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Abstract

In the present work, different Cu-alloyed model ductile irons with ferritic (0%Cu-0.09%Mn), mixed ferritic-pearlitic (0.38%Cu-0.40%Mn)
and pearlitic (0.69%Cu-0.63%Mn) microstructure were produced and analyzed in terms of their electrochemical corrosion behavior in a
3.5wt.%NaCl aqueous solution containing naturally dissolved oxygen at room temperature (25°C). The remaining elements such as Si and
Mg were kept at balanced levels in an attempt to minimize variations in graphite size and distribution among different samples. The
corrosion resistance was evaluated by electrochemical impedance spectroscopy and potentiodynamic polarization. Microstructure analysis
of the cast alloys confirmed similarity in the graphite morphology among the different cast samples and the expected variations in the
metallic matrix. In the absence of passivation, it was found that the addition of copper led to an increase in corrosion resistance, which
could be attested by higher values polarization resistance and corrosion potential.

Keywords: Environment protection, Metallography, Ductile Iron, Corrosion, Copper

surface modification techniques [6] or by adjusting chemical
composition, with or without heat treatment [7-11]. The latter
approach, involving composition and/or microstructure is
considered promising to produce large or complex shaped
castings.

Based on these considerations, in the present work an
experimental investigation was carried out in order to evaluate the
influence of ductile cast iron composition and microstructure on
the electrochemical corrosion behavior.

1. Introduction

Ductile cast irons have many important characteristics as
engineering materials such as low cost, machinability, mechanical
strength and wear resistance. The main microstructural features
which affect the mechanical properties of ductile cast irons are
distribution, geometry and size of graphite nodules, size and
morphology of primary dendrites, ferrite/pearlite ratio, ferritic
grain size and pearlite interlamellar spacing [1]. Currently, ductile
cast iron castings are employed in relevant applications which
involve corrosion in chloride containing media (e.g. coastal of

offshore locations), such as windmill wheel, chassis and rotor
housings [2, 3], sea water pumps and valves used in
petrochemical plants and refineries [4], buried pipelines [5],
among others.

With the expansion of the use of ductile iron castings, the
interest in the electrochemical corrosion resistance of these alloys
has increased. So far, attempts to improve corrosion behavior of
ductile cast irons have been pursued either by the application of

2. Experimental procedure

In the present work, ductile cast irons of three compositions
were selected in order to produce variations in the metal alloy
matrix: ferritic (F), ferritic-pearlitic (FP) and pearlitic (P). In each
case, standard Y-block castings (following ASTM AS536) were
produced in an induction furnace with 50 kg load. The chemical
composition of the alloys was analyzed by optical emission

26 ARCHIVES of FOUNDRY ENGINEERING Volume 20, Issue 2/2020, 26-30


mailto:pbrito@pucminas.br

'

spectroscopy (Table 1). In order to obtain a completely ferritic
matrix in sample F, the castings were subject to annealing at
900°C and slowly cooled to room temperature. The remaining
samples were analyzed in the as-cast condition.

The chemical composition was adjusted in order to allow
variations in the matrix without changes in graphite nodule
morphology and quantity. In this sense, the levels of Mn and Cu,
which favor the formation of pearlite were varied, while C, Si and
Mg, associated with the inoculation and nodularization process
remained constant [12]. In the present work, it was considered
important to maintain even graphite nodule characteristics since
the sharp difference in reduction potential between graphite and
iron could produce galvanic effects with the metallic matrix and
influence corrosion behavior.

Table 1.
Chemical composition of the alloys used in the present work,
according to matrix: ferritic (F), ferritic-pearlitic (FP) and
pearlitic (P). Values in weight %.
Sample C Si Mn P S Cr Cu Mg
F 3.81 2.57 0.09 0.10 0.007 0.03 - 0.034
FP 3.66 2.52 0.40 0.08 0.009 0.02 0.38 0.034

P 3.71 239 0.63 0.10 0.008 0.02 0.69 0.031

Samples for microstructure analysis were cut from the cast
blocks and prepared following standard metallographic procedure.
The characterization of graphite nodules was performed according
to ASTM A247 and ASTM E2567 standards with assistance of
the ImageJ software. The minimum nodule size considered for
evaluation was 10 pm and a minimum shape factor (circularity)
was 0.6. The samples used for graphite nodule analysis were not
etched, while samples for microstructure analysis were etched in a
Nital 2% solution. The hardness of the cast materials was
evaluated by the Brinell method, using a 2.5 mm indenter with a
62.5 kgf load. A total of 20 measurements was performed on each
alloy.

The electrochemical corrosion behavior of all three castings
was evaluated. The tests were performed in a NaCl solution
(3.5wt.%) in the aerated condition (containing naturally dissolved
oxygen). The equipment used in the corrosion analyses was an
IVIUM Vertex potentiostat galvanostat connected to a 500 ml
electrochemical cell for flat specimens containing a
10 mm diameter circular orifice for exposing the samples to the
electrolyte. The cell was mounted with a three-electrode
configuration: working electrode (sample), Pt-wire counter
electrode and Ag/AgCl (in saturated KCl) reference electrode.

The open-circuit potential (OCP) was monitored for 1.5 h. At
the stabilized OCP, electrochemical impedance spectroscopy
(EIS) analyses were conducted within a frequency range of
100,000 to 0.01 Hz, 10 mV sinusoidal excitation signal and data
acquisition rate of 10 points per decade. Equivalent circuit models
were employed to analyze the EIS data, by using IviumSoft
software version 2.509. Potentiodynamic polarization (PP) tests
were performed with a range of approximately OCP+0.3 V at
0.2 mV/s scan rate. In all cases, five samples of each casting were
tested.
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3. Results and discussion

3.1. Microstructure

Optical micrographs obtained from samples F, FP and P are
presented in Figure 1(a-f). Samples of the non-etched images used
for analyzing graphite morphology are shown in Figure 1(a, c, )
while etched samples for analysis of the matrix are presented in
Figure 1(b, d, f). A summary of the quantitative metallographic
analysis performed on the samples, along with the hardness
evaluation (HB) is reported in Table 2.
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Fig. 1. Microstructure analysis by optical microscopy of samples

F (a), (b); FP (¢), (d); and P (e), (f). Nital 2% etch employed for
images (b), (d) and (f)

Table 2.

Summary of the quantitative metallographic and hardness analysis
performed for graphite nodule classification and matrix
characterization on samples F (0%Cu-0.09%Mn), FP (0.38%Cu-
0.40%Mn) and P (0.69%Cu-0.63%Mn)

SAMPLE MATRIX NODULARITY NODULES CLASS HB

100% 2 140
F Ferrite 89.0% 198 mm \% L5
30%
Ferrite 2 210
FP 70% 90.1% 193 mm \'% +9
Pearlite
5%
Ferrite 2 230
P 95% 92.7% 215 mm \% 4
Pearlite
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By adopting the chemical composition values chosen
presented in Table 1, it was possible to obtain a certain
equilibrium in graphite morphology and distribution in the
different samples, with exception of casting P which exhibited a
slightly higher graphite count (215 nodules per mm? compared to
198 and 193 for the F and FP samples, respectively), which
accounted for a relatively larger nodularity area (92.7% compared
to 89.0% and 90.1% for the F and FP samples, respectively).
Despite these differences, according to the ASTM E2567-16a
standard, all alloys exhibited class V graphite nodules. As
expected, with larger amounts of Cu and Mn it was possible to
increase the relative volume fraction of pearlite to 95% (0.69%Cu-
0.63%Mn), compared to the fully ferritic matrix observed with no
Cu additions and the 30/70 ferrite-pearlite ratio observed for
sample FP (with 0.38%Cu-0.40%Mn). Also as expected, the
higher pearlite content was also connected to an increase in
hardness — a linear relation was identified (with a 0.998 R>
coefficient), indicating a similar pearlite hardness for samples FP
and P (between 235 and 240 HB).

3.2. Corrosion behavior

The corrosion behavior of the F, FP and P ductile irons are
investigated in Fig. 2, in which the PP diagram is shown, and Fig.
3(a-b), in which the EIS results are reported according to Nyquist
and Bode representations, respectively. The equivalent circuit
model used to analyze the EIS data is in turn presented in Figure 4
and a summary of the corrosion parameters obtained by analyzing
the experimental results is presented in Table 3.
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Fig. 2. Potentiodynamic polarization (PP) diagrams obtained for
samples F, FP and P in 3.5wt.% NaCl solution

The polarization diagrams presented in Figure 2 highlight on
the active corrosion behavior of the analyzed samples. The
samples did not exhibit passive behavior in the 3.5wt.%NaCl
solution even when polarizing to 1.5V, consistent with previous
reports on the corrosion resistance of ductile iron castings [7, 8].
It is possible to notice that samples exhibit similar cathodic and
anodic behavior. The anodic Tafel slopes determined for each
case remained in the range of 30 to 40 mV/decade, which
correspond to the dissolution of Fe in the form of Fe*" by either
Bockris or Heusler mechanisms, respectively. In neutral-pH
aerated solutions, the expected cathodic reaction is 2H,0 + O, +
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4e” — 40H’, which corresponds to a theoretical Tafel slope of
29.5 mV/decade. A significant deviation was, however, found in
the experimental values (on average close to 300 mV/decade)
which can be an indication that the cathodic reaction is partially
under diffusion control, i.e. as the overvoltage becomes more
cathodic the reaction rate increases at a lower rate than expected
because the O, molecules required for the reaction are slow to
diffuse from the electrolyte bulk to the sample surface.

Concerning the results of the EIS measurements presented in
Figure 3(a), it is possible to notice that the Nyquist plots reveal
the presence of a depressed capacitive arc. Further characteristics
of the materials electrochemical impedance behavior are
evidenced in Figure 3(b), which indicates that the arc shown in
Figure 3(a) has contributions of two time constants (as revealed
by the inflection point signaled by the arrow labeled as Rg + Ryp).
Quantitative analysis of the data (Table 3) was performed by
using the model presented in Figure 4, which takes into account
the presence of an oxide film on the metal surface which is
partially permeated by the electrolyte (either by the presence of
cracks or pores or simply because of incomplete surface
coverage) [13].

700 . . . . . .
= F o P
600 = FP Model
500 | .
<2 400 | E
£
[}
G 300}
N 200}
100 |
0 . . . . , .
0 100 200 300 400 500 600 700
2
7' [Qcm
a) [ 1
10° o o o . o o
2
E 1
S
N
10'
10°
b) Freq. [Hz]

Fig. 3. EIS results obtained for the F, FP and P samples in
3.5wt.% NaCl at the OCP: (a) Nyquist diagram and (b) Bode
diagram
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Fig. 4. Equivalent circuit model used for analyzing the EIS data

Thus, two electrochemical interfaces are present in the
system: metal/electrolyte (with polarization resistance given by
R;) and the oxide/electrolyte (with polarization resistance given
by R.,). The formation of an oxide film can be expected because
of the exposure to the 1.5 h exposure to electrolyte, prior to EIS
and PP analyses, for OCP stabilization. The whole ensemble is
formed still of a third impedance (R,) due to the solution itself.
The overall electrochemical impedance of the system is (Rs + R,
+ R,) appears as the low frequency plateau signaled by the arrow
in Figure 3(b). For modelling the non-ideal capacitive arcs,
constant phase elements where used (Q; and Q,). It is worth
noticing that the solution impedance (R;) remained practically
constant in all tested situations, a positive indication that testing
conditions remained consistent among different samples. The R,
values obtained for the F, FP and P irons also remained within the
corresponding standard deviation ranges and are indicative that,
for all tested materials, the surface oxides do not form a compact
layer which could be characterized as a stable passive film.

The results of the PP experiments summarized in Table 3
reveal that a shift of E., to more positive values with the
presence of pearlite in the matrix (and Cu in the alloy
composition), indicating less reactive behavior and an increase in
corrosion resistance. This trend was not reflected in the corrosion
rate, since the i, values determined by PP for all samples
remained within the experimental standard deviations. However,
the R, values determined by EIS — which are expected to be
inversely proportional to i, — also indicated an improvement in
corrosion resistance connected to the increase in Cu composition.
The values registered in Table 3 are consistent with previous
investigations of the electrochemical corrosion behavior of ductile
cast irons [7, 14]. For example, Arenas et al. [14] also reported a
shift in E_,, of approximately 50 mV in the positive direction of
pearlitic ductile (obtained with the addition of 0.68%Mn and
0.78%Cu) compared to a ferritic casting (0.19%Mn and
0.03%Cu) and values of iy, between 10.3 and 28.3 pA/cm’ in
dilute NaCl solutions.

Table 3.

Summary of the electrochemical corrosion analyses performed by
EIS and PP in 3.5wt.% NaCl containing naturally dissolved O,
(Ecorr — Corrosion potential; i, — corrosion current density; Ry —
solution resistance; R, — oxide pore resistance; R, — polarization
resistance)

E (V) lcorr Rs Rcp Rp
CORR (MAICM?)  (QCM) (QCM?) (QCM?)
-0.56 + 630 +
F o008 25451  23+£1.1 55+15.7 191
-0.51 590 £
FP 0 30£8.7  22+09 95+343 163
p o O3 E 300 22108 67£223 960+76
0.009 ) ) )

www.czasopisma.pan.pl P N www.journals.pan.pl

The addition of Cu has previously found to have a positive
influence on corrosion behavior ductile irons in the austempered
and as-cast conditions, which was attributed to an observed
decrease in graphite nodule count with 1%Cu and consequently a
reduced propensity for graphite corrosion [7]. In this work,
however, since the graphite nodule count was found in fact to be
increased with the amount of Cu, the positive influence in
corrosion behavior is supposed to be attributed to other factors.
According to Yamamoto et a/ [15], the dissolution rate of ferritic
materials is reduced by the presence of Cu due to the formation of
surface deposits and a decrease in the effective anodic reaction
area by the precipitation of metallic Cu o the alloy surface. In the
present study, precipitation can be expected since in both FP and
P irons Cu content exceeds the theoretical solubility limit in
ferrite (0.2%). These considerations are consistent with the results
presented in Table 3, which indicated that increasing the amounts
of Cu led to a positive variation in the alloy polarization
resistance (Rp), while the impedance due to surface oxide films
(R¢p) remained unaltered.

4. Conclusions

In the present work, the electrochemical corrosion behavior of
ferritic, ferritic-pearlitic and pearlitic ductile cast irons containing,
respectively, 0, 0.38 and 0.69%Cu was investigated by
potentiodynamic polarization and electrochemical impedance
spectroscopy. By using these compositions, it was possible to
preserve graphite nodule morphology while modifying the
metallic matrix (completely ferritic, partially ferritic-pearlitic and
mostly pearlitic for the 0, 0.38 and 0.69%Cu additions,
respectively). In addition, it was possible to show that increasing
Cu concentration in the cast irons led to higher values of the
corrosion potential and polarization resistance — indications of an
improvement in corrosion resistance.
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