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This paper examines the impact of heat treatments on a ferritic high-chromium cast iron�s properties and
resistance to erosion and corrosion. For that purpose, four samples were submitted to different tempera-
tures (800, 900, 1000 and 1100 �C) for 2 h and then air-cooled. All samples were then studied in terms of
hardness, microstructure, resistance to erosion and resistance to corrosion. Results showed that heat
treatments affected those properties through three mechanisms: carbide coalescence, carbide dissolution
and ferrite recrystallization. In fact, carbide coalescence slightly increased carbide thickness and volume
fraction which in turn improved wear resistance. At around 1000 �C, carbide dissolution replaces coa-
lescence inducing wear resistance loss, while the resistance to corrosion improves due to the added chro-
mium content in the matrix. At higher temperatures, ferrite recrystallization occurs, resulting in the
softening of the matrix grains which lowers wear resistance. Nevertheless, the overall hardness value
increases due to the smaller grain size.
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1. Introduction

High-chromium cast irons (HCCIs) are among the most
used material for crushing, screening and slurry pumping
applications where resistances to abrasion–corrosion and to
erosion–corrosion are critical (Ref 1). HCCIs are characterized
by their good corrosion resistance (Ref 2), a property owed to
their high chromium content. They are also known for their
high wear resistance (Ref 1, 3), as a result of their dense
network of hard chromium carbides (Ref 4, 5). According to the
literature, these two properties can be modified through two
methods: the modification of its chemical composition and the
application of appropriate heat treatments.

Chemical composition affects the properties of HCCIs
through the nature of their carbides and the type of their matrix.
Carbides come in different stoichiometries and crystallographic
structures. The three main types frequently found in the Fe-C-
Cr system are the M3C, M7C3 and M23C6 variants. Depending
on the chemical composition of the alloy, and in particular, its
chromium content, some carbides are more stable than others.
Actually, below 12% in chromium mass percentage, the M3C
carbides form is dominant. They are characterized by their
lower hardness and limiting effect on the alloy�s toughness (Ref
6, 7), whereas for higher percentage values, the M7C3 form is
dominating. This form is characterized by its discontinuity,
compared to the M3C carbides, and their higher hardness that
varies between 1400 and 1600 HV (Ref 6). For even higher
chromium content, and lower carbon contents, the M23C6 form
is more likely to be obtained (Ref 7, 8). However, it is hard to
predict exactly at which exact chromium and carbon mass
percentages the form changes. Considering its importance in
the industry, extensive research works have been led in order to
better understand the Fe-C-Cr systems and determine how the
M23C6 field extends from the binary Cr-C edge. There is,
however, no consensus in this regard among all authors
(Ref 9-11).

In general, the higher the carbide volume fraction (CVF) is
the better wear resistance (Ref 1). However, this is not the case
when higher carbon contents lead to carbides that are coarser,
harder and tougher (Ref 2, 12) but prone to spalling (Ref 1, 2)
which reduces the alloy�s overall wear resistance. These alloys
also suffer from high reject rate and brittleness which limit their
use (Ref 2), although some tougher hypereutectic HCCIs have
been developed (Ref 13).

Moreover, chemical composition affects the nature of the
alloy�s matrix. Most commercially available high-chromium
cast irons are austenitic by nature due to the high content in
carbon, which stabilizes austenite (Ref 14, 15). To further
improve hardness and wear resistance, a martensitic matrix is
preferable. In most cases, a partial transformation from
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austenite to martensite can happen without any treatment. This
is because austenite is metastable and can only remain in the
matrix at room temperature if the alloying content is high
enough (Ref 1, 16, 17). In some cases, undesirable pearlitic
formation in the matrix can also happen. This can be avoided
by the addition of alloying elements, such as silicium, copper
and manganese. However, this implies the rise of the temper-
ature where martensitic transformation begins, called Ms
(martensite start), hindering the martensitic transformation in
favor of an over-stabilized austenite. Molybdenum is an
exception to that rule and can inhibit pearlite formation without
raising the Ms temperature (Ref 1, 18).

Heat treatments are another method used to improve the
properties of high-chromium cast irons. This goal can be
achieved through several methods, and the destabilization heat
treatments are among the most used. This technique induces the
precipitation of secondary carbides inside the matrix which
destabilizes austenite in favor of martensite. The reduction of
the residual austenite content and the increase martensite
content results in the increase in hardness and wear resistance
(Ref 1, 19, 20).

In some cases, the presence of some amount of residual
austenite in the treated alloy is desirable, such as when impact
resistance is a priority (Ref 21, 22). But, when the residual
austenite remains undue, the submission of the destabilized
sample to a subcritical or a cryogenic heat treatment is known
to reduce or even eliminate the austenite content in the matrix
(Ref 1). However, the direct application of a subcritical heat
treatment on the sample, without a previous destabilization, can
lead to a ferritic/pearlitic matrix with significantly lower
hardness as observed by Karantzalis et al. on a high-chromium
cast iron with 2.35% carbon content and 18.23% chromium
content (Ref 19).

In order to reduce the brittleness, improve toughness and
release stress, tempering treatment is an appropriate and
commonly used heat treatment (Ref 23). Meanwhile, it is
worth nothing that such treatment reduces hardness (Ref 20, 23,
24) and might improve wear resistance. Similar results were
obtained by Sarac et al. on a HCCI where tempering led to an
increase in the number of secondary carbides and a more
uniform distribution inside the matrix. Thus, the treatment was
more effective in the protection of the matrix during wear
testing (Ref 23). It also improved the corrosion resistance
through the modification of the shape of primary carbides
which made them act as a physical barrier to pitting (Ref 23).

Cooling rates are another heat treatment parameter that can
impact the nature of the matrix and carbides. Rivlin et al. (Ref
9) stated that M7C3 carbides form, instead of their M23C6

counterparts, if the cooling rate is high enough. The same
behavior was observed by Wieczerzak et al. (Ref 8) while
studying a high-chromium cast iron with 0.8% carbon content
and 24.5% chromium content. For the matrix, slow cooling
rates lead to the formation of a pearlitic matrix with lower
hardness (Ref 1), while faster cooling rates affect martensitic
transformation of the matrix as well, as described by Tupaj
et al. (Ref 25) in their study of a 15% Cr high-chromium cast
iron where a higher cooling rate reduced Ms temperatures.

At high Cr/C ratios, high-chromium cast irons form a ferritic
matrix. This can be undesirable as ferrite is softer than
martensite and does not experience work-induced hardening
when exposed to wear as austenite does (Ref 26, 27). However,

higher chromium content in the matrix makes those alloys more
resistant to corrosion than the other HCCIs (Ref 27). These
alloys are used in environments where wear resistance is less of
a threat than corrosion. Yet, there are only few researches
related to ferritic high-chromium cast irons since they are
considered ‘‘un-heat treatable’’ (Ref 27) and rarely experience
any phase transformation due to heat treatment.

In this work, we explored the effects of heat treatments on
such alloys, by subjecting a ferritic high-chromium cast iron to
several heat treatments. These heat treatments are similar to the
destabilizing heat treatments commonly used in the industry on
their austenitic counterparts. Samples� resistance to erosion and
corrosion is studied, as well as their hardness and microstruc-
tural changes.

Fig. 1 The shape of the cast bloc of high-chromium cast iron
before cutting and machining: (a) schematic from the DIN
1563:2012-03 standard where the cross-hatched zone is the one to be
extracted for sample extraction. (b) A cast bloc before machining

Table 1 Chemical composition of the high-chromium
cast iron

Element C Cr Ni Mo Si Mn

Mass percentage 1.1 29.27 0.2 1.1 1.18 0.64
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2. Materials and Methods

The objective of this study is to examine the effects of heat
treatments on the properties and microstructure of a ferritic
high-chromium cast iron. For that purpose, samples were
subjected to hardness testing, metallographic analysis, corro-
sion testing and erosion jet impingement testing, post-treat-
ment.

2.1 Sample Preparation

First, a U-shaped bloc was cast into dry sand molds
according to the DIN 1563:2012-03 standard which specifies
the shape and dimensions of cast samples destined for
mechanical testing. The dimensions and shape of the casting
are shown in Fig. 1; in this case the chosen Z value was
240 mm. The obtained bloc was then cut using a mechanical
saw at first, afterward using a Struers Labotom-5 tabletop
cutting machine for smaller sized samples. Water lubrication
was used so as to avoid any heat-related effect on the samples�
properties during the two cutting steps. The dimensions of each
sample were 30 � 36 � 5 mm.

A sample was used for the determination of the chemical
composition using an SEOS2 spark emission optic spectrom-
eter. Five iterations of the test were done, and the average
values of the mass percentages are summarized in Table 1.

Heat treatments were applied using a Thermolyne 48,000
furnace. Four holding temperatures were chosen for this study,
starting from 800 �C, with 100 �C increments. The furnace was
heated up to the targeted temperatures, and the samples were
introduced for 2 h and then subsequently air-cooled. The
procedure was repeated for each temperature. At 1100 �C, two
samples were tested, one of which was cooled using com-
pressed air, to investigate the effect of cooling rate on the
sample�s properties.

Samples were carefully polished using multiple SiC emery
papers up to 1200-grit. They were then polished using three
solutions containing diamond particles in suspension with sizes

Fig. 2 Jet impingement erosion tester used in this study

Fig. 3 Equilibrium phase diagram of the high-chromium cast iron for the specified chemical composition. The ‘‘x’’ shows the samples� position
on the diagram
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of 6, 3 and 1 lm, respectively. A set of 6 samples per heat
treatment was prepared for a full characterization.

2.2 Characterization Methods

2.2.1 Hardness and Microhardness Testing. For hard-
ness testing, 4 samples representing each heat treatment were
tested, in addition to the as-cast state. For each sample, twenty

HV10 indentations were made to evaluate their mean hardness.
An AFRI WIKI 90JS hardness tester with a Vickers indenter
was used, according to the ISO6506 standard. As no etching
was necessary to differentiate the carbides from the matrix, the
microhardness indentations were directly made into the sample.
For each phase, twenty indentations were made: HV0.01
indentations on the carbides and HV0.05 indentations on the
matrix. The indentation�s load was chosen so as to maximize its
size, which reduced the error rate, while keeping it inside the
phase. In both cases, a 15 s dwell time followed indentation.
Care was taken to exceed a minimum distance between
indentations that was equal to 2.5 times the diameter of those
indentation.

2.2.2 Corrosion Testing. A BioLogic SP-50 potentiostat,
with an Ag/AgCl reference electrode and a platinum wire
counter-electrode, was used to evaluate the corrosion resistance
of the samples. Samples were cut into a smaller surface of
1 cm2. A copper wire was then attached to one side of each
one, covered using copper tape and then embedded in resin.
This was done in order to expose only one surface of the
sample while ensuring an electrical connection with the
potentiostat.

The samples were then polished following the same
procedure as detailed above. As it is possible for user error to
deviate the samples� surface from the intended 1 cm2 value,
measurements were made and noted so that they could be
considered when the polarization curves are drawn.

Sulfuric acid was chosen as a corrosive agent since it is
commonly used in applications where high-chromium cast
irons are used. Examples of these applications include the use

Fig. 4 Variation of phase fraction versus temperature of the sample

Fig. 5 Multiple x-ray diffractograms of the as-cast and heat-treated
samples identified: Cr3O8 chromium oxide, M23C6 chromium
carbides and alpha ferrite
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of sulfuric acid for chemical leaching to obtain metals such as
iron (Ref 28, 29) and copper (Ref 30) which generates erosive
particles, and the wet process acid (WPA) of phosphoric acid
production which generates phosphogypsum particles. These
particles are highly erosive for the exposed components. Thus,
the chosen alloys to build those components must resist to both
erosion and corrosion.

A 1.5L solution of 0.5 M H2SO4 at room temperature was
prepared, and 50 to 100 ml of the portions was used for each
test. This method was used in order to prevent the contami-
nation of the solution during tests and to make sure that the
same exact acid concentration was used for each test.

Open corrosion potential measurements (OCP) were under-
gone for 12 h, at a rate of one measurement per second, or per
variation of 1 mV, in a potential range of � 2.5 V to 2.5 V, at a
resolution of 100 lV. Those measurements were followed by
polarization testing which varied the applied potential from
� 0.5 to 1.3 V, with a 20 mV/min scan rate, at the same
resolution.

2.2.3 Dry Erosion Testing. Erosion testing was per-
formed in order to evaluate the effect of particle impact on
the surface of samples, as it was more indicative of their
erosion resistance than just hardness testing. To that purpose,
a jet impingement erosion tester, capable of ejecting particles
at high velocities using compressed air, was used (Fig. 2).
More details about the operation mode and calibration
process are described by Matal et al. (Ref 31). Samples
were maintained at 80 cm distance from the nozzle and
exposed to a jet of SiC particles at 25 m.s�1. Particle sizes
ranged between 500 and 710 lm. Samples were held at an
impingement angle of 5�.

To measure mass loss, samples were weighed before and
after each test using an OHAUS PA214 electronic balance with
a display accuracy 0.1 mg. Erosion rates were defined as the
ratio of mass loss to test duration in mg.s�1. Maximum
standard error of the mean was found at 0.00115.

2.2.4 Metallographic Analysis. To reveal the samples�
microstructure, etching was done post-polishing. Several
etching solutions were tested and solution 89 from the ASTM
407-99 standard was found to be the most effective. The
solution consists of 10 ml of nitric acid, 10 ml of acetic acid,
15 ml of hydrochloric acid and 2 to 5 drops of glycerol. Each

sample was soaked for 20 to 60 s in the mixture, then cleaned
using de-ionized water followed by acetone and let to air dry.
Samples were then examined using a Zeiss AXIO Vert A1
inverted optical microscope. For this study, the phase analysis
module of the ClaraVision software was used to calculate the
carbide volume fraction (CVF). The surface fraction of the
carbides per micrograph is averaged over a minimum of 15
images per sample, at a 2009 magnification.

To quantify the change in carbide morphology observed
post-heat treatment, mean carbide thickness was also deter-
mined. As carbides adopt elongated forms, it was easy to
determine their individual thickness by measuring the width,
from edge to edge, of the carbide at its approximate center. This
was done on all found on the same micrographs used for CVF
calculations. The mean value over all micrographs was
determined for each sample.

Ferrite grain size was determined using method B of the ISO
13383-1:2012 standard, as opposed to using one of the
intercept methods commonly used for grain size determination.
This alternative method was chosen to overcome the difficulty
encountered with heterogeneous alloy and carbides. This
method called ‘‘the mean equivalent circle diameter method’’
is based on the identification of the circle which best estimates
the grain limits.

The samples were also analyzed using a FEI Tecnai G2
120 kV SEM-EDX operating at an accelerating voltage of
20.0 kV, at high vacuum, for a working distance of 10 mm and
a spot size of 3. The analysis mainly examined the microstruc-
ture and the chemical composition variation in different phases
from one sample to the other.

The samples were finally deep-etched by putting them in an
ethanol solution with 10% HCl for 24 h to further examine the
chromium carbides. The samples were then cleaned using
acetone and air-dried before being examined by scanning
electronic microscopy (SEM).

Another set of samples was separately prepared, without
etching, for x-ray diffraction (XRD) analysis to confirm the
phase composition. The analysis was realized using a Bruker
D2-Phaser XRD diffractometer using a Cu Ka x-ray source,
with 2h in the range 20-80 for a resolution of 0.02� per step for
a total test time of 2 h 3 min and 36 s. Phases were identified
using the ICDD Pdf-2 database.

Table 2 Mean contents in the three major elements of the alloy (iron, carbon and chromium) in the matrix and carbides
for all samples as found from the EDX analysis

C Cr Fe M-to-C ratio in carbides

As-cast Matrix 0 24.74 71.14 4.18205945
Carbides 21.175 59.355 16.705

Heat treated at 800 �C Matrix 0 24.67 71.12 3.03206203
Carbides 24.71 55.372 18.148

Heat treated at 900 �C Matrix 0 22.38 71.08 4.5759201
Carbides 15.343 65.436 17.726

Heat treated at 1000 �C Matrix 0 20.77 75.43 4.63254884
Carbides 15.203 64.496 18.79

Heat treated at 1100 �C Matrix 0 22.39 73.1278 6.0463223
Carbides 12.36875 57.3525 28.24
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3. Results and Discussion

3.1 Microstructure

Prior to this analysis, a phase diagram was predicted based
on the alloy�s chemical composition, using ThermoCalc�s
Calphad tool (Fig. 3). The simulation points to a dual
microstructure composed of ferrite and M23C6 chromium
carbides. Using the same software, the variation of phase
fractions depending on the temperature was also determined,

and no phase transformation was detected for the applied heat
treatments (Fig. 4).

An XRD analysis was performed on the as-cast and heat-
treated samples. The diagrams shown in Fig. 5 confirm the
presence of the predicted phases. They also confirmed that no
phase transformation was obtained after the heat treatments.
The variations in peak positions due to thermal strain were
insignificant.

Since XRD peaks are similar for the M23C6 and M7C3

carbides, it was important to further investigate the nature of the

Fig. 6 Microstructural evolution of the ferritic high-chromium cast iron analyzed using: (a) SEM at a 1000X magnification using an SE
detector, (b) optical microscopy at a 200X magnification
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chromium carbides. In this order, all samples were subject to an
EDX analysis. The obtained results confirmed that their
stoichiometry was closer to the M23C6 variant, where the M-
to-C ratio is about 3.833, than to the M7C3�s, where the ratio is
around 2.33. The mean chromium, iron and carbon contents
found from the EDX analysis, both in the matrix and carbides,
are given in Table 2.

Figure 6 shows the microstructural images taken using the
SEM at a 1000X magnification, using the secondary electrons
(SE) detector (left), along with the ones taken using optical
microscopy at a lower magnification of 200X (right). No
significant changes were noticed between the as-cast sample
and the one that was heat treated at 800 �C. Both samples
exhibited a heterogeneous microstructure made of a discontin-
uous network of chromium carbides in a ferrite matrix. The
ferritic nature of the matrix was expected due to the high
amount of chromium, a ferrite stabilizer (Ref 32, 33) and a
lower amount of carbon, an austenite stabilizer (Ref 14, 33). At
900 �C, carbides grow larger and thicker than their predeces-
sors. This trend is more apparent at 1000 �C where the carbides

Fig. 7 Carbide volume fraction (CVF) and carbide thickness
evolution versus the holding temperature of the sample

Fig. 8 SEM images taken using the SE detector at 3000 9 magnification of the deep-etched samples showing chromium carbides from the as-
cast sample in their normal state (left) and after experiencing coalescence at 1000 �C (right)

Table 3 HV10 and HV0.05 mean hardness and microhardness values found in the alloy and its matrix, respectively

Holding temperature, �C Sample hardness (HV10) Matrix microhardness (HV0.05)

800 272.2 234.308
900 273.506 251.62
1000 276.925 265.356
1100 291.741 222.18

Fig. 9 Micrographs of the microhardness indentations performed on the matrix at a magnification of 1000X. From left to right: as-cast sample,
sample heat treated at 800 �C, sample heat treated at 900 �C, sample heat treated at 1000 �C, sample heat treated at 1100 �C
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have rounder edges. In some areas of this sample, partial ferrite
recrystallization was observed as can be seen from the
corresponding optical micrograph shown in Fig. 6b. Finally,
for the sample heat treated at 1100 �C, the size of the carbides
starts to slightly decrease compared to the two previous
samples, and ferrite recrystallization can be observed in the
majority of the sample.

Aside from ferrite recrystallization, two other phenomena
were induced by the heat treatment: carbide coalescence and
carbide partial dissolution.

Indeed, carbide coalescence started at 900 �C where smaller
carbides combined to form larger ones. The process was more
noticeable at higher temperatures where this diffusion-con-
trolled process was further accelerated (Ref 8). This mechanism
affected both the carbide volume fraction and the mean carbide
thickness (Fig. 7) as it raised both up until 1000 �C. The SEM
images of deep-etched samples show further the coalescence
process (Fig. 8). Beyond that temperature, carbides started
experiencing partial dissolution which lowered both their
volume fraction and mean thickness.

3.2 Hardness and Microhardness

Results of the hardness and the matrix�s microhardness tests
are given in Table 3. No significant variation was observed for
the carbides� microhardness. Their microhardness values varied
between 1300 and 1800 HV.

The as-cast sample reaches a mean HV10 hardness value of
253. This value slightly increases when heat treatments were
applied and keep rising with increasing temperature. At
1100 �C, the highest value 291.7 HV is reached.

In all samples but the last, hardness values are dictated by
the CVF. This is because the hardness of high-chromium cast
irons is highly dependent on the volume fraction. This was
expected as carbides constitute a high-chromium cast iron hard
phase and the main contributor in hardness and wear resistance
(Ref 1, 4). This explains the steady increase in the hardness of
samples, as the CVF steadily increases in a similar tendency.

At 1100 �C, although CVF drops, the overall hardness rises
to reach its maximum value. This might be due to the
recrystallization phenomena which leads to the formation of
small ferrite grains inside the matrix. The newly formed grain
boundaries acted as a barrier to dislocation movement leading
to higher hardness value overall as stipulated by the Hall–Petch
law (Ref 34, 35). At that same temperature, we notice that
contrary to the hardness value of the alloy, matrix microhard-
ness drops. This is because in the case of the HV10 hardness
test, the indenter penetrated a larger area that spanned multiple
grains, whereas microindentations were limited to fewer or
single grains. Inside the grain, recrystallization led to a decrease
in dislocation density and their redistribution into more
stable configurations energetically (Ref 36), which ultimately
reduced their microhardness. Micrographs of the indentations
are given in Fig. 9.

Fig. 10 Microstructure of 2 heat-treated samples at 1100 �C. Left sample was cooled using compressed air, while the right sample was air-
cooled (Magnification: 200X)

Fig. 11 Erosion impacts on as-cast samples. (Magnification: 200X)

Fig. 12 Erosion rates of as-cast and heat-treated samples
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To better understand the effect of recrystallization on HV10
hardness, a similar sample was prepared and cooled using
compressed air for higher cooling rates. Smaller grain sizes
were found at a mean value of 40.06 lm compared to the
higher 43.05 lm found for its air-cooled counterpart. A higher
hardness of 305.97 HV, on the HV10 scale, was determined for
this sample although both samples� matrices generated similar
single-grain microhardness values. The microstructure of both
samples is exhibited in Fig. 10.

3.3 Dry Erosion Testing

Under the optical microscope, it can be seen that the erosion
impacts adopt an elongated form (Fig. 11). This form is
characteristic of the cutting erosion mechanism that happens at

oblique angles and mostly removes materials without any
plastic deformation (Ref 37-39).

Generally, when hardness increases, so does wear resistance
(Ref 37, 38). However, as shown in Fig. 12, a higher erosion
resistance was registered at 1000 �C which had a lower HV10
hardness value than 1100 �C. At 1100 �C, erosion resistance
was at its lowest, with a mass loss value of 0.1386 mg.s�1.

In this case, erosion rate was more dependent on single-
grain hardness as the mean impact size was around 35.31 lm.
Therefore, it is less affected by the grain boundaries which
explains why the erosion rates and the matrix�s microhardness
values were inversely proportional.

Another factor that affected erosion resistance was the size
and the shape of carbides as CVF and carbide thickness both
decreased at 1100 �C due to their partial dissolution. Being the

Fig. 13 Potentiodynamic curve of the as-cast sample

Fig. 14 Potentiodynamic curves of all samples

Fig. 15 Corrosion current densities determined from the
potentiodynamic curves for all samples
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harder phase, they affect the overall wear resistance (Ref 1).
Hence, an increase in their volume fraction should lead to a
better wear resistance, as it was the case for this alloy.

3.4 Corrosion Testing

The corrosion potential of the alloy in its as-cast state was
determined to be � 364.65 mV. Its current density reached a
value of 0.1561 mA/cm2. Corrosion potential was higher than
that obtained by Wiengmoon et al. (Ref 27) in their study
involving multiple high-chromium cast irons in the same
corrosive solution. According to the same authors (Ref 27), the
pearlitic and austenitic variants values are equal to � 590 mV
and � 570 mV, respectively, both lower than the ferritic variant
found in our work, highlighting its superior resistance to
corrosion in a similar environment.

According to Wiengmoon et al. (Ref 27), corrosion current
densities were found to be lower than the 2.5 mA/cm2 of the
pearlitic high-chromium cast iron and the 1.7 mA/cm2 of the
austenitic one. Those results corroborate the superior perfor-
mance of our studied alloy in acidic environments which is due
to the higher Cr/C ratio (26.6).

The polarization curve is given in Fig. 13. Following the
corrosion potential, a first corrosion-resistant oxide layer
attempts to form with current density reaching a low value of
0.012 mA/cm2 at � 174.59 mV. This layer is quickly broken
down, and another current density peak appears marking the
final active–passive transition at 104.89 mV. The wide transi-
tion peak and its double-peak format are due to the superpo-
sition of the polarization behaviors of the ferrite matrix and the
chromium carbides (Ref 27). Following that transition, passiv-
ity settles and stabilizes with current density values reaching
0.0205 mA/cm2. It is then broken down at 1001.83 mVand the
material finally enters the transpassivation zone.

When comparing the potentiodynamic curves of all heat-
treated samples together (Fig. 14), no significant changes are
observed in their overall shape, except for the cathodic loop
experienced by most of heat-treated samples. The phenomenon
is common to corrosion resistant alloys and is caused by the
close values adopted by the cathodic and passive current
densities (Ref 40). The polarization curves found for the rest of
the samples similarly start with a short-lived oxide layers and
followed by an active–passive transition peak adopting the
same double-peak format.

When examining electrochemical parameters, no significant
variation is found compared to the corrosion potentials.
However, an important difference is noticed when comparing
corrosion current densities. As shown in Fig. 15, current
density values gradually rise, pointing out to higher corrosion
rates, and then decrease at 1100 �C. The maximum value was
obtained at 1000 �C with a corrosion current density value of
0.2174 mA/cm2.

High-chromium cast irons experience commonly called
‘‘inter-phase’’ corrosion and is a form of microgalvanic
corrosion caused by the large potential difference between the
matrix and the chromium carbides (Ref 41, 42). This form of
corrosion starts at the carbide–matrix interface where chromium
content is smaller. Being a form of microgalvanic corrosion, the
volume fraction of one phase relative to the other affects
corrosion current density. This is observed when comparing the
variation of CVF and carbide thickness (Fig. 7) to the variation
of corrosion current density. This can also be deduced from the
effect of deep etching on the samples, as its corrosion damage

was mainly restricted to the matrix and the carbides were left
virtually unaffected (Fig. 8).

Another important factor that impacted corrosion current
density is the chromium content in the matrix. At 1100 �C,
partial carbide dissolution caused an increase in chromium
content in the matrix (Fig. 16). As chromium content increases
in the matrix, the phase�s corrosion resistance increases too (Ref
43), thus reducing potential difference between the matrix and
carbides, leading to the alloy�s overall better corrosion resis-
tance.

4. Conclusion

Ferritic high-chromium cast irons are more resistant to
corrosion than their austenitic and martensitic cast iron
counterparts. However, their hardness and wear resistance are
lower and they are less responsive to heat treatment. Heat
treating them can lead to three microstructural phenomena, all
of which impacted the alloy�s properties one way or another:

• The coalescence of chromium carbides led to larger car-
bides and slightly increased CVF. This led to higher hard-
ness values as well as better erosion resistance. This
phenomena�s effect was noticed right up to 1000 �C.

• At 1100 �C, carbides start to experience partial dissolu-
tion. This led to a lower CVF value which reduced in turn
erosion resistance. This also increased chromium content
in the matrix leading to an overall improvement of the
corrosion resistance.

• The third phenomenon was ferrite recrystallization occur-
ring at 1100 �C, although it was partially detected at
1000 �C in some zones of the sample. This recrystalliza-
tion led to smaller grain sizes and caused an increase in
the overall hardness. However, because of the decrease in
dislocation density, single-grain hardness fell, causing a
reduction in erosion resistance. No notable relation be-
tween ferrite recrystallization and corrosion resistance was
elucidated.

Fig. 16 Chromium mass percentage in the matrix as measured by
EDX analysis
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The effect of heat treatments on the overall corrosion resistance,
hardness and wear resistance varied depending on the heat
treatments parameters. When corrosion resistance is more of a
threat than wear resistance, going to 1100 �C is the recom-
mended approach, while temperatures below it will have the
reverse effect. A careful choice of heat treatment parameters
will certainly increase the service life of components.
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