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Influence of the Cooling Rate on Mechanical ®
and Corrosion Properties of Ferritic Si—-Mo Ductile s
Cast Iron

GAETANO PALUMBO, MARCIN GORNY, and ADAM BITKA

In this study, the effect of the cooling rate controlled by different castings thickness ranging
from 3 to 25 mm on the mechanical and corrosion behavior of Si—-Mo ductile iron (DI) castings
was investigated. SEM-EBSD investigations demonstrated that the nodule counts, nodularity,
and ferrite phase increased while the ferritic grain size decreased with decreasing in the casting
wall thickness; this in turn led to improvements in the tensile properties of the DI. The corrosion
behavior of Si-Mo DI castings was investigated after different immersion times in a 3.5 wt pct
NaCl solution via electrochemical experiments. The electrochemical results showed that the
corrosion resistance of Si-Mo DI decreased in the following order: 3 > 5 > 13 > 25 mm. The
results indicated that all of the tested DI samples exhibited galvanic corrosion between the
nobler carbide and ferritic matrix phases. SEM analysis showed that the dissolution of the
ferrite phase with the pearlite phase exposed and accumulated on the DI’s surface, which led to
intense corrosion acceleration. The higher corrosion rates that were observed for those samples
with higher casting wall thicknesses could be associated with the higher contents of

pearlite/carbide.
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I. INTRODUCTION

S1—MO ductile cast iron (Si-Mo DI) belongs to the
family of high-quality and modern ductile iron of which
microstructure consists of graphite spheres embedded in
a metallic ferrite matrix with a small fraction of pearlite
and carbides such as MgC and Fe,MoC.[M Si-Mo cast
iron differs from typical ductile iron due to its higher
contents of silicon (e.g., 4 to 6 pct) and molybdenum
(e.g., 0.5 to 2.0 pct), which makes it a material resistant
to oxidation to temperatures of up to 850 °C to
860 °C.””! The maximum pointwise temperature at full
engine load may be higher than 750 °C, and the main
damage mechanisms in service are high-temperature
oxidation and thermo-mechanical fatigue as reported by
Matteis et al.’! Combined with its reasonably low cost,
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the high-temperature mechanical and high-temperature
corrosion resistance properties of this material have
made it very attractive in applications such as exhaust
manifolds, turbine castings, and many types of ecle-
vated-temperature applications.!"*'? From an eco-
nomic standpoint, the manufacturing of thin-walled
castings has recently gained enormous popularity. The
literature reports that DI has strength-to-density and
elastic modulus-to-density ratios that are similar to
those castings that are made of aluminum alloys!'* '),
therefore, it can be used to produce relatively cheap
thin-wall-thickness and lightweight components with
good mechanical proFerties (even though DI is not a
light metallic alloy).'*'>) However, the process of
obtaining thin-walled castings is not simple. Gorny
et al'"*'% and Nofal er al'” reported that the cooling
rate strongly influenced the microstructure of the final
product and its mechanical properties. It was reported
that the yield stress increased after increasing the
pearlite fraction, while a reduction of the spheroidal
graphite fraction had an adverse effect on the tensile and
fatigue of the Si-Mo DI samples.['®:!"]

DI is a multiphase material, with each phase having
its own electrochemical potential. From a corrosion
point of view, the weak point of such a metallurgical
system is due to the formation of micro-galvanic cells
between the various phases with different corrosion
reactivities. These differences in potential could lead to a
dissolution of the less noble ferrite matrix phase (i.e.,
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anodic site) and an accumulation of residual cementite
and graphite (i.e., cathodic sites). This in turn can
further accelerate the corrosion rate of the metal.?% >
Gorny et al. observed that thinner casting wall thick-
nesses increased the formation of the ferrite phase.!*!®
Therefore, adjusting the microstructure is key for
improving the corrosion resistance of the manufacture.
Xiang et al. investigated the effect of graphite morphol-
ogy on the corrosion fatigue of ferritic Si-Mo—Al alloys
at high temperatures (i.e., 800 °C).l'% The authors
observed that increasing the wall thickness led to
undesired graphite morphology, which drastically
reduced the corrosion fatigue of the alloy. The literature
reports a plethora of studies regarding the corrosion
resistance of Si-Mo DI at elevated temperatures as a
function of its structure.>*!1%1224 However, limited
data exist regarding the corrosion behavior Si-Mo in
aqueous solution. Si-Mo DI components are also
subjected to the corrosion effect of the external envi-
ronment (e.g., rain, humidity, chloride solution, etc.).
Therefore, the knowledge of the corrosion mechanism of
Si—-Mo DI in aqueous environments as a function of the
cooling rate is very important, which may facilitate the
analysis of material loss.

In this work, the effect of the cooling rate controlled
by different castings thickness on the mechanical and
corrosion properties of Si-Mo spheroidal graphite cast
iron was studied. The corrosion behavior was carried
out by electrochemical techniques in a 3.5 wt pct NaCl
solution at different immersion times. The corroded
surface was then analyzed by scanning electron micro-
scopy (SEM) and with energy-dispersive X-ray analysis
(EDS) after electrochemical measurements.

II. EXPERIMENTAL METHODS
A. Alloy Preparation

Experimental melts were prepared in a 15-kg-capacity
graphite crucible using an electrical induction furnace of
an intermediate frequency. The furnace charge consisted
of Sorelmetal (high-purity pig iron: 4.46 pct C, 0.132 pct
Si, 0.01 pct Mn, 0.006 pct S, and 0.02 pct P), technically
pure silica, Fe-Mn, Fe-Mo, and steel scrap. After being
melted at 1490 °C, the liquid metal was held for two
minutes followed by spheroidization and inoculation
operations using the bell method. A Fe-Si-Mg [44 to 46
pct Si; 5.5 to 6.2 pct Mg; 0.8 to 1.2 pct Ca; 0.8 to 1.2 pct
RE and Fe (balance)] master alloy was used for the
spheroidization, while Fe-Si—-Ca—Ba—Al [73 to 78 pct Si,
0.75 to 1.25 pct Ca, 0.75 to 1.25 pct Ba, 0.75 to 1.25 pct
Al, and Fe (balance)] alloy was used for inoculation
purposes.'¥ The liquid metal was poured at 1360 °C
into Y block ingots with plate section sizes of 3, 5, 13,
and 25 mm at the bottom end (Figure 1). Sand molds
were made using green molding sand consisting of silica
sand, bentonite (7 wt pct), a water/bentonite ratio of 0.4,
and a granularity of 100 to 200 um. Moreover,
0.3-mm-diameter thermocouple tips made of Pt/PtRh10
wires located in the geometrical center of each mold
cavity were used to measure the real cooling rate close to
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Fig. 1-—Outline of test block castings with different wall thicknesses
(ie., 3, 5, 13, and 25 mm).

Table I. Chemical Composition of EN-GJS-SiMo045-6 Alloy
(Wt Pct)

C Si Mn Cu Ni Cr Mg Mo S Fe
3.16 4.63 0.18 0.01 0.0l 0.02 0.036 0.65 0.01 bal.

equilibrium eutectic temperature (7, = 1178 °C). T,
was determined according to the following equation®":

T.=1154+525Si — 14.88 P, 1]

where Si and P are silicon and phosphorus elements in
wt pct, respectively.

The chemical composition tests of the experimental
ductile irons were carried out using a SPECTRAMAXx
emission spectrometer with spark excitation (Table I).

B. Mechanical Test

Static tensile tests at a constant strain rate were
performed using a Zwick Roell AllroundLine Z10
machine that was equipped with a 10-kN load cell (0.5
class) and a dedicated specimen grip (Figure 2). A
laserXtens HPI-15 high-precision (0.5 class) speckle-
type laser extensometer combined with optical cameras
was applied for non-contact strain measurements (strain
rate 6.4 x 10> s7'). The ultimate tensile strength (R,,),
yield strength (Rp.2), and elongation (4) were automat-
ically extracted from the recorded curves by dedicated
software (ZwickRoell testXpert II). Moreover, Brinell
hardness measurements were carried out using an
HPO-250 hardness tester.

C. Electrochemical Experiments

The study was carried out on Si—-Mo ductile iron with
different casting wall thicknesses (i.e., 3, 5, 13, and
25 mm). The samples were inserted in an epoxy resin
with a flat surface area of 1 cm?. Before each test, the
exposed surface was ground with silicon carbide abra-
sive paper and polished up to 1 um. The samples were
then ultrasonically cleaned with absolute ethanol and
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Fig. 2—(a) Tensile specimen shape and dimensions; () tensile test specimen assembly.

dried. The electrochemical experiments were performed
in a three-electrode cell using a Gamry reference 600
potentiostat/galvanostat electrochemical system that
consisted of a platinum foil (i.e., the counter elec-
trode—CE), a saturated calomel electrode (SCE) that
was (i.e., reference electrode), and the tested metal that
was used as the working electrode. The electrochemical
impedance spectroscopy (EIS) tests were recorded at the
open-circuit potential (OCP) within a frequency range of
10 kHz to 10 mHz and an amplitude of 10 after prefixed
immersion times (i.e., 6, 12, 18, and 24 hours). The EIS
results were then simulated with ZSimpWin 3.5 software
with the proper electrical equivalent circuit (EEC). The
potentiodynamic (PDP) tests were carried out within a
range of + 250 mV vs OCP with a scan rate of
1 mV s~ ! after maintaining the sample for 24 hours in
the tested solution. The corrosion current density (icorr)
and the cathodic (f.) and anodic (f,) Tafel constants
were determined using Echem Analyst 5.21 software.
The corrosion rate (CR) was calculated according to
ASTM G102 using the following equation*®:

3.27 x 10 3 icor Ew

d b
where 3.27 x 107 is the conversion factor, i.oy is the
corrosion current density, E,, is the equivalent weight of
the metal, and 4 is the metal’s density. All of the
experiments were carried out in a 3.5 wt pct NaCl
solution that was prepared from analytical reagent-
grade sodium chloride and pure deionized water with an
electrical resistivity of 0.055 uScm™'at T = 25 + 1 °C.

CR(mmy )=

2]

2364—VOLUME 54A, JUNE 2023

D. Surface Analysis

The tested samples were analyzed using a JEOL
JSM-550LV scanning electron microscope and equipped
with energy-dispersive X-ray analysis. A Leica MEF 4M
microscope and a QWin v3.5 quantitative analyzer were
used to carry out the metallographic analysis. To study
the ferrite grain size, a Tescan Mira scanning electron
microscope that was equipped with an Oxford Electron
backscatter diffraction (EBSD) detector was used.

III. RESULTS AND DISCUSSION

A. Microstructure

Figures 3 and 4 show the microstructure and an
inverse pole figure (IPF) map of the investigated Si-Mo
DI samples, with the morphological details listed in
Table II. The SEM micrograph analysis revealed that
the microstructure consisted of a ferrite matrix, spher-
oidal graphite, and minor amounts of island-like pearlite
that surrounded the carbide phase (i.e., Fe;MoC and
MC) in the intercellular regions.!'"'* From Table II, it
follows that the cooling rate increased exponentially as
the casting wall thickness decreased; moreover, it can be
seen from Figures 3 and 4 that the cooling rate
influenced the microstructure of Si-Mo DI. The
graphite nodule count and the ferrite fraction decreased
with an increase in cooling rate. The EBSD analysis
showed that the ferrite’s average grain size also
increased from 22.65 to 37.05 ym with the changes in
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Fig. 3—SEM microstructure of Si-Mo ductile iron: (a) casting No. 1; (b) casting No. 2; (¢) casting No. 3; and () casting No. 4. Nital-etched

samples.

the cooling rate, and the texture of the Si-Mo DI
samples was random.

B. Mechanical Properties

Figure 5 shows the effect of the cooling rate on the
mechanical properties of the tested samples. It can be
observed that the tensile strength (R,,), yield strength
(Rpo2), and elongation (A4) decreased, whereas the
hardness increased, as the cooling rate decreased.
Among all of the factors, the graphite nodule count
and nodularity play a significant role in enhancing the
tensile properties of the DI.*7 %! The high nodularity
implies a more regular graphite nodule, which results in
fewer stress concentration sites in the graphite—ferrite
interface.™¥ These results are in good agreement with
those of a previous study; Javaid et al.** observed that
the mechanical properties of samples with lower casting
wall thicknesses increased due to the more homogeneous
microstructure (i.e., higher nodule count and graphite
nodularity). Moreover, the carbide content also can
affect the mechanical properties of the DI alloy. Mohd
et al.”? and Alabbasian et al.®” reported that DI with a
lower carbide content showed better mechanical prop-
erties. From the data listed in Table II and Figure 5, it
follows that although the cooling rate varies in a broad
range (1 to 37°Cs') when changing the section
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thickness from 25 to 3 mm, accompanied by finer
microstructure features, the resulting mechanical prop-
erties are not fundamentally different from each other.
In this connection, the results confirmed the high
uniformity of mechanical properties in a wide range of
cooling rates between thin-walled and thicker-walled
castings.

C. Electrochemical Experiments

1. EIS measurements

Figure 6(a) and (b) shows the Nyquist and Bode plots
obtained after 24 hours of immersion in the tested
solution for the different cooling rates, respectively. For
all of the tested samples, the obtained EIS diagram
shows a broad depressed semicircle all over the studied
frequencies. The morphological analysis showed that all
of the sample surfaces were covered with gray-black and
thick red porous corrosion-product layers (Figure 10);
therefore, the data that were obtained from the EIS
experiments were fitted with an electric equivalent
circuit (EEC) with two-time constants, as shown in
Figure 6(a) and the fitting parameters are listed in
Table I1I. In this EEC, Rq is the electrolyte resistance, Ry
and CPEg are the resistance and constant phase element
of the corrosion products formed after 24 hours of
immersion, respectively, while R, and CPEy are the
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Fig. 4—EBSD Mapping of Si-Mo ductile: (a) casting No. 1; (b) casting No. 2; (¢) casting No. 3; and (d) casting No. 4. No etched samples.

Table II. Microstructure Analysis of Si—-Mo DI Samples

Casting  Wall Thick-  Cooling Rate Graphite Nodule Graphite Nodu- Ferrite Volume Ferrite Average
No. ness (mm) (°Cs™h Count (mm~?) larity (Pct) Fraction (Pct) Grain Size (um)
1 3 36.6 608 91 86 22.65
2 5 12.8 411 90 85 25.72
3 13 2.5 201 87 81 34.74
4 25 1.3 168 85 78 37.05

charge transfer resistance and constant phase element
representing the double-charge layer capacitance,
respectively. It can be seen from Figure 6 that all of
the experimental data showed an excellent fit, and the
low values of the chi squared (y°) are listed in Table III
indicating a good fit with the proposed EEC. The value
of the polarization resistance can be used to characterize
the corrosion resistance of the steel. It is well known that
a metal with higher polarization resistance (R;) shows
better corrosion resistance properties. It follows from
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the data that the value of R, decreased after decreasing
the cooling rate from 878.10 to 606.39 Q cm?; therefore,
the corrosion resistance of the samples follows this
order: 1>2>3>4. The microstructure of Si-Mo
ductile iron (DI) is mainly composed of a ferrite metallic
matrix (= 88 pct), graphite nodules (=~ 10 pct), and a
small percentage of segregation in the form of carbides
(i.e., Fe;MoC and MC) surrounded by a pearlite island
at the intercellular regions (Figure 3). In a multiphase
metal, these microstructural components can not only
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Fig. 6—EIS plots recorded after 24 h of immersion time in a 3.5 pct NaCl solution: (a) Nyquist; (b) Bode.

affect its mechanical properties but also greatly influence
its corrosion resistance. The schematic model displayed
in Figure 7(a) can be used to describe the micro-corro-
sion phenomena that occur on a multiphase metal
surface. Graphite is nobler than the DI ferrite matrix;
thus, the difference in the electrochemical potential
establishes micro-galvanic cells at the graphite—matrix
interface (Figure 7(b)). The galvanic coupling leads to
the preferential dissolution of the matrix around the
graphite, leaving voids and a porous mass of corrosion
products around the graphite nodule (Figure 7(c)), as
shown in the SEM analysis presented in Figure 10. This
phenomenon is well known as graphitic corrosion. An
analysis of the microstructure showed that, with
decreasing the cooling rate, the graphite nodule count
decreased, while their sizes increased. However, it is
worth mentioning that Gorny er al.l'¥ observed that the
average graphite area did not change significantly in a
previous study; therefore, it can be speculated that the
drop in the corrosion resistance of the steel with
decreasing the cooling rate should not be attributed to
this phenomenon. On the other hand, the carbide
fraction increased when the cooling rate decreased.
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The iron carbide that is present in the pearlite phase is
less active than the ferrite phase; thus, the latter phase
acts like an anode, and the former behaves like a
cathode.”® Furthermore, the galvanic effect between the
lamellar ferrite and the lamellar cementite in the pearlite
phase is stronger than that between the lamellar
cementite and the pro-eutectoid ferrite region; therefore,
the anodic dissolution rate of the lamellar ferrite is faster
than that of the pro-eutectoid ferrite region.”?**"! After
the preferential dissolution of the lamellar ferrite, a
stable residual cementite region accumulates on the
metal surface, thus, increasing the cathodic area, which
in turn enhances the galvanic effect?®>!"! and further
accelerates the dissolution of the metal.l**!

An analysis of the microstructure of the tested
samples (Table II) also revealed as the cooling rate
decreased, the ferrite’s average grain size increased. The
EIS results suggest that the corrosion resistance of the
Si-Mo DI samples decreased along with an increase in
the grain size. Similar results have also been reported in
the literature for steel alloys in a 3.5 wt pct NaCl
solution. It is well known that grain boundary regions
have higher electrochemical activity as compared to the
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Table III. EIS Parameters of Samples After 24 h of Immersion
CPE¢ CPEy
-1 n —1 .n
Casting  Immersion R, (Q Canlf(zmQ s ne R (Q Qar érn;g) s " Ry (Q R, Ri + Ry %°
No. Time (h) cm?) T em?) a4 em?) (Q cm?) (1o~
1 6 7.38 0.69 0.79 10.25 0.93 0.78 884.70 894.95 4.87
12 7.28 0.81 0.76  13.96 0.93 0.74 842.70 856.66 4.99
18 7.20 0.93 0.74  15.13 0.81 0.73  847.60 862.73 3.59
24 7.13 1.02 0.74 17.80 0.86 0.72  836.30 878.10 4.25
2 6 6.22 1.15 0.76  11.60 1.12 0.74  751.50 763.10 4.95
12 5.99 1.03 0.76  14.59 1.04 0.74 753.80 768.39 3.36
18 5.93 0.98 0.75 16.73 0.86 0.75  735.90 752.63 2.44
24 5.85 0.95 0.76  17.59 0.82 0.75 705.10 722.69 3.03
3 6 8.47 1.39 0.69 14.49 0.55 0.78  684.50 698.99 3.56
12 8.26 1.66 0.68 16.33 0.63 0.75 71490 731.23 3.95
18 8.11 2.31 0.65 20.30 0.31 0.75 689.40 709.07 3.23
24 8.01 2.62 0.64  23.65 0.56 0.74  651.11 674.76 5.84
4 6 8.42 1.15 0.69 35.22 0.33 0.82  601.90 637.12 6.46
12 8.32 1.40 0.68  26.18 0.52 0.82  640.90 667.08 2.27
18 8.48 1.64 0.69  30.25 0.41 0.83 62290 653.15 3.83
24 8.21 1.56 0.67  30.65 0.49 0.79  588.70 619.35 3.28

Remanent lamellar cementite (cathode)

el
PR

Iron oxide layer

Tau g
K& ,ml
d

()

Fig. 7—Schematic model of anodic and cathodic interactions of Si-Mo ductile iron. (@) polished metal; (b) micro-galvanic cells; (c¢) preferential

dissolution of the matrix.

inside part of the grain.”*>* The volume fraction of the
grain boundaries increases with grain refinement; as a
result, grain-grain boundary micro-galvanic cells are
formed all over the metal surface. The even distribution
of these micro-galvanic cells on the metal surface
promotes the nucleation of the inner corrosion-product
layer, which in turn prevents the aggressive solution
from reaching the metal surface. However, it is worth
mentioning that if on one hand, the Hall-Petch equation
well describes the correlation between the mechanical
properties and grain size of the steel, on the other hand,
the relationship between the corrosion behavior and the
grain size of the steel is not so straightforward. There
seems to be no unanimous consensus regarding the effect
of grain size on the corrosion of steel alloys. Some
studies have also reported that, in a 3.5 wt pct NaCl
solution, finer grains tend to decrease the corrosion
resistance of steel alloys.’* *! Nevertheless, the varia-
tion of grain size with the cooling rate is also an
important factor that must take into account, which can
also contribute to influencing the corrosion behavior of
tested samples.
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Fig. 8—Potentiodynamic polarization curves after 24 h of immersion
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2. PDP measurements
Figure 8 and Table IV show the potentiodynamic
polarization measurements and the corresponding
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Table IV. Corrosion Parameters of Si-Mo DI Samples Recorded After 24 h of Immersion in a 3.5 pct NaCl Solution

Casting No. E.on (V) Be (V dec™) Ba (V dec™ ) feorr (LA cm™?) CR (mm y )
1 —0.856 0.183 0.122 7.36 0.09
2 —0.843 0.218 0.139 12.47 0.15
3 — 0.834 0.211 0.150 15.60 0.19
4 — 0.867 0.210 0.169 18.89 0.23

corrosion kinetic parameters observed after 24 hours of
immersion in the tested solution, respectively. It follows
from the data that the corrosion current density
increased with decreasing the cooling rate. As the
fraction of the pearlite-carbide phase increased, the
number of micro-galvanic cells also increased, making
the DI more active thermodynamically. Furthermore,
the cathodic and anodic current densities varied with the
cooling rate. The cathodic (f.) and anodic (f,) Tafel
slopes of the DI increased from 0.180 to 0.210 V dec ™
and 0.122 to 0.169 V dec™ ', respectively, with decreasing
cooling rate. These results suggest that there was a
change in the rate-determining step from a charge
transfer to a combination of a charge transfer and a
limit diffusion step?®?*** with an increase in the
pearlite-carbide fraction.

In an aerated solution, the cathodic reaction of steel is
characterized by the reduction of oxygen:

0, + 2H,0 + 4e” — 40H . 3]

The anodic reaction is characterized by the dissolu-
tion of the ferrite phase.

Fe — Fe?™ + 2e™. [4]

With the dissolution of the lamellar ferrite, the narrow
gap left between the lamellar cementite inhibits the
diffusion of O, and Fe?> " ions that are moving toward or
away from the metal surface,**" thus, changing the
rate-determining step. The corrosion rate of the samples
calculated with Eq. [2] follows this order: 4 > 3 > 2 > 1,
which is in agreement with the EIS results.

3. Effect of time

The Nyquist and Bode plots of the tested samples
carried out after different immersion times (e.g., 6, 12,
18, and 24 hours) in a 3.5 wt pct NaCl solution are
shown in Figure 9. The EIS data were fitted with the
EEC shown in Figure 6(a), and the fitting parameters as
a function of the immersion time are listed in Table III.
It can be seen from the Nyquist and Bode plots that all
of the Si-Mo DI samples exhibited a similar depressed
capacitive loop with little differences in the diameters of
the capacitive arc and impedance modulus at 0.01 Hz
(Zop.01 1) It follows from the data that the values of R
slightly decreased with increased immersion times. These
results indicate that the corrosion mechanism did not
change over time and that all of the DI steels were
characterized by good corrosion resistance after long
immersion times. The ng exponent also decreased
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slightly after prolonged immersion times. The n expo-
nent in CPE is a measure of the surface homogeneity of
the metal®’); Therefore, the change of this parameter
indicated a certain increase in the surface roughness.
This observation is in agreement with the SEM analysis
presented in Figure 10.

D. Surface Analysis

An SEM analysis of the Si-Mo DI samples after
24 hours of immersion in a 3.5 wt pct NaCl solution is
shown in Figure 10. After 24 hours of immersion, all of
the surface samples were covered by a thick and uneven
red porous corrosion-product layer (Figures 10(a’)
through (d”)), which was mainly composed of iron oxide
and NaCl, as revealed by the EDS analysis listed in
Table V. The presence of NaCl can be ascribed to the
residual corrosion solution. Moreover, this layer was
loosely adherent to the DI surface and was easy to
remove. Figure 10(a) through (d) shows the DI sample’s
surface after removing the corrosion-product layer. It
can be observed that all of the DI samples showed
homogenous corrosion, with a selective attack around
the graphite nodules due to the graphitic corrosion. The
attack formed microcrevices around the graphite nod-
ules (Figure 11(a)), thus, leaving a mass of corrosion
products (i.e., mainly iron oxide) and a carbon powder
layer that surrounded the nodules. Moreover, the
figures show the remaining lamellar cementite structure
and the island-like carbide phase protruding from the
DI surface (Figure 11(b)), resulting from the dissolution
of lamellar ferrite in the perlite and the adjacent ferrite
phase matrix. As the immersion time increased, the
lamellar cementite gradually accumulated on the metal
surface.’*?!] Furthermore, even though detachment of
the lamellar cementite adjacent ferrite phase matrix is
difficult, it is also possible that some cementite might
have fallen off from the matrix to the solution*" (e.g.,
the red lines that are shown in Figures 7(a) and (b)) and
precipitated on the DI surface. The EDS analysis (the
red square in Figure 10) showed the presence of Fe, C,
Na, and other alloying elements of the DI steel’s surface,
which might have been due to the accumulation of
residual Fe;C and the corrosion solution.

IV. CONCLUSIONS

The effect of the cooling rate on the mechanical and
corrosion properties of Si—-Mo ductile cast iron was
investigated in this paper. The findings can be summa-
rized as follows:
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Fig. 9—EIS plots for tested steels as a function of immersion times. (¢, b) casting No. 1; (¢, d) casting No. 2; (e, f) casting No. 3; and (g, h)

casting No. 4.

2370—VOLUME 54A, JUNE 2023

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 10—SEM analysis after 24 h of immersion in a 3.5 wt pct solution: (a’) casting no. 1; (") casting no. 2; (¢’) casting no. 3 and () casting
no. 4 (with loosely adherent corrosion products). (a) casting no. 1; (b) casting no. 2; (¢) casting no. 3 mm; and (d) casting no. 3 (after washing).

Table V. EDS analysis Carried Out After 24 h of Immersion

Casting No. C O Si Mn Ni Mo Na Cl Fe
Porous Layer
1 13.21 1.31 0.05 0.08 0.25 1.54 4.74 78.82
2 — 12.45 1.45 0.14 0.05 0.15 1.58 4.55 79.63
3 0.31 16.50 1.17 0.24 0.08 0.16 1.53 3.16 76.85
4 0.61 12.43 2.16 0.08 0.07 0.17 1.61 4.48 78.39
Metal Surface
1 1.80 1.10 4.53 0.23 0.29 0.37 0.42 — 91.27
2 1.67 2.57 4.20 0.21 0.12 0.76 1.32 — 89.15
3 2.44 1.63 3.83 0.05 0.40 0.51 0.74 — 93.40
4 242 1.66 5.18 0.08 0.09 0.64 0.34 — 89.59
Micro-crevice 13.92 7.11 3.12 0.35 0.19 0.18 5.48 — 69.65

(a)

(b)

An SEM-EBSD analysis showed that an increase
in the cooling rate led to a more homogeneous
structure and increased the tensile properties of
the Si-Mo DI.

The electrochemical results showed that the cor-
rosion resistance of the DI steel decreased with
decreases in the cooling rate. The results revealed
that the difference in corrosion resistance could
have been attributed to the increase in
pearlite-carbide  segregation  fraction while

METALLURGICAL AND MATERIALS TRANSACTIONS A

decreasing the cooling rate due to the galvanic
effect between the nobler cementite phase and the
ferrite phase. Moreover, the electrochemical
results carried out at different immersion times
showed that the corrosion rate of the DI steels
only slightly increased with longer immersion
times; this indicated that the DI steels were
characterized by good corrosion stability over
time.
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Micro-crevice———=x*

Fig. 11—(a) Micro-crevice generated after graphitic corrosion; (b) carbide phase surrounded by lamellar pearlite.

(c) EBSD microstructure analysis revealed that the
ferrite grain size increased with decreases in the
cooling rate, which could have also contributed to
influencing the corrosion behavior of the tested
samples.

(d) SEM analysis revealed that, after 24 hours of
immersion, the DI steels were covered by a thick
and uneven red porous corrosion-product layer
that was mainly composed of iron oxide loosely
adhered to the metal surface. Furthermore, all of
the DI samples showed homogenous corrosion,
with selective attacks around the graphite nodules
and the remaining island-like lamellar cementite
structure.
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