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Experimental Technique with a Pyramidal Indenter
Demonstrating The Development of Pyramidal-Shaped Crevice
Corrosion In Inconel 600
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Abstract: - Inconel alloy 600 is widely used in applications requiring its excellent crevice corrosion resistance,
e.g. with corrosive solutions. Cyclic polarization tests were carried out on Inconel work pieces immersed in a
5.5% NaCl solution at a temperature of 35+5°C. One group of work pieces workpiece incorporated diamond
pyramid hardness indentations while the other group of the workpieces did not. Hysteresis loops obtained from
cyclic polarization test scans indicated passive film breakdown and non-passive film breakdown in work pieces
with and without hardness test indentations, respectively.

Microstructural observations indicated that all workpieces with the hardness test indentations developed crevice
corrosion in the pyramidal indentations. Furthermore, microstructural observations revealed clearly developed
dendritic structures in both indented and non-indented workpieces.
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l. INTRODUCTION
Inconel alloys belong to a family of austenitic nickel-chromium based super alloys. They are widely used in
highly corrosive environments because of their excellent corrosion resistance [1-3].

1.1 Crevice Formation

Even though these alloys have excellent crevice corrosion resistance, in some applications Inconel
alloy has been shown to be subject to crevice corrosion. This type of corrosion occurs when there are crevice
environments in the workpiece such as a joint, and pits formed by any types of indentation due to hardness
testing. Prevention or amelioration of such conditions defects will reduce crevice resistance. No matter how
minor the surface crevice, the resulting corrosion result can lead to failure even in work pieces of Inconel [4-8].
Diamond pyramid hardness indentation can be an excellent test method for the evaluation of the potential for
surface crevice corrosion from exposure to corrosive solutions. The diamond pyramid hardness indentation is
chosen because it has a shallower depth and smaller size indenter than others indenters like Rockwell hardness
[9-12]. Furthermore, it has a unique pyramidal shape which cannot be confused with any other type of surface
defects like pores or voids.

1.2 Dendritic Formation

The effect of microstructure on metallic alloy corrosion behavior and hence on the mechanical properties has
been reported in different studies, especially the relation between dendritic structures and corrosion behavior
[13-15].

It is well known in cast alloys that the cooling rate during solidification influences the formation of

dendritic structures which can affect the corrosion behavior of alloys [14, 15]. From the literature it is reported
that the microstructural characteristics of dendritic structures can be observed during corrosion tests [14-19].
Most of the materials studied and reported in the literature found dendritic structure in casting alloys.
The current study introduces an experimental technique with a pyramidal indenter for the assessing the potential
for the formation of crevice patterns on workpieces with diamond hardness test indentations in a corrosive
solution. Comparisons of the observations are made for workpieces with or without hardness indentations. In
addition to the study of these “defects” which was the main objective, dendritic structures were also observed on
both types of work pieces (i.e. with and without hardness indentations), which is not a common observation in
wrought alloys.

1. MATERIAL AND EXPERIMENTAL PROTOCOL
Work pieces of Inconel alloy for this study were ground and finely polished with successively finer
silicon carbide (SiC) waterproof abrasive paper from 1500 to 320 grit size, followed by ultra-fine polishing with
alumina oxide (Al,O3) suspensions of 1, 0.5, 0.25 um grain size, respectively. Workpieces were then cleaned
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with acetone in an ultrasonic bath for at least 15 minutes before immersion in a 5.5% sodium chloride solution
(NaCl) at a temperature of 35+5°C.

Cyclic polarization measurements were performed using a conventional three electrode cell with a platinum
plate as an auxiliary electrode and a saturated calomel electrode (SCE) as a reference electrode [20]. The
exposed area of the working electrode to the 5.5 % NaCl solution was 1.27cm?. The work pieces were then
cleaned in distilled water before placing them into the work piece holders. Placement was such that the Luggin
capillary of the reference electrode was close to and facing the working electrode. The same set up was used for
all work pieces.

1. RESULTS AND DISCUSSION

3.1 Cyclic Polarization Plots

Figure 1 show cyclic polarization test plots of the Inconel alloy work pieces. A comparison was made
of crevice corrosion in the two different work pieces, i.e. with and without indentations. Distinct differences
were noted. As can be observed from the hysteresis loop of the work piece with indentations there is a passive
region during the initial stage followed by passive film breakdown, whereas, for the work piece without
indentations, the hysteresis loop exhibited a straight passive region without breakdown.
It was also found that the larger hysteresis loop was associated with the work pieces with indentations. The
larger hysteresis loop indicates that the indented work piece is susceptible to surface crevice corrosion.
As is indicated from Figure 1, the workpiece or component made of Inconel alloy experienced accelerated
crevice corrosion in a corrosive environment when the metal surface is indented, scratched, or contained pores.
Generally, the electrolytes penetrate the indentations or other defects such as pores and micro cracks. Therefore,
in order to have the remarkable corrosion resistance of Inconel alloy surfaces, they must be free of pores and
micro cracks.
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Figure 1 Cyclic polarization plots of Inconel work pieces, (a) work pieces with diamond pyramid hardness
indentations, showing passive film breakdown and larger hysteresis loop, (b) work pieces without diamond
pyramid hardness indentations, showing no passive film breakdown and smaller hysteresis loop.

3.2 Microscopic Observations

After the cyclic polarization test, the Inconel work pieces were carefully washed and dried and then
observed with an optical image analyzer microscope.
About 9 to 10 prepared indentations are shown in Figure 2 (a) and all show surface crevice corrosion as do the
three indentations in Figure 2 (b).
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From these observations, it was again demonstrated that the work piece or component made of Inconel
alloy experienced accelerated crevice corrosion where it was indented, scratched, or contained pores. It was also
observed that the localized surface crevice corrosion mirrored the pyramidal geometry of the initial indentation.
These microscope observations again showed that in order to have perform with high corrosion resistance, the
surface of the Inconel alloy must be free of pores, microvoids, and hardness indentations.

Dendritic structures were also observed on the surfaces of work pieces prepared with indentations (Figure 2 (a)).
They are often observed as dark areas and typically initiate along grain boundaries.

y - p ) 'ﬁj,' . b
Figure 2 Micrographs of Inconel workpieces with diamond hardness indentation after corrosion test at (a) low
magnification and (b) high magnification.

The formation of the surface morphologies of the dendritic patterns (Figure 3 and Figure 4) may due to
dissolved alumina (Al,O3) and chromium (Cr,0s) on the surface of the work pieces during interaction between
the electrolyte and work piece.

It has been reported that the extent of dendritic structures decreases drastically during ladle metallurgy
in steel as the morphology not only depends on the activity of oxygen and aluminum which form alumina
(Al,O3), but also on the relative content of reaction elements [21]. For alloy steel, deoxidization of alloy steel
increases alumina oxide activity and hence leads to rapidly decreasing oxygen activity with the formation of
dendritic structures of aluminum oxide.

Though the phenomenon of dendrites is already well known in steel, dendrites of alumina (Al,Os) and
chromium (Cr,QOs) in Inconel alloys have not been studied in detail.
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Figure 3 Micrographs of Inconel work pieces after corrosion test, (a, ¢) showing dendritic structure and
pyramidal shaped surface crevice corrosion in indentations at low magnification, (b, d) work pieces showing
surface crevice corrosion pattern in indentations at high magnification.

Figure 4 showing work pieces without the hardness indentations, reveals no surface crevice corrosion. However,
dendrite structures were formed on the surface. These dendrites initiated and grew along grain boundaries as
shown in Figure 4 (a), 4 (b).

Figure 4 (a, b) are micrographs of Inconel work pieces without diamond hardness indentations showing
dendritic structures developed along grain boundaries at (a) low magnification, (b) high magnification.

Further studies on dendritic structures in alloy steel have been reported [22-25], from which it has been
concluded that the formation of dendritic structures is due to iron-manganese oxides, which are present prior to
deoxidization with aluminum, when they become more aluminum rich and transform into inclusions after
deoxidization. These inclusions depend on the amount of manganese alloying added to the steel. Researchers
have also found that increasing the amount of aluminum alloying added to the steel can produce further
deoxidization and hence the formation of more aluminum oxide (Al,O3) which precipitates in the form of
inclusions [22-25].

V. CONCLUSION

Surface observations of work pieces of Inconel 600 subject to corrosive solutions and with both
indented and non-indented surfaces lead to the following conclusions. Work pieces with diamond hardness
indentations developed crevice corrosion of a geometry that mirrored the pyramdical shape of the indentations.
No crevice corrosion was observed in work pieces without hardness indentations. Cyclic polarization test plots
indicated passive film breakdown for work pieces with hardness indentations thereby indicating the presence of
crevice corrosion. By contrast, there was no indication of passive film breakdown for work pieces without
hardness indentations.
The development of dendritic structures in both types of Inconel work (i.e. pieces with and without hardness
indentations) occurred as a response to the electrochemical test.
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