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Abstract

This study investigates the corrosion behavior and surface morphology of carbidic ductile iron (CDI) and carbidic austempered ductile iron
(CADI) in 3.5% NacCl, focusing on the effects of heat treatments at 275°C and 375°C and alloying with Nb (0 and 1 wt.%) and Cr (1 and 1.5
wt.%). The corrosion characteristics were evaluated with and without the addition of NazWOx as an inhibitor (0.1 g and 0.2 g). At 275°C, the
1Cr-Nb alloy exhibited the lowest corrosion rate (CR) of 0.003 mm/y in 3.5% NaCl without inhibition, which further decreased to 0.001
mm/y with the addition of 0.2 g NaWOsa. The surface morphology of the corroded alloys reflected their corrosion behavior, revealing
evidence of uniform corrosion, localized pitting, and galvanic corrosion. These findings highlight the influence of heat treatment, alloying
elements, and inhibition on the corrosion resistance of CDI and CADI in saline environments.

Keywords: Corrosion behavior; Sodium tungstate inhibitor; Carbidic ductile iron; Carbidic austempered ductile iron; Microstructure

1. Introduction

Cast iron has consistently been regarded as a favored material due to its widespread availability, inherent properties, cost-
effectiveness, and recyclability. Examples of cast iron types include ductile iron, gray cast iron, and vermicular graphite cast
iron [1-3]. Pressure pipes, wind turbines, agricultural machinery, construction, and automobiles, among others, utilize ductile
iron, a high-strength material known for its exceptional plastic toughness, fatigue resistance, shock absorption, and tensile
strength [4-6]. Ductile iron pipes possess ductile and compressive properties that render them two to three times stronger than
gray cast iron pipes [7-9]. Unlike the comprehensive studies on the mechanical properties and wear characteristics of ductile
iron in recent decades [10-12], corrosion resistance has historically received less attention [13-16]. Ductile iron manufacture is
increasing to meet the market's unquenched need. The metal is durable, enduring, and economical. The mechanical
characteristics of nodular cast iron have been the focal point of extensive research. Various alloying elements or the application
of suitable heat treatment can achieve this [17-19]. The good strength, ability to harden on the surface, corrosion resistance,
high modulus of elasticity, easy casting, and other physical, mechanical, and technological features of ductile iron make it easy
for its production to grow quickly. Austempering heat treatment (H.T.) can transform ductile iron into austempered ductile iron
(ADI) [20-24]. In terms of the percentage of repair and maintenance expenses attributed to corrosion, ductile iron (DI)
components rank highest. Some individuals have hypothesized that the extreme conditions in which these materials operate lead
to their eventual degradation in service [25]. ADI has a unique ausferrite microstructure made up of retained austenite that is
high in carbon and needle-shaped ferrite [26-29]. Certain iron and aluminum alloys are inferior to materials possessing an
ausferrite microstructure. The austempered matrix provides the optimal ratio of ductility to tensile strength among several types
of ductile iron. Variations in alloying element concentrations and heat treatment parameters can yield ADI with distinct
mechanical properties [30-32]. The proper process involves austenitizing ductile iron at the appropriate temperature for the
specified duration, quenching it at the austempering temperature (preferably in a salt bath), and thereafter permitting it to drop
to the ambient temperature [33].

Austenitize ductile cast iron commonly procedure at temperatures greater than 850 °C before cooling it in a salt bath kept at
230 to 400 °C to create Austempered Ductile Irons (ADIs). Because carbon and silicon are present in larger proportions in
austenite, its transformation behavior during austempering differs from carbon steels [34, 35]. Here, carbon-saturated austenite
grows in thin sheets that let ferrite plates form inside the initial austenite grains. As carbon saturation rises, diffusion becomes
increasingly limited until it completely stops, thereby halting plate expansion. The stabilization of residual high-carbon austenite
is achieved by preventing the production of martensite or cementite and then cooling to normal temperature. Three
microstructure components emerge from this process: retained austenite, acicular ferrite, and ausferrite [36-38]. To keep
hardness and strength losses to a minimum, low-temperature tempering is a common method [39]. By increasing the possibility
of secondary hardening during high-temperature tempering, Cr-cast iron improves the mechanical characteristics of the material
even further [40, 41]. However, Ronnie et al. [42] observed a decrease in wear resistance in G350 cast iron as the tempering
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temperature increased, a phenomenon they explained by the development of coarse carbides [43]. Nb also improves toughness,
hardness, and wear resistance by changing the temperatures and speeds at which martensite and bainite change into each other
[44]. The formation of necessary carbides and nitrides is another way that Cr facilitates austenite crystallization [45, 46].
Research by Chen et al. [47] indicates that nickel alloying significantly influenced the microstructure, toughness, and wear
resistance of ADI. Their study primarily focused on the microstructures of graphite and bainite, the bainite transition, and the
variables influencing austempering. The Nb enhanced the bainite and pearlite phases by modifying the transition temperature
and kinetics. Surface scratching facilitated the incorporation of niobium carbides (NbC) particles into the microstructure. The
fact that NbC particles are evenly spread out within eutectic cells suggests that they formed before the eutectic solidified. The
results indicated that Nb enhanced the mechanical and microstructural characteristics of the ADI process. When ADI and other
graphite cast irons undergo a certain austempering temperature and reduced holding time, needle-like ferrite platelets may
develop. Conversely, ferrite exhibits increased coarseness when exposed to elevated austempering temperatures or prolonged
holding durations. An additional austempering process can convert carbon-laden austenite into carbide and bainitic ferrite [48].
Carbidic Ductile Iron (CDI) is a type of ductile iron with carbide phases intentionally present in its microstructure. It is
specifically designed to offer high hardness and superior wear resistance compared to traditional ductile iron. Its
microstructure consists of carbides, typically Cr, Nb, or V carbides, alongside a ferrite or pearlite matrix, which provides
some degree of strength, and graphite nodules, which enhance machinability [49]. A subset of ductile cast iron, carbide-
austempered ductile iron (CADI), has some unique properties. Carbide inclusions in iron produce an ausferritic matrix that
enhances the material's toughness, strength, hardness, and resistance to abrasion. CADI is perfect for usage in the automotive,
agricultural, earthmoving, mining, construction, and military industries due to its reduced production complexity and cost-
effectiveness [49, 50]. The performance of carbidic ductile iron (CDI) and carbidic austempered ductile iron (CADI) in
corrosive environments is of significant concern such as 3.5%NaCl. This study investigates the corrosion behavior of CDI
subjected to various heat treatment conditions with additions of Nb (0 and 1 wt.%) and Cr (1 and 1.5 wt.%) in 3.5%NaCl
environments with/without inhibitor (Na2WOs) (0.1 g and 0.2 g). The austempering temperatures, to transfer the CDI to
CADI, are investigated at 275°C and 375°C. The corrosion behavior of the CDI and CADI with different heat treatments
using potentiodynamic polarization (PDP) in 3.5% NaCl. Also, the surface morphologies of the corroded CDI and corroded
CADI with different heat treatments were investigated.

1. Experimental work

The primary components, comprising steel scrap and Sorel pig iron, are liquefied in a medium-frequency induction furnace.
The vortex technique is used to enhance the dispersion of elements or particles in molten metal. It promotes spheroidization and
aids in inoculation therapy. All information regarding the alloys' chemical composition can be found in Table 1. Samples
undergo austempering at 275 and 375 °C and 375°C for 1.5 h following austenitization at 900 °C for 1 h. The specimens are
analyzed via optical microscopy (OM).

Table 1. Chemical compositions of the CDI.

Element, wt.%
Alloys
C Si Mn Cr Nb Fe
1%Cr 3.6 25 0.2 1.0 -- Bal.
15%Cr 3.6 25 0.2 15 -- Bal.
1% Cr-1%Nb 3.6 25 0.2 1.0 1.0 Bal.
1.5 % Cr-1%Nb 3.6 25 0.2 15 1.0 Bal.

2.1 Corrosion Measurements

Potentiodynamic polarization (PDP) experiments were performed on the CDI and CADI samples at room temperature (RT)
utilizing a PGZ 100 Potentiostat in conjunction with a three-electrode cell. A saturated calomel electrode (SCE) functioned as
one reference electrode, while the other auxiliary electrode was platinum, and the Voltamaster 6 software. Specimens with a
surface area of 1 cm2 were produced using various SiC grinding papers, from 100 mesh to 1200 mesh. Subsequently, the
specimens were polished with 0.3 pm alumina paste. Potentiodynamic polarization (PDP) spanning from -500 mV to 500 mV
was employed with a scan rate of 2 mV/s. The specimens (CDI and CADI) were evaluated for electrochemical behavior in a
3.5% NaCl solution, with and without the catalyst sodium tungstate (Na.WO.) at concentrations of 0.1 g and 0.2 g, respectively.
The electrochemical parameters obtained from the PDP experiment were conductivity (CR), corrosion potential (Ecorr), and
corrosion current density (icorr). The icorr Values were derived from Tafel potential diagrams, whereas the corrosion rate (CR)
values were computed using Eq. (1) [51-53]:

0.00327*i¢orr*Eq.wt

CR (mm/y) = - (1)

The icorr represents the current density (mA/cm?), Eq. wt. is the equivalent weight (in grams), and D is the specimen density
(g/cmd).
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Under varying circumstances of 3.5% NaCl, the surface morphology of the corroded area was studied. The surface appearance,
content, and elemental distribution were examined using scanning electron microscopy (SEM).

2. Results and Discussions

3.1. Microstructure Before Corrosion

The optical microstructures of CDI and CADI with different heat treatments were examined. The OM images of CDI alloys are
shown in spheroidal graphite and carbides (white regions) in the pearlite matrix in Fig.1. The Cr additive responsible for carbide
precipitation in the DI during solidification is called CDI. The OM images of different CADI alloys at 275 °C are provided in
Fig. 2. In contrast, the OM images of other CADI alloys at 375 °C are shown in Fig. 3. The OM images of different CADI alloys
with various HTs involve graphite spheroids and carbides that are uniformly distributed in the ausferrite matrix. The Cr and Nb
additions significantly influence the optical microstructure of CDI and CADI alloys. The Cr promotes the formation of hard
carbides, particularly M7Cs, enhancing wear resistance while refining the microstructure by suppressing the growth of ferrite
and pearlite. The Nb, being a strong carbide former, leads to the precipitation of NbC, which acts as nucleation sites, further
refining the graphite nodules and primary carbides. In CADI, the austempering process transforms the retained austenite into
bainitic ferrite, with Cr and Nb contributing to finer bainitic sheaves and improving phase stability. The combined presence of
Cr and Nb enhances the carbide network’s homogeneity, leading to a more uniform optical microstructure, with reduced graphite
segregation and improved mechanical properties [54].

o 1 2

: 4 : i .‘.,.‘
1%Cr-1%Nb §

S

Fig. 1. The OM images of different CDI alloys with different Cr and Nb additions.
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Fig. 3. The OM images of different CADI alloys with heat treatment at 375 °C for different additions of Cr and Nb.
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2.2 Corrosion behavior

Potentiodynamic polarization (PDP) curves for CDI and CADI alloys in 3.5% NaCl without inhibitors are presented in Figs. 4,
5, and 6, with the corresponding electrochemical parameters summarized in Table 2. Fig. 4 shows the PDP plots of CDI alloys,
while Figs 5 and 6 display the PDP curves of CADI at austempering temperatures of 275°C and 375°C, respectively. According
to Table 2, the lowest CR value in CDI alloy exposed to 3.5% NaCl is observed for the 1.5Cr-Nb sample (0.252 mm/y), whereas
the highest CR is recorded for the 1Cr sample (0.405 mm/y). This improved corrosion resistance is attributed to the formation
of a protective chromium oxide layer on the surface. However, after heat treatment at 275°C and 375°C, Cr and Nb promote
carbide formation, which results in increased CR values. The formation of niobium carbides reduces the potential for chromium
carbide formation, thereby enhancing corrosion resistance. At 275°C, the 1Cr-Nb alloy shows the lowest CR (0.003 mm/y),
while the 1.5Cr alloy exhibits the highest CR (0.450 mm/y). Increasing the heat treatment temperature to 375°C promotes the
formation of more carbides, further diminishing corrosion resistance. At 375°C, the 1Cr-Nb alloy again demonstrates the lowest
CR (0.016 mm/y), whereas the 1.5Cr alloy reaches the highest CR (0.863 mm/y).

The corrosion resistance of CADI samples subjected to elevated austempering temperatures in NaCl solutions is improved.
Localized corrosion phenomena, such as pitting, are less probable when a more homogeneous ausferritic structure develops.
The alloy surface exhibits enhanced protection against chloride-induced corrosion due to the increased stability of the passive
film. Conversely, CADI treated to lower temperatures exhibits a suboptimal phase distribution and diminished passive film
formation, rendering it more susceptible to corrosion. Austempering generates bainitic ferrite and high-carbon-retained austenite
by diminishing current density and augmenting potential, hence enhancing corrosion resistance to CADI [55]. The Nb enhances
cast iron's tensile strength, hardness, and wear resistance while maintaining its toughness. The incorporation of nickel into cast
iron alters its microstructure, resulting in a refinement of the graphite and eutectic structures. The corrosion resistance of some
cast irons correlates with the nickel content. Niobium carbides precipitate from liquids upon addition [56].

Table 2. The electrochemical parameters from Tafel of different CDI and CADI alloys without inhibitor in 3.5%NacCl.

Alloys Ecorr mV lcorr ]J.A/sz CR, mmly
1Cr -883.4 0.059 0.405
cDI 15Cr -888.7 0.054 0.368
1Cr-Nb -657.2 0.056 0.381
1.5 Cr-Nb -708.7 0.037 0.252
1Cr -689.8 0.023 0.158
CADI 1.5Cr -854.0 0.066 0.450
(275°C) 1 Cr-Nb -778.3 0.005 0.003
1.5 Cr-Nb -636.6 0.057 0.071
1Cr -7171.4 0.109 0.742
CADI 1.5Cr -755.3 0.126 0.863
(375°C) 1 Cr-Nb -637.0 0.002 0.016
1.5 Cr-Nb -681.8 0.008 0.057

—1Ch 1 Cr-1Nb 1.5 Cr —1.5Cr-1Nb

Current density, pA/em?

__‘ L | ' 1 L l 1 1 i
T T Y T T T T

-1.3 -1.2 -1.1 -1 09 08 <07 -06 05 04 -03

Potential, (V) vs. SCE

Fig. 4. The PDP plots of the CDI alloys with different additions of Cr and Nb at RT.
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Fig. 5. The PDP plots of the CADI with heat treatment at 275 °C with different additions of Cr and Nb at RT.
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Fig. 6. The PDP plots of the CADI with heat treatment at 375 °C with different additions of Cr and Nb at RT.

The PDP curves for various conditions of CDI and CADI in 3.5% NaCl with 0.1 g Na2WOQa are shown in Figs 7, 8, and 9, with
the corresponding electrochemical parameters summarized in Table 3. Fig. 7 presents the PDP plots for CDI alloys, while Figs
8 and 9 display the PDP curves for CADI at austempering temperatures of 275°C and 375°C, respectively. The corrosion
behavior follows a similar trend to that observed without the inhibitor for both CDI and CADI alloys. In 3.5% NaCl with 0.1 g
NaWOsa, the lowest CR value for CDI is recorded for the 1.5Cr-Nb alloy (2.09 mm/y), while the highest CR is observed for the
1Cr alloy (8.37 mm/y). After heat treatment at 275°C, the 1Cr-Nb alloy exhibits the lowest CR (0.038 mm/y), whereas the
highest CR is found for the 1.5Cr alloy (1.321 mm/y). At 375°C, the 1Cr-Nb alloy again shows the lowest CR (0.149 mm/y),
with the highest CR recorded for the 1.5Cr alloy (2.626 mm/y).
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Table 3. The electrochemical parameters from the Tafel plots of different CDI and CADI alloys in 3.5%NaCl with 0.1 g

Na:WO..
Alloys Ecorr » MV leorr , HA/cm? CR, mmly
1Cr -866.8 1.226 8.37
CDI 15Cr -846.0 0.392 2.58
1 Cr-Nb -916.3 0.516 3.52
1.5 Cr-Nb -767.6 0.306 2.09
1Cr -814.7 0.065 0.440
CADI 15Cr -743.9 0.194 1.321
(275°C) 1Cr-Nb -522.9 0.005 0.038
1.5 Cr-Nb -755.6 0.056 0.386
1Cr -782.8 0.155 1.061
CADI 15Cr -738.2 0.385 2.626
(375°C) 1Cr-Nb -731.1 0.022 0.149
1.5Cr-Nb -773.2 0.142 0.969
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Fig. 7. The PDP plots of the CDI alloys with different additions of Cr and Nb with 0.1 g Na2WOs at RT.
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Fig. 8. The PDP plots of the CADI with heat treatment at 275 °C with different additions of Cr and Nb with 0.1 g Na;WO. at RT.
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Fig. 9. The PDP plots of the CADI with heat treatment at 375 °C with different additions of Cr and Nb with 0.1 g Na,WOa at RT.

The PDP curves of different CDI alloys in 3.5%NaCl with 0.2 g Na2WOs are presented in Figs. 10, 11, and 12. The
electrochemical parameters are revealed in Table 4. Fig. 10 represents the PDP plots of the CDI alloys. Figs 11 and 12 show
the PDP curves of CADI with the austempering temperatures 275°C and 375°C, respectively. In 3.5% NaCl with 0.2g Na;WOs,
the lowest CR value for CDI is recorded for the 1.5Cr-Nb alloy (0.028 mm/y), while the highest CR is observed for the 1Cr
alloy (0.236 mm/y). After heat treatment at 275°C, the 1Cr-Nb alloy exhibits the lowest CR (0.001 mm/y), whereas the highest
CR is found for the 1.5Cr alloy (0.016 mm/y). At 375°C, the 1Cr-Nb alloy again shows the lowest CR (0.617 mm/y), with the
highest CR recorded for the 1.5Cr alloy (3.128 mm/y). Sodium tungstate promotes the formation of an oxide layer, which
passivates the alloy surface and prevents further interaction with corrosive chloride ions [57]. In alloys containing elements like
Cr and Nb, tungstate ions can complement the formation of stable oxide or carbide layers, improving the alloy’s overall
corrosion resistance. The presence of Na2WOs significantly decreases the CR. Thus, the addition of 0.2g Na.WOs led to a
decrease in the CR values than those without inhibition [58].

Table 4. The electrochemical parameters from the Tafel plots of different CDI and CADI alloys with 0.2 g NazW ..

Alloys Ecorr, mV lcorr , ]J.A/sz CR, mm/y
1Cr -742.8 0.034 0.236
cpl 15Cr -635.3 0.007 0.050
1Cr-Nb -639.9 0.009 0.061
1.5Cr-Nb -626.5 0.004 0.028
1Cr -523.1 0.001 0.010
CADI 15Cr -625.0 0.002 0.016
(275°C) 1Cr-Nb -545.7 0.0001 0.001
1.5Cr-Nb -539.2 0.0007 0.005
1Cr -750.4 0.361 2.466
CADI 15Cr -683.1 0.458 3.128
(375°C) 1Cr-Nb ~708.0 0.098 0.617
1.5Cr-Nb -670.7 0.315 2.152
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Fig. 10. The PDP plots of the CDI alloys with different additions of Cr and Nb with 0.2 g Na-WOs at RT.
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Fig. 11. The PDP plots of the CADI with heat treatment at 275 °C with different additions of Cr and Nb with 0.2 g Na2WOa. at RT.
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Fig. 12. The PDP plots of the CADI with heat treatment at 375 °C with different additions of Cr and Nb with 0.2 g NaWO. at RT.

In NaCl solutions, chloride ions are highly aggressive towards alloys. These ions can disrupt the passive oxide film on the
surface of CDI and CADI, leading to localized corrosion reactions. The general reaction of iron with chloride ions in an aqueous
environment can be represented as:

Fe+ 2CI~ +2H20 — FeClz + 20H™ (2)
Pitting corrosion is a localized form of corrosion where small pits or holes develop on the alloy surface. This is particularly
pronounced in CDI and CADI samples with inadequate heat treatment. The chloride ions penetrate the passive layer, leading
to:

Fe +2ClI- — FeCl2  (3)

The formation of iron chloride in the pits accelerates the degradation process.
General corrosion in CDI and CADI alloys occurs when the overall passive layer is compromised. This can be described by the
general oxidation reaction of iron:

Fe + Oz + 2H20 — Fe(OH)2 (4)

Chloride ions interfere with the corrosion process, perhaps resulting in elevated CR values in NaCl compared to other
solutions. Initially, sufficient oxygen can permeate the material, facilitating the movement of Cl- ions toward the surface defects
in CDI and CADI alloys [1]. The CR of the submerged specimen decreases linearly as the tungstate concentration increases. As
little as 0.2 g of tungstate is added, tungstate ions form a hydrated oxide film that acts as a passivation layer to stop anodic
dissolution. At high concentrations in tap water, tungstate adsorption on the top layer of the hydrated oxide coating breaks down.

This action obstructs the migration of Fe** ions from the alloy surface and precludes harmful ions from infiltrating the matrix
[59].

3.3 Microstructure

The CDI and CADI have different surface morphologies in 3.5% NaCl because of microstructural alterations induced by heat
treatments and alloying processes. Although CDI has a moderate hardness, its surface is sensitive because of the arrangement
of carbide ions within its pearlitic or ferritic matrix. These carbides may be effective in inhibiting localized corrosion by reacting
with a sodium tungstate and 3.5% NaCl solution. Nevertheless, stress induced by corrosion may still lead to the formation of
microcracks within the structure. Ausferrite, a unique microstructure formed during austempering, is found in CADI. This
ausferritic matrix preserves and enhances the abrasion resistance of the carbides while also improving toughness. Sodium
tungstate enhances its corrosion resistance relative to CDI by stabilizing and improving its microstructure. This is accomplished
by minimizing the formation of cracks and localized corrosion points. Tungstate ions enhance performance in saline settings
through two mechanisms. Initially, they apply protective coatings to the iron matrix, which inhibits pitting [52, 60].

Figs. 13 and 14 illustrate the microstructures under different conditions. In CDI, graphite particles of varying sizes are uniformly
distributed. While uniform corrosion and galvanic corrosion are significant concerns for both CDI and CADI, pitting corrosion
also presents a considerable challenge. Localized corrosion can occur if chloride ions penetrate the passive layer. The
microstructure of CDI and CADI, characterized by a stable ausferritic structure, exhibits greater uniformity and improved
integrity of the passive film. As a result, the likelihood of pitting corrosion is reduced. Two critical factors influencing overall
CR values are the quality of the passive film and the homogeneity of the microstructure. The enhanced microstructure facilitates
the maintenance of a stable passive film, thereby decreasing the uniform corrosion and extending the material's service life.
However, the formation of carbides at temperatures of 275 °C and 375 °C can exacerbate galvanic corrosion.
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Fig. 13 illustrates the surface morphology of the corroded CADI alloys subjected to different heat treatments (275 °C and 375
°C) in 3.5% NaCl without an inhibitor. Pitting corrosion is evident in all images, with a more pronounced occurrence at 375 °C
compared to 275 °C, consistent with the CR values presented in Table 2. Fig. 14 displays the surface morphology of the CDI
and CADI alloys in 3.5% NaCl with 0.2 g Na2WOa. In this figure, both pitting and galvanic corrosion are observed alongside
uniform corrosion. The 1.5Cr-Nb alloy in CDI shows the lowest level of pitting corrosion, while the CADI 1Cr-Nb alloy
demonstrates the least pitting and galvanic corrosion across both heat treatments, aligning with the CR values shown in Table
4. Tungstate mitigates corrosion by forming a passivation layer as a hydrated oxide film [59].

Fig. 13. The SEM morphologies of different corroded CADI alloys in 3.5% NaCl without inhibitor.
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Fig. 14. The SEM morphologies of different corroded CDI and CADI alloys in 3.5% NaCl with 0.2g Na2WOa.

Conclusions

This study investigated the corrosion behavior of carbidic ductile iron (CDI) and carbidic austempered ductile iron (CADI) in

3.5% NaCl, both with and without Na2WOx as an inhibitor. The key findings are summarized as follows:

1. In 3.5% NaCl, the 1.5Cr-Nb sample of the CDI alloy demonstrated the lowest corrosion rate (CR) at 0.252 mml/y,
while the 1Cr sample exhibited the highest CR at 0.405 mm/y. With the addition of 0.2 g of Na2WOsx, the CR of the
1.5Cr-Nb alloy further decreased to 0.028 mm/y, whereas the 1Cr alloy showed the highest CR of 0.236 mm/y. This

improvement is attributed to the formation of protective oxide layers that reduce further degradation.

2. At 275°C, the 1Cr-Nb alloy recorded the lowest CR of 0.003 mm/y in 3.5% NaCl without inhibition. Adding 0.2 g of
Na:WOs reduced the CR to 0.001 mm/y. At 375°C, the 1Cr-Nb alloy again showed the lowest CR of 0.016 mm/y,
while the 1.5Cr alloy exhibited the highest CR of 0.863 mm/y. When 0.2 g of Na2WO. was added, the 1Cr-Nb alloy
maintained the lowest CR at 0.617 mm/y, and the 1.5Cr alloy reached the highest CR at 3.128 mm/y. The higher CR
with increased Cr content is attributed to carbide formation, while Nb addition helped mitigate degradation. Effective

corrosion inhibition of ductile cast iron required a high concentration of tungstate.
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3.

The surface morphology of the corroded alloys aligned with their corrosion behavior, showing uniform corrosion,
localized pitting, and galvanic corrosion. Galvanic corrosion was more pronounced with increased carbide formation
at both 275°C and 375°C.
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