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phase in Fe–27Cr–xC high chromium cast iron

Jun-Seob Lee, *ab Jun-Hyeong Lee,bc Seo-Young Rho,b Yoon-Hwa Lee,b

Ye-Jin Lee,b Jun-Seok Ohad and Je-Hyun Leeab

Preferential dissolution behaviour of the austenite (g) phase in Fe–27Cr–xC high chromium cast irons

(HCCIs) immersed in 0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl was investigated. Potentiodynamic and

potentiostatic polarisation revealed that the primary and eutectic g phases dissolved preferentially at –

0.35 and 0.00 VSilver Silverchloride Electrode potential in sat. KCl (SSE), respectively. The immersion of the HCCIs in

the solution showed that the dissolution of the primary g phase dominated for ca. 1 h, while the primary

and eutectic g phases dissolved after ca. 1 h. However, the carbide phases remained undissolved during

the dissolution of the g phases. Furthermore, the corrosion rate of the HCCIs increased with the

increasing C content owing to the increase in the contact potential difference values of the g and

carbide phases. The change in electromotive force due to C addition was related to the accelerated

corrosion rate of the g phases.
1. Introduction

Cast iron, containing 2.0 to 3.0 wt% of carbon and 14.0 to
28.0 wt% of chromium as its main alloying elements, is known
as high chromium cast iron (HCCI). Because of its higher C and
Cr contents compared to that of carbon steel and stainless steel,
respectively, HCCI is more resistant to corrosion and wear in
acoustic environments, such as acidic chloride environments.
As a result, HCCI is widely applied in the rolls, moulds, and
slurry pumps in ue gas desulphurization (FGD) facilities.1–5

Although various types of HCCIs are employed in the slurry
pumps used in FGD plants, HCCIs with 27 wt% of Cr are
preferred, because their corrosion resistance is higher than that
of the other HCCIs.2,6–11 The alloys used in the FGD systems
frequently experience localised corrosion, stress corrosion
cracking, or general corrosion in highly corrosive environments
like acidic chloride solutions. It was considered that experi-
mental solutions were simulated as a mixture of sulfuric and
hydrochloric acids as representatives of a corrosive environ-
ment for FGD facilities.12–14

Hypoeutectic HCCI (<3.0 wt% of C) comprises eutectic g and
carbide (mainly M7C3) phases as well as a dendritic primary g

phase.3,15 The fractions of the carbide and g phases inuence
the mechanical properties and corrosion resistance of the
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HCCI. In particular, C, one of the main alloying elements of
HCCIs, affects the fractions of the carbide and g phases in
HCCIs.3,15,16 The relation between the g and carbide phases
plays an important role in the corrosion behaviour of HCCI. For
example, the anodic reaction at the g phase or that at the
interface between the carbide and g phases is accelerated by the
carbide phase, which, in contrast to the g phase, typically acts as
a local cathode in the HCCI.8,11,17

In our previous study, the HCCI 27Cr–x(2.1 wt% < x <
2.8 wt%)C exhibited both primary and eutectic g with carbide
phases. The phase fractions of g and carbide can be signi-
cantly affected by changing the composition of the main alloy-
ing element, i.e. C.18,19 Increasing the C content in the HCCI
decreases the fraction of g, while the carbide phase fraction
increases. Moreover, it was the rst report that the active
dissolution of the primary and eutectic g in the HCCI was
revealed by two designated peaks observed in the active-state
potentiodynamic polarisation curves obtained in
0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl (Fig. 1 (ref. 18)). The
rst and second peaks at the potential of approximately −0.35
and 0.1 VSSE were related to the preferential dissolution of the
primary and eutectic g phases, respectively. The carbide phase
did not dissolve during the polarisation, irrespective of the C
addition in the HCCI. The carbide phase acted as a cathode,
whereas the g (primary and eutectic) phases functioned as the
anode, indicating that the galvanic dissolution of the g phases
is important to understand the general corrosion of HCCIs.
When the C content in the HCCIs increases, the chemical
composition and fraction of the comprised phases change.19

Galvanic dissolution may accelerate the preferential dissolution
of the g phases in the HCCIs. It is important to explore the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Potentiodynamic polarisation curves of the Fe–27Cr–xCHCCIs
immersed in 0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl: x = 2.1 wt%,
2.4 wt% and 2.8 wt%. Reproduced with permission from Lee et al.,
Corros. Sci. Technol., 2021, 20, 367 copyright © 2021, Corrosion
Science and Technology.
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preferential dissolution of austenite phases in the HCCI to
elucidate the initiation behaviour of corrosion which can trigger
the propagation of localised or stress corrosion cracking in the
FGD environments. However, the preferential dissolution
behaviour of the g phases in Fe–27Cr–xC HCCIs with time
remains hitherto unexplored.

This study investigated the preferential dissolution of the g

phases in the HCCIs during immersion in an acidic solution.
The effect of C addition on the corrosion behaviour of the HCCI
was evaluated as well.
Fig. 2 Optical microscopic images of the Fe–27Cr–xC HCCIs ob-
tained after the potentiostatic polarisation at –0.35 VSSE and 0.0 VSSE

after immersion for 0.16 h in 0.1 mol dm−3 H2SO4 +
0.05 mol dm−3 HCl: x = (a) 2.1 wt% and (b) 2.8 wt%.
2. Experimental procedures

The HCCI specimens were prepared with a chemical composi-
tion of 2.1, 2.4 and 2.8 wt% of C with 27 wt% of Cr balanced with
Fe. Induction-melted HCCI rods of 13 mm diameter were cut
into 5 mm-thick specimens and ground with SiC papers down
to 3000 grit.

The identication of crystallographic phases was conducted
using an electron-backscattered diffraction (EBSD) pattern
using a scanning electron microscope (JSM-6510, JEOL). A
database of crystallographic models was used to approximate
the diffraction patterns. Additionally, phase fractions were ob-
tained from colour images of the HCCI surfaces analyzed by an
image analyzer.

The electrochemical measurements were performed using
a three-electrode system in 0.1 mol dm−3 H2SO4 +
0.05 mol dm−3 HCl at room temperature. The HCCI specimens,
with a surface area of 1.13 cm2, were used as the working
electrode. The reference electrode was Ag/AgCl lled with
saturated KCl (silver–silver chloride electrode; SSE), and glassy
carbon with a surface area of 18 cm2 was used as the counter
electrode. The transient electrode potential was monitored in
0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl for 24 h.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The HCCI specimens were also immersed in the
0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl solution for 24 h.
Then, all the specimens were ultrasonically rinsed with deion-
ized water, ethanol, and acetone for 5 min aer specic
immersion times of 0.16, 0.50, 1, 2, 3, 6, 12 and 24 h. Subse-
quently, the weights of the specimens were measured, and
nally, the surfaces of the HCCI specimens were observed using
an optical microscope.

Scanning Kelvin Probe Force Microscopy (SKPFM) was per-
formed using a commercial atomic force microscope (XE-100,
Park Systems), working in the electrostatic force microscope
mode in air at room temperature. A conductive cantilever
(NSC36-A, Park Systems) with a Cr/Au coat, resonance frequency
of 25–115 kHz and spring constant of 0.06–2.7 N m−1 was used.
The scans were performed over an area of 30 × 30 mm2 with
a scan rate of 0.1 Hz.
3. Results

Fig. 1 shows the potentiodynamic polarisation curves of the Fe–
27Cr–xC HCCIs with different C contents of 2.1, 2.4 and
2.8 wt%. An active-to-passive transition behaviour is evident for
the corrosion potential up to approximately 0.2 VSSE. As the C
content increases in the HCCIs, the corrosion potential shis in
a more noble direction, from –0.421 to –0.410 VSSE, and the
corrosion current density decreases from 1.4 × 10−3 to 0.6 ×
RSC Adv., 2023, 13, 19220–19226 | 19221
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Fig. 3 EBSD phase maps of the Fe–27Cr–xC HCCIs; x = (a) 2.1 wt%, (b) 2.4 wt% and (c) 2.8 wt%.
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10−3 A cm−2. In addition, active regions with critical current
densities are observed in the two regions from ca. –0.40 VSSE or
ca. 0.00 to 0.20 VSSE. In the active region, the critical current
density at potential ca. –0.3 VSSE decreases, while the critical
current density at potential ca. 0.1 VSSE increases with an
increase in C content in the HCCIs. The anodic current
decreases at the potential range from ca. 0.20 to 0.50 VSSE, and
the HCCI surfaces exhibit a passive state. In the passive region,
the passive current density increases from 4.3 × 10−4 to 2.6 ×

10−3 A cm−2 with an increase in C content in the HCCIs. At
potentials >0.50 VSSE, the anodic current sharply increases with
the polarisation, indicating the transpassive behaviour of the
HCCI.

Fig. 2 presents the optical microscopic images of the Fe–
27Cr–xC HCCI surfaces with different C contents of (a) 2.1 and
(b) 2.8 wt% before and aer the potentiostatic polarisation at –
0.35 or 0.00 VSSE, respectively, for 0.16 h. The applied potentials,
–0.35 and 0.00 VSSE, correspond to the anodic dissolution peaks
observed in Fig. 1. Irrespective of the C content in the HCCIs,
the dissolution behaviour dominates in the primary or the
eutectic g phase at –0.35 or 0.00 VSSE, respectively. This pref-
erential dissolution behaviour is associated with the two active
dissolution peaks in the potentiodynamic polarisation curves.
These peak current densities change as the fractions and
chemical compositions of the primary and eutectic g phases
change with the C content in the HCCI.
19222 | RSC Adv., 2023, 13, 19220–19226
Fig. 3 shows EBSD phase map images of the Fe–27Cr–xC
HCCIs before the polarisation. The green phase represents face-
centred cubic (FCC), the yellow phase represents hexagonal
(M7C3; M = Fe and Cr), the navy blue phase represents hexag-
onal (M23C6), and the red phase represents the crystal structure
of body-centred cubic (BCC) or body centred tetragonal (BCT).
The FCC is identied as the austenite phase, hexagonal as
carbides, and BCC/BCT as either ferrite or martensite. Regard-
less of the C content, the microstructure of the HCCIs consists
of primary g phase with dendritic or cellular morphology,
eutectic g phase, hexagonal carbide phase, and ferrite or
martensite phase. As the C content increases from 2.1 wt% to
2.8 wt%, the proportion of g phase decreases from 59.4% to
46.6%, while the proportion of carbide phase (M7C3) increases
from 38.1% to 51.9%. On the other hand, the proportion of
ferrite or martensite phase does not show a signicant differ-
ence depending on the C content. The proportion of the
dendritic phase decreases as the C content of HCCI increases,
while the proportion of the non-dendritic g phase increases
with an increase in C content. Since it is difficult to distinguish
between BCC and BCT structures from the EBSD phasemap, the
proportions of ferrite andmartensite phases were not separately
distinguished.

Fig. 4 shows the transient electrode potentials, during the
open circuit condition of the HCCI electrodes with the C
contents of 2.1, 2.4 and 2.8 wt%, observed for 24 h in
0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl. The potential values
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optical microscopic images of the Fe–27Cr–xC HCCIs obtained
0.05 mol dm−3 HCl: x = (a) 2.1 wt% and (b) 2.8 wt%.

Fig. 4 Transient of electrode potential for the Fe–27Cr–xC HCCI: x =
2.1 wt%, 2.4 wt% and 2.8 wt%. For this analysis, the HCCIs were
immersed in 0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl for 24 h.

Fig. 5 Corrosion rates of the Fe–27Cr–xC HCCIs immersion for 24 h
in 0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl: x= 2.1 wt%, 2.4 wt% and
2.8 wt%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rise sharply from ca. –0.36 to –0.30 VSSE in the initial stage for
1 h and then gradually shi towards a positive potential direc-
tion to ca. –0.26 VSSE for 24 h. Since the active dissolution of
austenite phases in the HCCIs occurs at the potential range
from ca. –0.40 to 0.20 VSSE, as shown in Fig. 1, the HCCIs
experience active dissolution during their immersion for 24 h,
irrespective of the C content in the HCCIs.

Fig. 5 demonstrates the changes in the corrosion rates of the
Fe–27Cr–xC HCCIs, with C contents of 2.1, 2.4 and 2.8 wt%, in
0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl for 0.16, 0.50, 1, 2, 3,
6 and 24 h. The corrosion rate is determined based on the
weight loss of the HCCIs aer immersion for a specic time as
follows:

Corrosion rate; mm y�1 ¼ 87:6 W

DAT
(1)

where W is the weight loss value aer the immersion, D is the
density, A is the surface area of the HCCI, and T is the immer-
sion time. In all the HCCIs, the corrosion rate exponentially
increases with the immersion time. As the C content increases
in the HCCIs, the corrosion rate increases, indicating that the C
addition in the HCCI affects the active dissolution behaviour in
an acidic solution.

Fig. 6 shows the optical microscopic images of the Fe–27Cr–
xC HCCI surfaces, with different C contents of (a) 2.1 and (b)
2.8 wt%, aer 0.16, 1, 2, 3, 6 and 24 h of immersion in
0.1 mol dm−3 H2SO4 + 0.05 mol dm−3 HCl. A previous study
suggested that the microstructure of the HCCIs consists of
dendritic primary g with eutectic g and carbide phases.15,18,20

Aer the initial 0.16 h of immersion, the phase boundary
between g and the carbide is etched, and the g phases are
slightly corroded. The dendritic primary g phase dissolves aer
1 h of immersion, whereas the eutectic g (interspace between
the carbide phase) phase dissolves aer 2 h. Beyond 2 h, except
the carbide phase, the g phases are completely dissolved.
Finally, only the carbide phase remains aer 24 h of immersion.
This dissolution progress indicates the preferential dissolution
of the primary g phase rather than the eutectic g. Further, the
carbide phase acts as a relatively inert area during the active
dissolution in the acidic solution.
after immersion for 0.16, 1, 2, 3, 6 and 24 h in 0.1 mol dm−3 H2SO4 +

RSC Adv., 2023, 13, 19220–19226 | 19223
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Fig. 7 (a) Topography and (b) CPD images; (c) height and (d) CPD profiles at different distances on the Fe–27Cr–xC HCCI with x = 2.1 wt% and
2.8 wt%.
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Fig. 7 displays the (a) topography and (b) contact potential
difference (CPD) images obtained by SKPFM as well as the (c)
height and (d) CPD proles with varying scanning distances on
the as-polished the HCCIs with C content of (a and c) 2.1 and (b
and d) 2.8 wt%. The carbide phases protrude from the surface of
the polished specimens depending on the difference between
the hardness of the carbides and substrate (Fig. 7(a) and (c)).
The CPD between the cantilever tip and the substrate is higher
at the carbides than at the substrate. The CPD values of the
primary g phase are lower than that of the eutectic g phases
(Fig. 7(d)), irrespective of the C content in the HCCIs. The
relative CPDs of the primary g, i.e., DmV/Vprimary g, are in the
order of carbide > eutectic g > primary g, irrespective of the C
content in the HCCIs (Fig. 8). This result implies that the
19224 | RSC Adv., 2023, 13, 19220–19226
electrochemical nobility is in the order of carbide > eutectic g >
primary g. As the C content increases in the HCCI, the
DmV/Vprimary g values of the eutectic and carbide phases
increase from 4.0 to 10.3 and from 12.3 to 37.9, respectively,
considering that the C addition in the HCCI changes the
electrochemical nobility of both the carbide and g phases.
4. Discussion

The Fe–27Cr–xC HCCIs investigated in this study are composed
of g and carbide phases. The preferential dissolution behaviour
of the primary and eutectic g phases are determined from the
potentiostatic polarisation curves at –0.35 and 0.00 VSSE,
respectively. Because the primary and eutectic g dominantly
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01015e


Fig. 8 Relative CPDs with respect to the primary g phase for the Fe–
27Cr–xC HCCIs with x = 2.1 wt%, 2.4 wt% and 2.8 wt%.
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dissolve at the electrode potential range from ca. –0.40 to ca. –
0.30 VSSE and from ca. –0.30 to ca. 0.10 VSSE (Fig. 1), respectively,
the primary g phase in the HCCIs actively dissolve aer
immersion for 1 h (Fig. 6). This result can be attributed to the
change in the electrode potential of the HCCIs from –0.36 to –

0.29 VSSE. Aer immersion for 1 to 24 h, when the electrode
potential of the HCCIs shis from –0.30 to –0.26 VSSE, the
eutectic g phase also dissolves, whereas the carbide phase
sustains without undergoing active dissolution. When the C
content increases in the HCCIs, the corrosion rate increases
(Fig. 5), because the decrease in the volume fraction of the g

phase15,18,20 accelerates the preferential dissolution rate of the g
in the HCCI.

According to a previous study, when C is added to the Fe–
27Cr–xC HCCIs, the Cr/Fe ratio of the g phase decreases from
0.247 to 0.206 and that of the carbide phase decreases from 3.04
to 2.23. In contrast, the M (Fe and Cr)/C ratio of the g phase
decreases from 26.8 to 22.8, whereas that of the carbide phase
remains almost constant.20 The C–Fe atomic bond is less
covalent (more ionic) than the C–Cr bond in both the g and
carbide phases in the HCCIs.21,22 As a result, the decrease in the
Cr/Fe ratio of the phases leads to the strengthening of both the
metallic and ionic C–M bonds in the g and carbide phases.
Although the metallic bond is relatively weaker than the ionic
and covalent bonds, the metallic bond strength is strongly
associated with the electron work function (EWF).21,22 High
electron densities between metal atoms lead to high metallic
bond strengths, which are related to high EWF values. When the
C content is increased in the HCCIs, the CPD values increase
owing to the increase in the metallicity of both the g and
carbide phases (Fig. 8).

On the one hand, the CPD, DmV/Vprimary g, values of the g

and carbide phases increase with the increasing C addition in
the HCCIs, because the electrochemical nobility difference
between the cathode and the anode also increases. A high
electrochemical nobility difference between these phases
generates a high electrochemical motive force difference
© 2023 The Author(s). Published by the Royal Society of Chemistry
between the cathode and the anode, resulting in an increased
local-galvanic current between the electrodes. Finally, the
increase in the local galvanic current accelerates the dissolution
of the g phases in the HCCIs.

On the other hand, the change in the CPD, expressed as
DmV/Vprimary g shows an increase in g phases as C addition in
the HCCIs increases. It is reported that the anodic dissolution
rate is strongly related to the EWF, which involves the ionisation
energies (work functions) of atoms in the alloys.23 Kadowai et al.
reported that the anodic dissolution was suppressed when C
was added to martensitic steel in acid solutions.24 Since the C
addition in the HCCIs decreases the EWF in the g phases, the
anodic dissolutions of the g phase increase.

In our previous study, the passivity of the HCCIs was strongly
associated with the C addition in the HCCIs. Electrochemical
and surface investigations demonstrated that incorporating C
in the HCCI led to higher defect densities in the semiconductive
oxide layers, specically the n-type and p-type, associated with
the austenite and carbide phases, respectively.20 The potentio-
dynamic polarisation (Fig. 1) of the HCCI in this study also
revealed that the passivated surfaces of the HCCIs become
conductive by the C addition in the HCCIs.

This study focused on the preferential dissolution behaviour
of the g phase with increasing C content in the HCCIs. This
preferential dissolution behaviour was evaluated via time-
dependent immersion and surface analyses of the g and
carbide phases. Previous studies were focused on the localized
or tribological corrosion behaviour of HCCIs in certain corro-
sivemedia.1,2,5,8 To the best of the authors' knowledge, this is the
rst report on the preferential corrosion behaviour of g phases
in HCCIs. In particular, this study is the rst approach to
elucidate the preferential dissolution of the g phase in terms of
CPD changes with C addition in the HCCIs. In future studies, we
will fabricate an independent single-phase (carbide or g phase)
electrode to precisely calculate the preferential corrosion rate of
the g phase. The galvanic corrosion effect between the two
phases will be reported in the near future.

5. Conclusions

We investigated the preferential dissolution behaviour of the g

phase in Fe–27Cr–xCHCCIs for different immersion times in an
acidic chloride solution. The potentiodynamic polarisation
curves of the HCCIs at −0.35 and 0.00 VSSE indicated the pref-
erential dissolution of the primary and eutectic g phases,
respectively. Immersion in the acidic solution for 24 h
conrmed that the primary g phase preferentially dissolved at
ca. 1 h. Aer ca. 1 h, both the eutectic and primary g phases
dissolved, while the carbide phases remained without dissolu-
tion. As the C content increased in the HCCIs, the dissolution
rate of the HCCIs increased. The SKPFM analysis revealed that
the CPD values of the phases in the HCCI are in the order of
primary g < eutectic g < carbide phases. The addition of C in the
HCCIs changed the CPD values of the phases in the HCCIs. This
result can be attributed to the strong correlation between the
CPD values and the atomic bonding strengths of the Fe–C and
Cr–C bonds of the g and carbide phases. Because of this strong
RSC Adv., 2023, 13, 19220–19226 | 19225
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correlation, the galvanic corrosion of the g phases in the HCCIs
is accelerated.
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