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Abstract: There is a huge demand for high-performance materials in extreme environments involving
wear and corrosion. High chromium white cast irons (HCWClIs) display better performance than
many materials since they are of sufficient hardness for wear protection and can be tailored in chemical
compositions to improve corrosion resistance; however, their performance is often still inadequate.
This article reviews the chemical composition and microstructure design aspects employed to tailor
and develop HCWClIs with combined corrosion and wear resistance. The performance of these alloys
under wear and corrosion is reviewed to highlight the influence of these parameters in the industry.
Existing challenges and future opportunities, mainly focusing on metallurgical alloy development
aspects like chemical composition, casting, and heat treatment design, are highlighted. This is
followed by suggestions for potential developments in HCWClIs to improve the performance of
materials in these aggressive environments. Many variables are involved in the design to obtain
suitable microstructures and matrix composition for wear—corrosion resistance. Computational
modeling is a promising approach for optimizing multi-design variables; however, reliable field
performance data of HCWCIs in wear-corrosion environments are still inadequate. Quantitative
evaluation of the wear—corrosion performance of HCWClIs requires the development of laboratory
and field tests using standard conditions like abrasive type and sizes, severity of loading, slurry
velocity, pH, and temperature to develop wear—corrosion maps to guide alloy development.
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1. Introduction

Material loss via wear is encountered in many processes, from earth movement,
mining, mineral processing, slurry pumping, and machinery parts exposed to friction.
Sometimes, the material under wear is also exposed to low pHs in an aqueous environment,
for example, during wet grinding of sulfidic or phosphate ores and heavy pumping of
acidic slurry containing hard particles [1-3]. It has been observed in studies by Jones [4]
and Chelgani et al. [5] that combined wear—corrosion occurs even in neutral water dur-
ing grinding in the presence of aeration. In such environments, the material media are
exposed to harsh conditions because of the synergistic interactions between mechanical
wear and corrosion, i.e., wear—corrosion [6—8]. Sometimes, abrasive particles accelerate
wear—corrosion via repeated impact on the material, demanding materials with adequate
impact toughness [9,10]. Thus, material design and selection become a difficult problem
when wear and corrosion occur together. The best strategy in developing materials for such
applications is to optimize mechanical strength and corrosion resistance [11,12]. Conse-
quently, the material should be of sufficient hardness for wear protection and, at the same
time, should contain enough elements like chromium (Cr), nickel (Ni), and molybdenum
(Mo) in the matrix for corrosion resistance.
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Figure 1 shows that iron-based metallic materials are commonly employed in applica-
tions involving wear; this is because of their combination of high strength and low cost.
Depending on the carbon (C) content, these iron-based materials are classified as cast irons
and steels.
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Figure 1. Common wear-resistant metallic materials employed during mining and comminution of
ores. Reproduced with permission [13] 2013, Elsevier.

Among the alloys shown in Figure 1, high chromium white cast irons (HCWCls)
display great potential in wear conditions, for example, in wet grinding of ores. HCWClIs are
cast irons containing >1.8 wt% C and >11 wt% Cr and may contain other alloying elements,
for example, Mo, manganese (Mn), copper (Cu), and Ni. Their design and fabrication
will be discussed in detail in Sections 3 and 4, respectively. Manganese (Hadfield) steels
have a soft, ductile austenitic matrix and are applicable for rock mining because of their
surface strain hardening on impact and high bulk impact toughness [14-17]. However, their
drawbacks include low wear resistance compared to Ni-Hard/HCWCls, low Cr contents to
withstand corrosive environments, and they are relatively expensive to fabricate compared
to HCWClIs [18]. Stainless steels are attractive because they have both good corrosion
resistance and impact toughness; however, they are expensive and exhibit rapid wear
in environments where wear dominates corrosion because of either the absence or low
volume fraction of hard carbides in their microstructures [19,20]. Ni-hard alloys compete
with HCWClIs in pure wear environments; however, they contain low Cr contents, making
them inferior in environments where corrosion is aggressive [18,21]. Low alloy steels
with pearlitic and martensitic microstructures contain low Cr contents to resist corrosive
environments. They are mostly inferior to HCWClIs even in pure wear environments
because of the low volume fraction of carbides [22]. Thus, steels and HCWClISs are potential
materials for wear—corrosive environments, with steels being superior when corrosion
dominates wear, while HCWClISs are superior when wear dominates corrosion [19]. Studies
by Chenje et al. [22,23] show that HCWCIs perform better than steels and other materials
like Ni hard alloys and forged and pearlitic steels in some environments such that they
are replacing these materials. The wear—corrosion characteristics and costs of iron-based
alloys shown in Figure 1 are compared in Table 1 to clearly demonstrate the superiority of
HCWCIs in wear and corrosive environments [13].
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Table 1. Comparison of the performance and cost of potential alloys used in wear-corrosion applica-
tions in mineral processing and mining applications.

Alloy Wear Resistance IE orrosion Toughness Cost References
esistance
Mn Steels Moderate Low Very high Moderate [14-17]
Low Alloy Steels Moderate Low Good Fair [13]
Stainless Steels Good Excellent Good Expensive [19,20]
Ni-Hard grades Good Fair Poor Moderate [18,21]
High Cr Cast Irons Excellent Moderate Poor Low [13,24]

HCW(CIs are cheap, flexible to design due to wide chemical compositions and heat
treatment options, and are easier to manufacture than steels, although their main draw-
back is low impact toughness [18,24]. Potential applications of HCWCls include wet ore
grinding mill liners or mill balls grinding media and slurry pump materials for mineral
processing industries. HCWCIs with an optimum volume fraction of carbides for hardness
and adequate elements like Cr and Mo in the matrix for corrosion resistance, together with
acceptable impact toughness, are suitable for specific wear—corrosion environments. How-
ever, the main problem is that improvement in wear resistance in HCWCIs compromises
corrosion resistance and vice versa.

The objective of this article is to review the literature concerning metallurgical devel-
opment and performance of HCWClIs for wear—corrosion environments, including wet
grinding of ores and slurry pumping. Challenges being experienced in the development
and performance of these alloys are highlighted, and potential improvements are discussed.
The review starts with the discussion of wear—corrosion in Section 2 to explore loss mecha-
nisms under low-stress and high-stress wear in corrosive environments. After appreciating
the role of wear—corrosion in mineral processing, the design and fabrication approaches of
appropriate HCWClISs for wet grinding of ores and slurry transport of acid slurry are then
reviewed. Thus, the fundamental science of designing HCW(ClIs is presented in Section 3
before demonstrating fabrication aspects in Section 4. This is followed by a review of the
performance of reported HCWClIs in selected wear—corrosion environments in Section 5.
Finally, future challenges are outlined in Section 6 before concluding remarks are presented
in Section 7.

2. Wear-Corrosion Mechanisms

Wear is the mechanical removal of material from the surface of a component and causes
failure [25,26]. The main mechanical wear mechanism in mining and mineral processing is
abrasion. Abrasive wear occurs when a sliding surface or sliding/inclined particles damage
the surface via erosion, impact, scratching, grinding, and gouging [27]. Impact involves
microcracking and delamination under impact (due to plastic deformation) followed by
abrasive removal of material from the surface [27,28]. The schematic mechanisms of wear
that are common in mineral processing are shown in Figure 2a. Wear—corrosion is the
material loss from the surface due to synergistic/combined effects of wear and corrosion
leading to severe damage when compared to the summation of the separate two [8]. Wear—
corrosion depends on the tribological environment like the type of ore, relative motion of
wear surfaces, loading conditions, ore hardness and mineralogy, grinding alloy metallurgy,
passivity and adherence of corrosion products, slurry temperature, pH, and dissolved
oxygen. Wear—corrosion synergism can be evaluated by comparing mass loss in pure
wear, pure corrosion, and combined wear—corrosion; if damage due to combined wear—
corrosion is greater than the sum of individual damages, then synergism is occurring [8,29].
Synergism, S, can be defined as the ratio of the total loss, t, to the sum of individual wear, 4,
and corrosion, ¢, as shown in Equation (1) [8].

t

5:a+c 1)
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Figure 2. (a) Schematic illustration of common wear mechanisms; (b) Laboratory testing examples of
high and low-stress wear—corrosion. Reproduced with permission [30] 2016, Elsevier.

The common mechanism of synergism in many passivating materials is the removal
of passive films by wear followed by repassivation; therefore, the passive film should be
hard and adherent to resist wear, and the metal should rapidly repassivate for corrosion
protection [8]. To design and select appropriate materials for wear—corrosion environments,
understanding the mass loss mechanisms occurring is important; therefore, this section
briefly describes low-stress and high-stress wear—-corrosion processes encountered in min-
eral processing. Figure 2b shows a schematic of low stress and high stress wear—corrosion,
which can occur in the presence of a corrosive slurry.

2.1. Low Stress Wear (Erosion—Corrosion)

During the transportation of slurries in mineral processing, erosion—corrosion loss
is accelerated by the repeated impact of the material surface by hard suspended solid
particles in a moving fluid. The impact angle, impact speed, and properties of both material
and slurry all influence material loss [31]. In most slurry transport cases, solid particle
movement is almost parallel to the metal surface with a low angle resulting in low-stress
erosion—corrosion, as shown in Figure 2b. This is because the load will not be sufficient
to cause fracture of hard abrasive particles since they impinge on the metal surface at a
low angle; therefore, the process is termed low-stress erosion—corrosion [32]. The process is
characterized by continuous removal of the passive oxide film by hard particles in a moving
slurry [19,31]. Laboratory erosion—corrosion evaluation of materials is usually performed
using a slurry-pot tester schematically shown in Figure 3a [33]. In this tribological system,
temperature, abrasive type, pH, dual samples, motor rotation speed, and impingement
angle can be adjusted. An agitator can be placed below rotating samples to maintain the
slurry in suspension. The material loss after a given period is determined using the formula
given in Equation (2) [34].

mass loss(g)

Volume loss (mm3> - density(%)
m

x 100 )
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Figure 3. (a) Schematic illustration of the common slurry-pot abrasion—corrosion testing equip-
ment; (b) laboratory ball mill test equipment used for wear—corrosion testing. Reproduced with
permission [33,35] 2006, 2011, Elsevier.

2.2. High Stress Wear (Abrasion—Corrosion)

High-stress abrasion occurs when abrasive particles are fractured between two solid
surfaces [6,36]. In wet grinding practice, high-stress abrasion occurs over a small region
when ore particles are trapped between the grinding balls and the mill liner, and the load is
sufficient to fracture abrasive particles (three-body abrasive wear) [37]. The high contact
pressure produces indentations and scratching of the surface and pulverizes the abrasive
ore particles such that wear of liners and grinding balls occurs by combined abrasion and
corrosion [10,27,38,39]. Thus, wear of balls and liners is produced by combined cutting,
plastic deformation, surface fracture, as well as tearing and spalling [40,41]. The impact
is experienced as the balls cascade under the rotation action of the mill and contact the
liners or ore, and this results in the appearance of micro cracks, which enhances wear. The
mechanism of corrosion involves balls that become anodes, while oxygen reduction will be
the supporting cathodic reaction [13,42]. Both low pH and high oxygen contents accelerate
corrosion rate, and this is experienced when handling sulfidic ores [38,43]. Laboratory ball
mills like the one schematically shown in Figure 3b are a reliable method for laboratory
testing of high-stress wear using suitable operation variables [35]. In both high- and low-
stress wear with corrosion, the designed alloy should combine adequate hardness and
contain enough elements like Cr and Mo for rapid repassivation against corrosion. The
optimum hardness and corrosion resistance depends on specific operating conditions, and
alloy design and fabrication processes should be able to tailor the composition and structure
suitable for a particular environment.

3. Design of Wear—Corrosion-Resistant HCWClIs

HCW(CIs are used in environments containing different levels of mechanical wear
with corrosion, for example, in ore crushing, ball milling, and slurry pumping. Some
degree of impact is always experienced by components during service. HCWClIs should
be designed to obtain the required properties using theoretical knowledge, literature data,
and mathematical modeling.

3.1. Theory of High Chromium Cast Irons

The solidification behavior of HCWClISs should be properly understood to control and
develop improved wear—corrosion-resistant materials. HCWClIs are developed from the Fe-
C-Cr ternary system rich in iron (Fe); to obtain an austenite phase in HCWClIs, Cr content
should be controlled between 11 and 30 wt% and C between 2 and 3.3 wt%, although
this range can be shifted via the addition of other alloying elements. Thus, HCWCls
are alloys with Cr contents between 11 and 30 wt% and C contents above 2 wt% (cast
iron) [43,44]. At Cr contents above 11 wt%, interconnected cementite (M3C) in a pearlitic
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matrix is replaced with strong rod or plate-like isolated M;C3 carbides. M stands for either
Cr or Fe; Cr and Fe are usually mixed. The presence of strong and isolated M;C; carbides
improves the hardness, ductility, and toughness of the HCWCI. The term white cast iron
originates from the presence of M3C/My7C5 carbides characterized by a white appearance
of the fractured surface [45]. HCWClISs solidify following the eutectic range marked by
the line between austenite () and carbides (M;C3). Once the eutectic is formed, it is also
possible for the MyCs carbides to react with the surrounding liquid to form M3C carbides,
which are thermodynamically stable and mostly appear as thin coatings surrounding M;Cs
carbides [32,44,45] according to the reaction presented in Equation (3).

M7C3 + Liquid — M3C 3)

Hypoeutectic HCWCIs have a composition range of 2-3.6 wt% C; eutectics contain
around 3.6 wt% C, while hypereutectics contains above 3.6 wt% C. The solidification
behavior of HCWCls can be explained from the pseudo-binary phase diagram of the Fe-C-
18Cr representative alloy calculated by the authors using ThermoCalc software and shown
in Figure 4. Hypoeutectic alloys solidify by first forming primary austenite dendrites with a
preferential growth direction accompanied by C and Cr solutes rejection into the melt. The
last melt to solidify at the eutectic temperature/composition between austenite dendrites
will be of eutectic composition and will solidify by the monovariant eutectic reaction to
simultaneously form cellular colonies composed of layers of fine carbides and austenite
according to the reaction shown in Equation (4) [32,46]:

L — FCC(y) + M;C3 (4)
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Figure 4. The Fe-C-18Cr phase diagram calculated by the authors using ThermoCalc Software
(https:/ /thermocalc.com/) showing phases stable under different temperatures and compositions.

M5Cj5 carbides are hard, and their formation reduces the C content of the matrix. The
presence of high contents of Cr and C in primary austenite and fast solidification suppress
its transformation to equilibrium pearlite (graphite +cementite), while in eutectic colonies,
austenite cells will be surrounded by martensite [32,44,45]. This martensite develops when
carbides form during eutectic reaction since eutectic austenite surrounding them will be
deficient in C (due to carbide formation), so it will easily transform to martensite during
cooling [32,47]. In addition to Cr and C, other hardening alloying elements like Ni, Mo,
and Cu are often added.
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Pearlitic matrix is not desired because it is brittle, contains low-hardness cementite
carbides, and is of low corrosion resistance [48,49]. It can be observed from the phase
diagram (Figure 4) that the solidification of hypereutectic HCWCls commences with the
precipitation of primary M;Cj carbides before the remaining liquid reaches the eutectic
temperature to undergo a eutectic reaction. Thus, hypereutectic HCWCls microstructures
consist of a high-volume fraction of large, blade-shaped, and coarse primary carbides
forming a continuous network within a eutectic colony such that the casting process is
mostly characterized by a high scrap rate because the small volume matrix cannot support
the carbides.

3.2. Chemical Composition Design

The chemical composition of HCWClIs should be optimized to obtain enough carbides
for wear protection, and important elements should remain in the matrix for corrosion
protection. The main alloying elements relevant for corrosion protection are Cr, Mo, C,
and tungsten (W) [32,50]. The effect of main alloying elements on the wear and corrosion
performance of HCWClIs is discussed in this section.

3.2.1. Carbon

In most situations, abrasion resistance increases with an increase in hardness, and
accordingly, alloys are developed, assuming that wear resistance increases with an increase
in bulk hardness [44,45,50]. It has been shown by Tang et al. [33,50] that abrasion resistance
increases with an increase in carbon content up to 4 wt% (Figure 5) before decreasing
because the smaller austenitic matrix will no longer be able to support a large volume of
coarse carbides. Carbides decrease wear rate by hindering plastic flow during abrasion.
However, fracture toughness rapidly decreases with an increase in carbide volume fraction.
This is because of the low volume fraction of the austenite phase and the shorter paths
for crack propagation [47,51]. The total carbide volume fraction (CVF) in HCWClIs mainly
depends on C content and can be approximated using the Maratray [44,52] empirical
formula shown in Equation (5).

%CVF = 12.33%C + 0.55%Cr — 15.2 (5)

Equation (5) shows that compared to C, Cr and other carbide formers have an in-
significant influence on the total volume fraction of carbides (%CVF) [44]. To improve
the fracture toughness of HCWClIs, a reduction in carbide volume fraction (reduced C
content), carbide sizes, increase of intercarbide spacing and carbide hardness (add strong
carbide formers nitrogen (N), W, vanadium (V)), and carbide spherodization have been
attempted [32,53-55].

100

80 |

60

Volume loss, mm3

Nominal Carbon, wt%

Figure 5. Influence of alloy carbon content on loss rate of HCWClIs in a wear—corrosion environment.
Reproduced with permission [33] 2011, Elsevier.
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3.2.2. Chromium

The Cr content of the as-cast austenitic matrix decreases with an increase in C con-
tent [44,56]. This is because Cr, compared to Fe, has a higher affinity for C such that most
of it will report to carbides, increasing their hardness [32,57]. The Cr content in the matrix
can be approximated using Equation (6) considering the nominal Cr content of the alloy
(pct Cr) [57].
pctCr

PCIM = 55T 0,39 petC + 0,018 petCr

(6)

The chromium content in the matrix increases with an increase in nominal Cr content
but decreases sharply with an increase in C content because of its consumption in carbides.
These relations show that under wear conditions in a corrosive environment, the addition
of high Cr content is important to ensure that the matrix contains adequate Cr content.
In stainless steels, the C content is maintained very low to ensure that Cr is not locked in
carbides, while in cast iron, excess Cr must be added for a considerable amount to remain
in the matrix for adequate hardness and corrosion protection [58,59]. Thus, the addition of
strong carbide formers can enhance matrix Cr content by consuming some C [57]. HCWCls
with 30-45 wt% Cr demonstrating superior corrosion and wear resistance were successfully
fabricated [33,50,60]; however, the main challenge is their low-impact toughness. Since
the surface area of carbides (cathodes) will be large, while the matrix (anode) volume will
be small at high carbide volume fractions, rapid localized corrosion will occur with an
increase in C content in wear—corrosive environments [32,61]. Cr is readily passivating
even under high-speed scratching, so after wear, the passive state reforms faster than it is
removed in most environments [8,50,57,62]. Compared to those with lower Cr contents,
higher Cr content WCls of the same C content show high toughness due to grain refinement
during solidification [50,51,63]. This is because high Cr content narrows the solidification
range, as shown in computational thermodynamics calculations of the pseudo-binary phase
diagrams of Fe-16Cr-C and Fe-26Cr-C alloys presented in Figure 6. An increase in nominal
Cr content from 16 wt% to 26 wt% increases the eutectic temperature by approximately
from 1285 °C to 1315 °C such that the solidification range decreases from 70 °C to 30 °C.

a b
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1300 1 1300 45— L+M7C3
L+M7C3 \L+FcC al
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o
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Figure 6. (a) Pseudo-binary phase diagrams for HCWCI alloys containing 16 wt% Cr; (b) 26 wt% Cr
(calculated by the authors using the ThermoCalc software).

The corrosion resistance of an alloy is generally related to nominal Cr and C contents,
as represented by Equation (7) [57].

RY pct Cr 2
2P exp|—0.011 7
Rp [ 0.0 (0.51 +0.39 pctC + 0.018 pctCr) @
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where Rop is the polarization resistance when Cr content in the matrix is zero, Ry is the
actual polarization resistance, and ROP/RP is the corrosion resistance. Equation (7) shows
that corrosion resistance increases with nominal Cr content and sharply decreases with
an increase in C content. HCWClIs compositions with low C contents, i.e., hypoeutectic
(1.8-3.6 wt% C), Cr contents between 12 and 30 wt% and carbides volume fraction >28 wt%
are mostly used in wear—corrosion environments because their low volume fraction of
carbides maintains high impact toughness while the presence of Cr ensures adequate
corrosion resistance [11,57,64].

3.2.3. Alloying Elements Addition

In conventional HCWCISs, an increase in C content results in a high-volume fraction
of carbides and low-impact toughness (and vice versa), making it difficult to optimize
toughness and wear resistance simultaneously. Research on HCWCIs during the past
decades has focused on the additions of alloying elements (one or more than one) to modify
microstructures to improve hardness/wear resistance, impact toughness, and corrosion
resistance. Since the main fabrication route of HCWClIs is melting and casting, these
additions are mainly made by adjusting the quantity of the different ferroalloys added in
the crucible to be heated in the induction furnace [49]. The main aim was to modify primary
and secondary M;C3 eutectic carbide morphologies to globular shapes for enhanced impact
toughness [65,66]. Alloying elements like V, W, titanium (Ti), and niobium (Nb) form
hard MC carbides, where M is the element. In addition, alloying influences solidification
and refines austenite dendrites and primary carbide sizes and morphology. The refining
mechanism is influenced by MC carbide melting point and partitioning behaviors, which
are summarized in Table 2.

Table 2. Crystal structure, melting point, and hardness of common carbides and the partitioning
behavior of alloying elements between carbides and the ferrous matrix [49].

Carbide Crystal Structure Melting Point, °C Max Hardness HV Partitioning
(Cr, Fe);C3 Hexagonal 1780 1800 -
(Cr, Fe)3Cq FCC 1520 1650 -
W,C Hexagonal 2750 2000 -
WC BCC 2867 2400 Equal
vC FCC 2830 2800 Equal
TiC FCC 3150 3200 Zero
NbC FCC 3490 2400 Zero

Ti and Nb form hard MC carbides, and they have an almost zero partition coefficient to
the matrix [34,67,68]. Therefore, they reduce M;C3 carbides volume fraction by consuming
C to form particles harder than M;C3, improving wear resistance and toughness in both
austenitic and martensitic matrixes [32,44]. TiC and NbC have high melting points and
are the first to precipitate from the liquid [45,69]. There are suggestions that they act as
heterogeneous nucleation sites [45,69]. This theory is disputable because TiC carbides were
observed either within the proeutectic matrix or attached to the eutectic carbides [51].

An acceptable explanation may be that large-sized TiC/NbC particles are engulfed by
the advancing proeutectic austenite interface in a similar manner engulfment of dispersed
ex situ particles occur during the manufacturing of metal matrix composites (MMCs) [70,71].
Then, both smaller TiC and solute particles are pushed by the interface, thereby retarding
growth (refining morphology), and will appear and precipitate at the austenite/eutectic
interface due to constitutional undercooling where agglomeration and clustering can occur.
Particle engulfment or pushing depends on the interface velocity, which is influenced by
the casting cooling rate. This is in agreement with explanations from some researchers who
argue that the MC carbides cannot be nucleation sites since they have poor crystallographic
fitting with the FCC austenite planes, and nucleation was only possible if the matrix was
ferritic [32,45]. More studies on the development of microstructures in HCWClIs in the
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presence of TiC/NbC particles are necessary using experimental and theoretical approaches
like the phase field modeling [72,73] to obtain more insights into the actual physics. Al-
though there are numerous studies on the addition of Ti and Nb carbides to improve wear
via refining, all reports show that improvements in toughness are insignificant [74,75]. At
a fixed C content, toughness/hardness increases with an increase in MC carbides up to
a maximum value before decreasing since less hard rod/platelike M;C3 carbides will be
replaced by harder globular particles before agglomeration occurs when MC carbides are in
excess [74,75]. Via the consumption of C from the matrix during MC carbide growth, it was
shown that the Cr content of the matrix is enhanced, and corrosion resistance is slightly
improved [74,75]. The presence of fine dispersed MC carbides strengthens the matrix
and improves wear performance by reducing plastic deformation and primary carbide
cracking [18,76,77]. It was reported that the addition of Nb in hypereutectic HCWCls
can reduce the volume and refine and change the morphology of M;C3 eutectic carbides,
making them more isotopic with enhanced fracture toughness [34,46,78]. Besides wear
applications, improvement in toughness is also beneficial for machinability and extended
tool life during machining.

W, Mo, and V carbides have lower melting points than TiC and NbC, and they can
partition between the matrix and eutectic carbides, improving the hardenability of both
phases [49,79-81]. Therefore, MC carbides are not easily formed at low contents of these
elements; for example, in computational thermodynamics calculations for the pseudo-
binary Fe-13Cr-3C-V phase diagram by Sanchez et al. [82], it was shown that VC precipitates
from the melt only when V is in excess of 4.75 wt% V. The partitioning elements may also
enrich the grain boundaries of M;C3 carbides to slow down growth in a preferential
direction, change grain morphology, and enhance passivity [63,83]. V and boron (B) both
reduce the solidification interval and refine M;Cs carbide and austenite dendrite arm
spacing, increase the volume fraction of MyC3 carbides, and modify the morphology of
carbides to enhance wear and toughness [84,85]. Carbides in the austenite matrix change
from M7C3 to fine M3Cq with an increase in V and B due to enhanced nucleation rate such
that toughness is enhanced [63,86]. Elements like B and silicon (Si) decrease C solubility in
austenite and form a high-volume fraction of C nuclei and fine carbides. The partitioning
elements Mo and W enhance secondary carbide precipitation in the austenite matrix during
heat treatment to significantly improve wear resistance [32]. Nitrogen addition is another
strategy for improving both the wear and corrosion resistance of HCWCls [87-89]. The
presence of nitrogen lowers corrosion potential, refine grain sizes, increases the content of
carbides, and strengthens the matrix for enhanced corrosion and wear resistance [90,91].
However, several challenges are experienced in the introduction of alloying elements
during foundry manufacturing of HCWClIs, including the high cost of alloy additions,
oxidation of some elements like Ti, and technological difficulties in handling nitrogen.

3.3. Microstructure Design

After determining the matrix chemical composition for corrosion protection, the type
of matrix should be designed to obtain the desired wear resistance. This is achieved via con-
trolling casting and heat treatment fabrication parameters, as will be discussed in Section 4.
A pearlitic matrix is soft to support carbides and has low corrosion resistance; therefore, it
is not desired in severe wear—corrosive environments [8,22,44]. An austenitic matrix is soft,
ductile, and tough and of high corrosion resistance; an as-cast HCWCI has an austenitic
matrix. It cannot withstand severe abrasive conditions of microcutting and microploughing
from hard abrasives, but at moderate abrasion/impact, its strain hardens to produce an
alloy of high wear performance [8,32]. Austenite can accommodate high Cr contents above
12 wt% in an as-cast condition beneficial for enhanced corrosion resistance [8,32,57]. It was
reported by some researchers that austenite transformation under impact stress promotes
spalling and brittle fracture, while other researchers believe that the great plasticity of an
austenitic matrix reduces damage generated under impact [32]. A martensitic matrix is hard
and brittle such that it can easily withstand high wear conditions at low to moderate impact
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stresses; martensite is obtained via heat treatment, as will be discussed in Section 4. The
corrosion resistance of the martensitic matrix is lower than that of the as-cast austenitic ma-
trix mainly because of its lower Cr and alloying elements content when the destabilization
heat treatment is used. However, it is possible to obtain a martensitic matrix saturated with
adequate elements for corrosion and abrasion resistance via alloying or cryogenic treatment
of the as-cast alloy [32,92]. There are numerous controversies concerning the influence of
austenitic and martensitic matrixes on wear rate, although it seems these contradictions
emanate from simultaneous interactions of multiple variables, including abrasive type and
size, stability of austenite, and loading stresses employed. It was reported by Zumelzu
et al. [51] that martensite generally performs better with soft abrasives, while austenite is
good with hard abrasives. Thus, the superiority of either austenite or martensite matrix
mainly depends upon the wear mode [32,44]. In all cases, the austenite and martensite
matrixes should be high in Cr content for corrosion protection.

3.4. Combined Composition-Microstructure Design

In HCWClSs exposed to corrosive-wear environments, the driving force for corrosion
is the potential difference between carbides and the ferrous matrix. The ferrous matrix
is the anode that corrodes, while carbides have higher corrosion potential and are the
cathodes [61]. Failure of the matrix by corrosion means that the matrix will not be able
to support carbides [8,61]. Lu et al. [57] developed a general wear/corrosion map where
for good wear and corrosion resistance, the C content of the as-cast composition should
be >2.2 wt% and Cr contents should be >22 wt%. However, synergistic wear—corrosion
aspects were not considered in the development of this wear/corrosion map. Modeling
methods [93] and Finite Element simulations [94] can be very valuable in helping overcome
this existing difficulty in creating experimental wear maps.

In applications involving corrosion, high Cr contents of 25-30 wt% are normally
used, while in purely abrasive conditions, Cr levels are mostly limited between 18 and
22 wt% [33,60]. This is in agreement with previous studies, which showed that in wear—
corrosive environments, either low carbon contents (<3 wt%) or too high C contents
(>6 wt%) resulted in serious wear—corrosion damage to HCWCls [32,44,95]. Llewellyn [96]
reported that if corrosion is significant, then a high Cr/C ratio should be considered.
It should be noted that high Cr cast irons with 30-40 wt% Cr and low C contents of
1.5-2.4 wt% have an undesirable soft ferritic matrix that cannot strain harden during
wear [11,60]. Austenite stabilizers like Ni are usually added to obtain pure austenite in
these compositions [11,32,45].

4. Fabrication Approaches of Abrasion—-Corrosion-Resistant HCWClIs

The processing of HCWClIs should be controlled to ensure that the desired microstruc-
ture with appropriate chemical composition distributions within the phases is obtained.
Solidification and heat treatment are mainly used to fabricate HCWClIs and will be consid-
ered as the main fabrication routes. This section discusses the influence of casting and heat
treatment variables on chemical composition and microstructure development.

4.1. Casting

The cooling rate during casting is mainly controlled by the type of mold used, i.e., sand,
graphite, and metal. The microstructure, chemical compositions, and defects in HCWCls
are influenced by casting variables like superheat, inoculants additions, and solidification
cooling rate [44]. Technologies like degassing and deoxidation are now widely employed
to control defects. The effect of casting variables is discussed below to give some guidance
on casting process design.

4.1.1. Cooling Rate

Fast solidification cooling rate refines grains and reduces carbide sizes; the final loca-
tions of MC carbides in the matrix also depend on the interface velocity, which is influenced
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by the cooling rate. The cooling rate should be fast enough to avoid the formation of pearlite;
additions of appropriate alloying elements like Mo, Ni, Mn, and Cu are sometimes used to
stabilize the austenite phase in large castings [97,98]. In a study on the influence of cooling
rate on wear resistance by Liu et al. [99], rapid cooling of 15 K/s refined the microstructure
and increased hardness compared to a slow cooling rate of 1.5 K/s. However, the wear rate
of as-cast samples with an austenite microstructure was almost similar independent of the
hardness because the strengthening of all samples occurred via strain hardening and not
grain refinement, although cracking of fine M;Cj3 carbides was experienced in a rapidly
cooled alloy, showing that the slowly cooled alloy with coarse carbides was superior. In
the heat treated martensitic matrix, the wear rate was less for the rapidly solidified sample,
proving that the matrix could properly support small-sized carbides. It was shown in
some studies that if carbide sizes are small, they can either break at high stresses or may
be easily removed from the matrix [44,74]. The challenge with employing rapid cooling is
that it cannot grain refine interiors of large components common in industry because of an
inherent slow cooling rate at the center of the piece [44,100,101].

4.1.2. Superheat (Pouring Temperature)

Some researchers showed that large superheats resulted in coarse grains and car-
bides, thereby compromising toughness, corrosion, and wear resistance [44,101]. This is
because of a large solidification range resulting in slow nucleation and cooling rates and
elemental segregations. Thus, solidification will occur at higher temperatures, with slow
nucleation accompanied by remelting and fast diffusion resulting in coarsening [32,47].
Therefore, nucleation should occur near the liquidus temperature for grain refinement to
form an equiaxed morphology, but the main challenge is the increase in shrinkage poros-
ity [102]. The appropriate superheat is selected based on the fluidity of the melt; thus, Si
and manganese (Mn) are mostly added to enhance fluidity.

4.1.3. Inoculation

HCWClIs with high toughness and strength can be fabricated via a selection of appro-
priate inoculates with proper quantities. Grain refiners, for example, cerium (Ce) [103,104],
strontium (Sr) [105], TiC [106], and ferrotitanium [107], are externally added to the melt as
inoculations in HIWCIs and are effective in grain refinement via heterogeneous nucleation.
Moreover, elements like B suppress C dissolution and enhance carbide precipitation from
the melt to refine the melt. In this regard, they also act as inoculants [108]. Rare earths were
also employed and proved to be effective modifiers [109,110].

4.1.4. External Forces

The application of external forces like mechanical, ultrasonic, electric pulse current,
and electromagnetic vibrations in casting or mold during solidification causes a stirring of
the melt, fragmentation, and nucleation [111,112], which control grain size and chemical
segregation. In addition, external forces present in the selected casting method also affect
grain refinement, e.g., centrifugal casting refines morphology better than sand casting.
Grain refinement accompanied by mold vibration is attributed to either fragmentation of
dendprite arms and high nucleation rate [113] or remelting [82,114] of dendrite necks due
to stirring. An experiment on dynamic solidification [81] showed that sizes of the as-cast
carbides were refined by solidification in the presence of mold vibration, enhancing the alloy
hardness. An increase in vibration frequency enhanced microstructure refinement, alloy
hardness, and impact toughness. In another study, the electric current pulse (ECP) method
was employed and proved to be effective in breaking large clusters before solidification
and dendrites during solidification to nucleate and refine the microstructure [115,116].
However, the challenge of the ECP method is the difficulty in applying it to large castings.
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4.2. Heat Treatment

After the casting process, the HCWCls can be used in the as-cast condition or are heat
treated to modify the matrix microstructure depending on the intended application. Usually,
the as-cast microstructure has a high content of Cr in the austenite matrix and is good for
corrosion resistance but inferior in wear applications [51,56]. A destabilizing heat treatment
is employed to destabilize the high alloy content austenite matrix at a temperature range
of about 920-1060 °C for 1-6 h and transform it to martensite during cooling [32,56,76].
Transformation to martensite occurs because of secondary precipitation of carbides leaving
an austenite matrix deficient in C and Cr, thereby increasing the martensite start (Ms)
temperature; such that upon cooling, the matrix will transform to martensite with some
retained austenite (about 35%). Soaking above 1100 °C mainly precipitates M;Cj3 carbides,
while at below 1100 °C, a mixture of M7C3 and My3Cg is obtained [32,77,92]. Destabilization
temperatures are mostly reached by first holding at intermediate temperatures to avoid
cracking, especially when handling thick sections [32,77,92]. Pourasiabi and Gates [34]
found that the presence of different sizes of carbides, i.e., primary and secondary, after
heat treatment is beneficial in milling of different sizes of abrasives, i.e., coarse or fine
ores. The martensite produced by destabilization is deficient in Cr and not suitable in
wear—corrosion environments. The impact toughness of the quenched sample is finally
improved by the tempering process; it is held at a low temperature, for example, at 200 °C
for 2 h, to relieve stresses induced during transformation. Sometimes, the matrix with high
martensite and low austenite content saturated with Cr can be developed for wear and
corrosion applications, as discussed in Section 4.2.1. A typical complete heat treatment
cycle is schematically presented in Figure 7.
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Figure 7. A typical complete heat treatment for HCWClIs showing the important main steps. Repro-
duced with permission [117] 2017, Elsevier.

4.2.1. Effect of Destabilization Temperature, Time, and Quenching Rate

Low destabilization temperatures cause extensive precipitation of secondary carbides
consuming C and Cr from the austenite matrix, forming soft martensite, while very high
temperatures will retain high C and Cr contents in the matrix to form hard martensite
saturated in Cr with a high volume of retained austenite impairing hardness. In their work,
Girelli et al. [118] investigated the influence of heat treatment on the corrosion performance
of a 27%wt Cr HCWCIL. It was shown that heat treating at a temperature of 1160 °C for 1 h
significantly improved corrosion resistance by retaining high Cr content in the matrix be-
cause of high dissolution rates of carbides. Moreover, some investigators [92,119] reported
that increasing austenitizing temperature decreased the hardness and wear resistance of



Metals 2023, 13, 1831

14 of 26

HCWClIs. An optimum destabilization temperature for required hardness (martensite
content) and Cr content should be a temperature that is not too high to avoid much C
and Cr dissolution in the matrix and not too low to avoid depleting all C and Cr from the
matrix. Cryogenic treatment can be used after destabilization by cooling below the Ms
temperature to reduce retained austenite levels to <5 wt%. Cryogenic treatments may also
be used in as-cast austenitic structures by cooling them below Ms to eliminate destabiliza-
tion, thereby avoiding stresses to enhance toughness [32,77]. In this way, high saturated
C and Cr content can be maintained in the martensite for enhanced wear and corrosion
resistance. Such innovative heat treatments show potential in the development of HCWClIs
for wear—corrosion environments.

The effect of holding time on the hardness of HCWClIs shows that with an increase
in holding time, the hardness increases up to an optimum before decreasing due to pre-
cipitation and coarsening of secondary carbides [32,47]. Prolonged holding times coarsen
carbides via Ostwald ripening and reduce wear resistance [32,53]. Moderate cooling during
quenching of destabilized austenite causes additional precipitation of secondary carbides,
which is advantageous, while very slow cooling rates result in the formation of pearlite
matrix with low hardness and corrosion resistance [120]. Very fast cooling is desirable
but may cause cracking and residual stresses. The De-MQ-Sct process was proposed by
Jia et al. [120] as an innovative destabilizing fast-cooling heat treatment that uses multi-
cycle alternate water quenching and air cooling to reduce pearlite formation and enhance
martensite content to obtain alloys with high hardness and toughness.

4.2.2. Effect of Alloying Elements

The influence of alloying elements on the heat treatment of HCWCIs was stud-
ied [80,121,122] using a hypoeutectic HCWCI, and the relationship between the number
of alloying elements (Ni, V, Mo Cu) and hardness of retained austenite was established.
Alloying elements, for example, Si, promote the decomposition of austenite by reducing
C solubility in the austenite matrix, thereby raising the Ms temperature [32]. Elements
that enhance C solubility retain more Cr in the matrix for corrosion protection, while those
reducing C precipitation eliminate Cr from the matrix. Thus, alloying elements should be
optimized to develop wear—corrosion-resistant HCWCIs. For example, at high C content,
Cr in the matrix will be deficient, so alloying elements like Mo, Ni, and Cu should be added
to prevent pearlite formation in favor of the austenite matrix [32].

4.2.3. Heat Treatment Design

The heat treatment of HCWCls is difficult to optimize using trial and error approaches
because of the multiple variables involved, including temperature, time, and cooling rates.
Optimum values of parameters like destabilization temperature and holding times should
depend upon the selected composition and must be properly determined. Many researchers
used the same destabilization temperatures and holding times for alloys with different
compositions, and such an approach does not lead to the fast development of HCWCI
alloys. A few studies used computational modeling to optimize heat treatment parameters.
Albertin et al. [11] used computational thermodynamics calculations to design the heat
treatment parameters of wear-resistant HCWCI rings for the blast furnace feeding sys-
tem. Other computational modeling approaches, including machine learning, demonstrate
potential in designing HCWCls since they can handle large volumes of data from composi-
tion selection, casting variables, and heat treatment to predict appropriate compositions,
microstructures, and fabrication conditions [123,124].

Regarding computational thermodynamics, it has been proven to be a reliable tool
for predicting the microstructure of HCWCls [125,126]. It allows, for example, to evaluate
the effect of the solutes on the formation of primary carbides during solidification [127].
Wang et al. [128] used computational thermodynamics to understand the mechanism for
the formation of core-shell carbides in HCWClIs, while Pranav Nayak et al. [79] were able
to successfully predict the eutectic carbide phase fraction in two HCWCls.
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5. Performance of HCWClIs in Wear—Corrosive Environments

The performance of HCWClIs in slurry pumping (low stress) and ball milling (high
stress) in wear—corrosive environments depends on the hardness of the abrasives being han-
dled. The selection of the abrasive material is very important in evaluating the performance
of the materials because much harder abrasives tend to compress materials performances,
classifying them to be of poor performance, while moderate abrasives can show clear
differences in performances [129]. Wear occurs when the hardness of the abrasive is higher
than that of the matrix because the abrasive will easily cut the matrix. Wear resistance
is mainly dependent on the supporting effect of the matrix and the protective effect of
carbides embedded in the matrix [32,44], while corrosion resistance is mainly influenced by
the Cr content in the matrix and carbide volume fraction [51]. This section reviews wear—
corrosion performances of HCWCIs during laboratory and field wet grinding (high stress)
and during laboratory erosion—corrosion testing and slurry pumping (low stress) found in
the literature to provide some insight for material development. Wear—corrosion tests were
performed under different non-standard conditions such that comprehensive quantitative
comparisons to demonstrate their effect on loss rates are impossible at this stage.

5.1. Low Stress (Erosion—Corrosion) Performance

In the presence of hard abrasives at low stress, increasing carbide volume fraction
decreases wear rate because the matrix can support carbides since there are no severe
deformation stresses to cause carbide cracking [32,57,119]. Martensite with low amounts
of retained austenite and saturated with Cr performs better than austenite in moder-
ate wear applications where austenite cannot strain harden [32,52]. Hardness values
of most common abrasives are SiC (HV 2500-2600), alumina (HV 1800-2000) and silica
(HV 900-1280) [32,45,49]. Most carbides like M;C3 (HV 1200-1800) have lower hardness
values than these abrasives; therefore, because of low stresses, carbides are worn slowly
and determine the overall wear rate [32,49]. However, for abrasives softer than austenite,
an austenite matrix with high Cr content is superior because of its high corrosion resis-
tance. Slurry erosion is caused by impingement of the surface by solid suspended particles
resulting in material loss by repeated impact and is the main cause of failure in slurry
pumping equipment. There is a strong erosion—corrosion synergy resulting in a high wear
rate in this environment, as corroborated by the research by Tomlinson and Talks [130] and
Kwok et al. [131] for wear—corrosion in brine solution.

5.1.1. Effect of HCWCIs-Abrasive Particles Interaction

Research by Al-Bhukaiti et al. [132] on the comparison of the influence of impingement
angle on erosion—corrosion of steels and HCWCIs showed that HCWClIs exhibit high mass
loss rates at higher impingement angles >45° due to carbides cracking and indentation of
the matrix while at low angles the ductile matrix was deformed without fracture of carbides
leading to low mass-loss rates. On the contrary, steel demonstrated high erosion rates at low
angles due to high plastic deformation. In another work by Adler and Dogan [60], hypoeu-
tectic HCWClIs showed higher resistance to erosion compared to a eutectic alloy because of
the higher volume fraction of the austenitic matrix and corresponding high straining rates.
Erosive wear occurs via the extrusion of thin platelets due to impact from eroding particles.
High corrosion rates occurred at high volume fractions of carbides and larger erosive
particle sizes since they exert high impact stresses. Yoganandh et al. [133] demonstrated
that the erosion resistance of HCWCI is superior to that of CD4MCu duplex steel at both
pH 3 and pH 7 under different impingement angles and velocities. Tian et al. [134] used
Coriolis erosive wear tests to compare the performances of HCWClIs with aluminum alloys.
The volume loss in HCWClIs was via sliding wear and low-angle impact fatigue cracking
from solid particles, while aluminum loss rates were higher from sliding wear, cutting, and
plowing mechanisms.
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5.1.2. Effect of Chemical Composition
Chromium

Studies by Tang et al. [50] on microstructures and erosion—corrosion resistances of
cast HCWClIs demonstrated that corrosion mainly depends on the matrix Cr content
and carbide volume fraction (CVF), while erosion depends only on CVE. The erosion—
corrosion performance of high Cr cast iron alloys in liquid—-solid slurries was studied
by Tian et al. [135]. The mass loss rates increased with slurry acidity, chloride content,
and temperature. HCWCIs with high Cr content demonstrated high erosion—corrosion
resistance. It was observed that in slurries with high pHs, erosion is the main mode of
material removal, and loss rates increase with an increase in abrasive particle size. At
low pHs, particles with sizes smaller than the average carbide spacing are more effective
compared to larger particles in removing corrosion products and accelerating erosion—
corrosion wear rate. Improvements in erosion—corrosion were achieved by reducing carbide-
matrix hardness difference (via improving matrix hardness, e.g., either heat treatment or
alloying), improving matrix corrosion resistance and macrohardness. Comparisons of the
performance of HCWCI with steels were performed in a slurry pot at 45 °C in an aqueous
slurry containing 35 wt% natural silica sand and 3.5 wt% NaCl by Islam et al. [31,136,137].
It was found that under that environment, HCWClIs did not have sufficient Cr in the matrix
to withstand erosion—corrosion wear. The erosive-corrosion wear of two HCWClIs with
different Cr/C ratios was tested by Salasi et al. [138] using three body tests under different
electrolyte pHs and chloride contents with dispersed coarse garnet abrasive particles.
Results showed that mass loss is high in most environments; the highest was observed at
low pH, and the lowest was at high Cr/C ratios.

Carbon

Studies on erosion—corrosion wear of high carbon content HCWCI in the sand-containing
water slurry showed an abnormal decrease in wear at a high C concentration of 6 wt% as
water-sand slurry velocity increased from 2.5 m/s to 5 m/s, and this trend was reversed
at low C concentration in hypoeutectic HCWCI [95]. The abnormal wear observed was
attributed to competition between erosion and corrosion attack, where corrosion dominates
at low velocities, and erosion dominates at high slurry velocities.

Molybdenum and Tungsten

Research on the influence of Mo on erosion—corrosion of as-cast HCWCls in a sulfuric
acid slurry with alumina particles was performed by Imurai et al. [139], and it was shown
that erosion—corrosion resistance improves with an increase in Mo content. This was due to
both the appearance of harder eutectic M,C instead of the typical M;Cj carbides and the
presence of adequate Mo in the matrix for corrosion protection. The influence of W during
sand slurry erosion—corrosion of HCWCI was investigated by Wang et al. [140], and similar
to Mo, a remarkable decrease in erosion—corrosion wear rate was observed with an increase
in W contents.

Nitrogen

Erosion—corrosion wear behavior of a high nitrogen content HCWCI was studied
by Lu et al. [88] in water-sand and acid-sand slurries. The wear resistance of nitrogen-
containing HCWCI was 1.34 times higher than that of the base alloy without nitrogen.
Improvement in performance was due to the dissolution of nitrogen in the matrix and the
formation of carbon nitride to enhance corrosion and wear resistance. In another investiga-
tion by Xu et al. [87], the erosion—corrosion wear of high nitrogen HCWCI was 1.48 times
higher than that of the base alloy without nitrogen. The erosion—corrosion resistance of
nitrogen-containing alloy was probably higher because N improves the electrode potential,
enhances self-repair of the passive film, and strengthens the matrix via grain refinement,
precipitation, and solid solution hardening [87,88,90].
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Rare Earths and Boron

In the work performed by Zhang and Li [141] on the influence of yttrium (Y) on
erosion—corrosion behavior of 27Cr white cast iron, yttrium enhanced the surface passive
film stability such that corrosion resistance increased with an increase in Y content up
to 1 wt%. The explanation was that oxygen-active elements like yttrium and cerium are
effective in enhancing passivity, while yttrium also enhances strength [62,104,141,142]. An
HCWCl alloy with 35 wt% Cr and 3 wt% C was modified by adding traces of B in the matrix
in research by Lu et al. [143], resulting in an improvement in carbide hardness and an
increase in carbide volume fraction. Enhanced erosion—corrosion resistance was observed
during alloy testing in a sand-containing slurry. The influence of B on erosion—corrosion
behavior of 28%Cr white cast iron was studied by Naiheng et al. [144] at pH =1 and pH > 3.
B increases erosion—corrosion rate at low pH and improves erosion—corrosion resistance
at high pH > 3. However, higher B contents were found to be detrimental in corrosion
properties due to segregation and low matrix toughness.

5.1.3. Effect of Microstructure
Matrix

The erosion—corrosion wear behavior of HCWClIs (27 wt% Cr and 37 wt% Cr) were
compared to their austenitic and martensitic counterpart steels using the submerged jet
technique in a 3.5% NaCl electrolyte at pH 3 and pH 7 with silica particles in the slurry
by Giourntas et al. [145] and Karafyllias et al. [146]. Austenitic alloys were superior in
acidic conditions, while martensitic were excellent in neutral solutions. In an almost similar
work, Al-Bukhaiti et al. [147] studied the erosion—corrosion wear behavior of an austenitic
hypoeutectic and a martensitic near eutectic HCWCI with different C and Cr contents
(Fe—27Cr-3C and Fe-37Cr-1.8C) and compared their performances with their stainless
steel counterparts in a slurry electrolyte with angular silica particles and 3.5% NaCl under
submerged jet impingement conditions. Both HCWCI and austenitic steels with high
Cr contents were superior because of the presence of high Cr content in the matrix, and
steel was superior. In a study by Gelfi et al. [148], two HCWClIs (14 wt% and 18 wt% Cr)
and a Ni-hard alloy were exposed to different heat treatment conditions and tested for
erosion—corrosion wear in flowing slurry using a modified-Coriolis apparatus. An HCWCI
heat treated at (950 °C-2 h) exhibited superior wear resistance because of the presence of a
hard martensitic matrix with fine secondary carbides, while the Ni-hard alloy was found to
be good in the as-cast condition.

Comparison of HCWClIs with Other Materials

Low mass loss rates of slurry pump side liners using silica ores as abrasives were re-
ported in Fe-27Cr-2.8C HCWCI compared to the high losses observed in natural rubber and
grey cast iron by Walker et al. [149,150]. Llewellyn et al. [96] ranked different hypoeutectic
and hypereutectic HCWCls used in the manufacturing of pumps against steel in sand slurry
during the Coriolis erosion—corrosion test and the performance of hypereutectic alloys
was superior. In another study by Xie et al. [151], slurry sliding tests were used to study
different materials, including steels and HCWClIs. High wear resistance was observed in
HCW(CIs due to the high-volume fraction of carbides. The differences were attributed to the
different wear mechanisms encountered in laboratory tests compared to field tests. Jones
and Llewellyn [152] employed slurry pot tests to study erosion-corrosion of a range of
ferrous-based materials in an aqueous slurry with 3.5 wt% NaCl and 35 wt% silica. Results
showed that HCWClIs exhibited the highest erosion—corrosion resistance. HCWClIs and
high C steel grinding balls were tested for erosion—corrosion wear by jet slurry impingement
with quartz and chalcopyrite slurries at various pH values in a study by Pitt et al. [153].
Strong synergism between corrosion and wear was observed, and steels performed better
at low pH, while HCWCIs were good at high pH and severe wear conditions.
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5.2. High Stress (Abrasion—Corrosion) Performance

Under high-stress abrasion, the relative hardness of the abrasive particle to the matrix
is important in deciding the suitable matrix. In the presence of soft abrasives at high stresses,
wear resistance increases with an increase in carbide volume fraction [53]. Austenite is
beneficial because it is ductile, strain hardens at the surface, and is metastable at high
stresses such that mechanical energy is dissipated into a larger volume due to plastic
deformation [8,32,44]. There is good fitting of planes between austenite matrix and carbides
compared to martensite, and this may be the reason for the good wear—corrosion resistance
of austenite observed in the presence of hard abrasive particles [32,45]. When handling hard
abrasives at high stresses, carbides cannot protect the matrix, resulting in rapid removal of
the matrix and spalling and microcracking of exposed carbides under stress; therefore, the
matrix should be hard to protect carbides [154]. Thus, an increase in the volume fraction
of carbides is not beneficial and compromises toughness [154]. It has been observed that
steels perform better than HCWCIs under these conditions [155]. However, at moderate
impacts, an austenitic matrix prevents propagation of cracks between carbides and performs
better than martensite, but at excessive impacts, carbides may be broken due to excessive
plastic deformation, so they will not be able to protect the matrix [66,117,156]. Some
studies showed that an austenite matrix is superior to martensite under high stress and
hard abrasives [32,53,155]. During the grinding of phosphate rock, it was demonstrated
by Deshpande and Natarajan [157] that wear—corrosion rates are high in wet grinding
compared to dry grinding. In addition, a laboratory study by Chen et al. [158] on wet
grinding of phosphate rock showed that the wear—corrosion rate is very high at low pHs.
Thus, grinding performed in an aqueous environment is considered to be wear—corrosive
in this review regardless of the pH employed.

5.2.1. Effect of Chemical Composition
Chromium

Abrasion—corrosion research by Ribeiro et al. [159] on as-cast Fe-13Cr-2.6C and Fe-
19Cr-2.8C HCWClIs using high-stress ball cratering test with hard SiC slurry showed that
the alloy with higher Cr content exhibited better wear resistance due to reduced abrasive-
matrix hardness difference, high matrix corrosion resistance and high macrohardness.
Rajagopal and Iwasaki [160] investigated the influence of chromium addition on the corro-
sion behavior of HCWCls in quartz slurry under abrasion using polarization measurements.
Corrosion rates of a high Cr sample increased with an increase in abrasion intensity, while
for a low Cr content sample, corrosion was high under all conditions. A high-stress ball-
cratering abrasion test with large-sized silica sand and crushed quartz slurries was used
by Stachowiak et al. [161] on Fe-25Cr-2.3C (hypoeutectic), Fe-27Cr-3C (hypoeutectic) and
Fe-30Cr-4.5C (hypereutectic) white cast irons and an opposite wear resistance of the order
25Cr > 27Cr > 30Cr was observed in comparison with findings made in low stress slurry
pumps. Higher wear resistance at lower chromium contents can be attributed to the refined
morphology of the hypoeutectic alloys.

Tungsten

The influence of W on the wear—corrosion resistance of HCWCI was studied by
Anijdan et al. [162]. HCWCI balls with 2.5 wt% W were heat treated to obtain a tough
matrix and were used for the high-stress grinding of acidic copper ore. They demonstrated
good abrasion—corrosion resistance and extended the plant’s service life, but pitting was
the main wear mechanism experienced.

Carbon and Nitrogen

Abrasion—corrosion testing of HCWCI and cast steel mill liners by Albright and
Dunn [163] during wet grinding showed that wear—corrosion rate decreased with an in-
crease in hardness in high C content HCWCI alloys. Computational thermodynamics was
used to design high Cr matrix HCWCI balls for grinding iron ore with low chloride con-
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tent [11]. Nitrogen was added to stabilize austenite; wear—corrosion rates of the designed
balls were lower than those of forged steel balls, and performance was satisfactory.

5.2.2. Effect of Microstructure
Matrix

The effect of carbide volume fraction (13-41%) and different matrix microstructures
on abrasion—corrosion wear behavior of HCWCI balls tested in a laboratory ball mill for
200 h was studied by Albertin and Sinatora [48,129]. In soft abrasives of hematite and
phosphate rock, increasing carbide volume fraction decreased abrasion—corrosion wear
rates, while in the presence of harder abrasives like quartz, the wear rate increased with
an increase in carbide volume, as shown in Figure 8a. Hard martensitic microstructure
performed well against quartz, while a softer pearlitic matrix was of inferior performance
characterized by deformation and carbide cracking due to inhomogeneous plastic flow;
these comparisons are shown in Figure 8b. At a constant carbide volume fraction of 30 wt%,
laboratory ball mill tests demonstrated that the martensitic matrix was superior, followed
by the austenitic and finally the pearlitic; while, on the contrary, pin-on-disc tests showed
that austenitic samples were better than martensitic (due to strain hardening) when using
hard SiC abrasives.
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Figure 8. (a) The influence of carbide volume fraction on abrasion—corrosion wear rate for different
abrasives; (b) The effect of matrix type on wear resistance during ball milling against different
abrasives. Reproduced with permission [48] 2001, Elsevier.

Studies by Gates et al. [8] using a rubber wheel test showed that a Fe-15Cr-1.4C white
cast iron with an austenitic matrix exhibited the best resistance to synergistic corrosion—
abrasion, better than pearlitic and martensitic matrices. Abrasion—corrosion synergism in
pearlitic and martensitic matrices occurred by pitting of the matrix surface followed by
abrasive damage to passive films. An attack on martensite exposed carbides to attack by
abrasion. In an austenitic matrix, abrasive damage of the passive film was a significant
wear-corrosion mechanism, i.e., acceleration of corrosion by abrasive damage of passive
films. Ball mill tests by Dodd et al. [39] showed that HCWCI with both high C and a
martensitic matrix has low wear—corrosion rates in wet grinding.

Comparisons of HCWClIs with Other Materials

It was found by Chenje and Simbi [164] that HCWClIs compete with steel balls in ball
milling of hard ores and that the dominant mechanism of material loss was abrasion wear.
During ball milling experiments by Chenhe et al. [22,23], it was found that HCWCI balls
performed better in abrasion—corrosion wear than steels. Research by Gundewar et al. [165]
showed that HCWCIs have higher abrasion—corrosion resistance than forged EN31 steel
and cast steel balls during wet grinding of iron ore in India. This was attributed to the
passivation of HCWClIs in the presence of oxygen.
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6. Future Challenges

The main challenges in the development and selection of HCWClIs for wear—corrosion

environments include the following:

1.

Difficulties in optimization of the chemical composition, heat treatment, and process-
ing conditions to obtain suitable microstructures, toughness, and chemical composi-
tions due to multiple design and fabrication variables.

Unavailability of wear—corrosion performance data for many HCWClIs compositions
and microstructures in many environments.

Difficulties in evaluating performances of materials under different environments
with changes in conditions (stresses, impact, and corrosivity) to establish materials
wear—corrosion maps.

7. Summary

HCW(ClIs demonstrate different behaviors in wear—corrosion environments depending

on their microstructures and chemical composition. The design, fabrication, and perfor-
mance of HCWClIs in different wear—corrosion environments were reviewed, and the major
findings are as follows:

1.

Although HCWCISs possess excellent wear resistance, their applications in corrosive
environments; for example, in ball milling of corrosive ores and pumping of acidic
slurries of low pH, are still limited because of high loss rates. Appropriate alloys
should have adequate hardness for wear resistance and high Cr contents in the matrix
for corrosion resistance. There is a need for the development of wear—corrosion maps
of HCW(ClIs in different environments (stresses, abrasives type and size, slurry velocity,
pH, temperature) for the rapid development of appropriate alloys.

Several approaches were employed to improve the wear and corrosion resistance
of HCWCIs. Wear resistance is mainly improved via grain refinement (using rapid
solidification, low casting superheats, inoculation, and alloying), formation of strong
carbides using alloying, formation of desired microstructure during casting and heat
treatment, and appropriate heat treatment to precipitate carbides. Corrosion resistance
is improved via enhancing Cr content in the matrix using strong carbide formers
to consume C, formation of appropriate microstructures during solidification, and
optimum destabilization heat treatment temperature to dissolve carbides.
Application of computational modeling to guide chemical composition, casting, and
heat treatment design rather than trial and error for fast development of HCWCls is
gaining acceptance amongst researchers. Approaches like computational thermody-
namics and artificial neural network modeling may provide guidance on important
parameters and properties since multiple variables are involved, from alloy fabrication
to industrial testing.

Wear rate depends on the hardness of abrasives and severity of loading. Austenitic
and martensitic matrices are usually considered in wear—corrosion environments.
Austenitic matrices are more applicable in wear—corrosion environments with strain
hardening since they contain high Cr contents and are tough. They are most suitable
for severe erosion—corrosion conditions, even at high abrasive impingement angles.
The carbide content should be reduced to enhance toughness, and carbide interspac-
ing should be smaller than the eroding particles. Martensitic microstructures are
applicable in conditions where austenite cannot strain harden since they are hard and
brittle, but they should be saturated with high contents of Cr for corrosion resistance.
Typical applications include high-stress abrasive sliding with low impacts, like neutral
ore grinding.

Abrasives should be carefully selected, and moderate conditions can properly demon-
strate differences in performances. The use of much harder abrasives like quartz, SiC,
and alumina tends to compress materials” performance because of rapid wear such
that performance differences are not clearly distinguished. An increase in carbide vol-
ume fraction decreases wear rate either at low stress or when handling softer abrasives
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at high stresses, and for harder abrasives at high stress, the type of microstructure
is important and should be hard. Many results on the design and performance of
HCWCIs are still at the laboratory scale and should be upgraded to the field scale.
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