Bertali et al.” also found that TiN had a low unison of deforma-
tion within the matrix material and can easily ‘flake off” to cause
a nucleation site which will then have a high stress concentra-
tion and possibly lead to stress cracking corrosion. The analyzed
area showed an inclusion of about 29.7 um?® This was also
confirmed by the studies done by Abdallah et al.>* that showed
the extent of pitting corrosion of the Inconel 600™ alloy when
exposed to various acids and bases and that the grain boundary
precipitates would correspond to (Cr — Fe),,C, and TiN.

4. Conclusions

Potentiodynamic polarization plots and polarization resistance
techniques provided a good correlation between the corrosion
rates and thermodynamic activation energies obtained for the
Inconel 600™ alloy in various solutions. Inconel 600™ alloy
showed a relatively higher corrosion resistance when exposed
to Ringer’s solution thereby making it suitable for possible
prosthetic applications. The alloy showed relatively similar low
corrosion resistance in 25.8 % sulfuric acid and in various HCI
solutions irrespective of the concentration. The study showed a
relatively high corrosion resistance in weak acetic acid solutions
with an unusually high activation energy for the sample in 10 %
acetic acid. This was ascribed to the formation of a passivation
film on the surface of the sample. The Arrhenius equation and
transition state equation allowed for the calculation of thermo-
dynamic parameters. The activation energy and transition state
parameters gave an indication of the thermodynamic depend-
ence of the corrosion process on the respective temperature
changes. Even though the activation energies, changes in
enthalpy and entropy were similar, their respective corrosion
rates were significantly different. In general, this implied that
the larger activation energies resulted in a greater corrosion
resistance but also a larger dependence on temperature.

Microstructure analysis classified Inconel 600™ as a fine austen-
ite grain structure. The grain boundary precipitate and inclu-
sion, present in the Inconel 600™, were found to be (Cr - Fe),,C,
and TiN, respectively, by EDS analysis.
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