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ABSTRACT

As a category of crucial wear-resistant alloys, high-chromium cast irons (HCCIs)

are widely used in mining, minerals and cementation industries. The large

volume fraction of coarse primary M7C3 carbides (PC) imparts excellent wear

resistance. However, coarse carbides also induce brittleness, resulting in high

cracking susceptibility, and early failure of components, particularly under

impact. To minimize the brittleness and increase the service life of HCCI parts,

different techniques have been developed through modifying the carbide

morphology and refining its size. This paper comprehensively reviews the

currently available methods that have either been used in industry production

or in laboratory development to modify the primary M7C3 carbides in various

HCCIs. The possible mechanisms that govern the refinement of primary car-

bides are also discussed in-depth. Based on previously published work, the

mechanical performance of HCCIs is correlated with the microstructure of the

matrix, and with the size, shape, volume fraction and distribution of primary

carbides. This may provide solid fundamental to develop more effective tech-

niques and/or new alloys to further improve the properties of this type of

materials, increasing their engineering service life and to tailor their wider

applications. In addition, the present work also seeks theoretical feasibility to

apply the recently well-established theories/models of grain refinement for cast

metals to refinement of the primary carbides in HCCIs.
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Introduction

On solidification of cast irons containing over 2 wt.%

carbon and other alloying elements, carbide rather

than graphite, forms, which enables a silver colour

(white) fracture surface, and the alloy is named as

‘‘white’’ cast iron [1, 2]. Formation of such carbide

results in the high hardness and superior wear

resistance of this type of materials. The volume

fraction, type and morphology of the carbide rely on

the carbon content and the alloying elements con-

tained in it. In case of hypoeutectic cast irons (the

carbon content is below the eutectic point, * 2.5–4.1

wt.%), majority of the carbide is eutectic carbide in

lamellar morphology. In hypereutectic cast irons,

both Widmanstätten primary carbide and eutectic

carbide form. Addition of chromium greater than 12

wt.% forms high-chromium cast irons [3]. It is known

that the high chromium not only leads to improved

corrosion resistance due to the generation of chro-

mium oxide film on the surface [4], but also results in

the formation of coarse hexagonal M7C3 carbides

during solidification [5]. In addition, depending on

the composition of the alloy and the heat treatment

condition, the carbide in high-chromium cast irons

(HCCI) can be M23C6, M7C3 or M3C type of carbides

[6, 7].

The presence of primary and eutectic M7C3 car-

bides with either austenitic matrix in as-cast condi-

tion or martensitic matrix in heat-treated condition

gives rise to high hardness and excellent wear resis-

tance [8]. Thus, high-chromium cast iron has found

itself being used in multiple industries. From crush-

ing equipment used in limestone and coal mines to

being used as body, impellers, cover and back liners

in slurry pumps. From being used as wear plates in

conveyors handling abrasive material to being used

as tiles in the furnace lining of blast furnace [9]. The

highly alloyed white cast iron, first patented in 1917,

was less brittle, very hard with excellent corrosion

resistance as compared to unalloyed white irons [10].

From 1920, the Electro Metallurgical Company

developed and used alloys with 15–35% chromium

and 1.5–3% carbon in order to reduce maintenance of

grinding and crushing equipment and in high-tem-

perature applications [2]. Then, it was understood

that the properties of HCCIs depend on the chro-

mium carbides and the matrix. In 1962, Bradley and

Foster, Ltd., examined the effects of alloy additions

and heat treatment on the service life of the HCCIs

with various chromium and carbon contents. This

study led to castings that were free of pearlite and

ferrite and had consistent abrasion resistance in as-

cast condition [2]. Since then, most research is

focussed on improving the abrasion resistance by

either alloying additions or strengthening the matrix

by destabilizing it [2].

In order to achieve higher performance, much

higher chromium content was added in the HCCIs.

However, the increase in proportion of carbides also

leads to deterioration of fracture toughness of the

material [11]. The primary and eutectic M7C3 car-

bides grow as rods and blades, respectively, in the

longitudinal sections and as rods in the transverse

section along the preferred growth axis [12–14].

Properties, such as abrasion resistance and fracture

toughness, not only depend on carbide and matrix

but also on the size, distribution, inter-carbide spac-

ing, orientation, morphology and shape of the car-

bides [15–17]. Hence, controlling the carbide in

HCCIs is very critical and necessary to achieve the

desired properties.

Importance in modification of morphology
of primary carbides in cast irons

Like all metallic materials, mechanical properties of

HCCI are defined by its microstructure that consists

of carbide and matrix. Depending on the heat treat-

ment process, the matrix can be austenite and/or

martensite and/or bainite. In hypoeutectic HCCI, the

primary phase is austenite, which may transfer to

martensite and/or bainite/pearlite during subse-

quent cooling or heat treatment. The eutectic carbide

is generally finer. Thus, the cast iron has a good

combination of hardness and toughness [18–20]. In

contrast, hypereutectic HCCI has a large amount of

coarse primary M7C3 carbides in the microstructure,

resulting in high hardness and brittleness. For a

particular composition, the carbide volume fraction

(CVF) can be estimated using the Maratray’s equa-

tion (Eq. 1 as follows) [21]. A deviation of 2–3% was

found in the results calculated using the formula due

to inclusion of eutectic and secondary carbides. The

CVF can also be experimentally determined using

wet chemistry [22, 23] and image analysis. The cal-

culated result should ideally be similar to the exper-

imentally determined result. However, as the
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primary carbides become coarser, large standard

deviation in CVF obtained from image analysis is

generated due to variation in the number of carbide

particles examined in images obtained at same reso-

lution [24].

CVF% ¼ 12:33� %Cð Þ þ 0:55� %Crð Þ � 15:2
¼ �2:1%CVF ð1Þ

The primary M7C3 carbides in hypereutectic HCCIs

commonly appear as Widmanstätten structure and

cannot be modified during subsequent heat treat-

ment. Although such hard phase significantly con-

tributes to the hardness and wear resistance of the

alloy, it is brittle in nature and provides fast path for

propagation of cracks [25]. Coronado [13] examined

the effect of orientation of primary carbides and

found that crack initiation and propagation occurred

more easily along the larger edge of the carbides than

perpendicular to it. Hebbar and Seshan [26] found

increase in the amount of carbides on the fractured

surface of a HCCI, suggesting pronounced cleavage

fracture through the carbides or carbide–matrix

interface. Adler and Dogan [27, 28] and Magnée [29]

observed the fast and easy crack propagation in

coarse primary carbides under impact leading to

decrease in toughness and increase in erosion rate

[30]. Hence, in order to minimize the cracking and

increase the toughness of HCCIs, it is necessary and

crucial to control the morphology of the primary

carbides. Studies have shown that the properties of

hypereutectic HCCIs were enhanced by proper alloys

design and microstructure control [3, 6, 16, 31, 32].

Equiaxed primary M7C3 carbides have been verified

to improve the toughness and wear resistance of

HCCIs [33, 34]. Hence, in the past decades, consid-

erable efforts have been made to modify the primary

carbide in various HCCIs and a number of techniques

have been developed.

Modification of primary carbides in high-
chromium cast irons through process
control

In hypereutectic HCCIs, primary carbides form

directly from liquid in between the liquidus and

eutectic temperature. Its volume fraction, size and

morphology are governed by the carbon content,

solidification process, cooling rate in particular, and

carbide modifiers. Hence, process control and modi-

fication treatment are two common approaches to

control the primary carbides. In this section, the

currently available process control techniques are

reviewed.

Control of casting process

The as-cast microstructure of HCCIs, particularly the

size and distribution of the primary carbide, signifi-

cantly varies with casting parameters, such as cooling

rate and pouring temperature [8, 35]. Previous

research indicated that the segregation of alloying

elements is directly related to the cooling rate [36].

The amount of segregation of a particular alloying

element in the microstructure is denoted by the

Segregation Ratio (SR). It is the ratio of concentration

of alloying element in the carbide to that in the matrix

[37]. A high SR value for elements, such as carbon

and chromium, indicates their strong presence in the

carbides, while a low SR value for elements, such as

nickel, silicon and copper, suggests that they are

more likely to be found in the matrix [8, 38]. Yang

et al. [39] and Yang and Lei [40] observed that SR for

carbon is higher at high cooling rates, but there is no

significant variation in chromium segregation with

cooling rate. Higher cooling rates correspond to big-

ger undercooling, enhancing the nucleation of car-

bides, but also suppressing their growth due to the

lower atomic diffusivity at lower temperature [41].

Thus, in the case of non-uniform cooling rate during

casting, coarsening of primary carbides occurs in the

regions with lower cooling rate [39]. Liu et al. [42]

examined the effect of cooling rate by changing the

mould from sand mould with slow cooling rate to

metal mould with fast cooling rate. They observed a

reduction in size of the primary carbides from

151.9 lm in sand mould to 53.9 lm as shown in

Fig. 1. The refinement of primary carbides was

attributed to the higher nucleation rate and relatively

slower growth rate of the primary carbide due to the

bigger thermal undercooling associated with the

increase in cooling rate. Bigger undercooling ther-

modynamically provides higher solidification driv-

ing force, which promotes the nucleation of primary

carbide. Furthermore, bigger undercooling also

enables the slow growth of carbide as it occurs at

lower temperatures. Hence, fine primary carbide

forms at fast cooling during solidification of the

HCCI. Variation in cooling rate does seem that
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increasing solidification rate is effective in refining

the primary carbide in hypereutectic HCCIs. How-

ever, in industrial production, the large components

are usually produced by sand casting. This implies

that increase in cooling rate is very limited. In addi-

tion, in most cases, increasing cooling rate might not

be practical because of the variation in cooling rates

from the surface to the centre of large castings. For

example, in a Fe-27.5Cr-2.87C cast iron, the size of

primary carbide varied from very fine carbide with

an average size of 1.54 lm at the surface formed at

high cooling rate as shown in Fig. 2c to the coarse

carbide with an average size of up to 5.2 lm at the

centre formed at low cooling rate as shown in Fig. 2a

[40]. Consequently, a decrease in carbide spacing and

an increase in the number of carbide particles in

regions with high cooling rate were also observed.

This variation in the size and spacing of the primary

carbide led to higher hardness and higher wear

resistance in the chilled zone than in regions near the

centre of the casting with relatively lower cooling

rate. As a result, the variation of cooling rate from

centre to surface led to high non-uniformity in

mechanical properties [40, 43], which is not accepted

for industry applications.

Figure 1 Micrographs of the as-cast Fe-16.2Cr-4.01C HCCI cast in sand mould, graphite mould and metal mould respectively. Adapted
with permission from reference [42]. Copyright 2012, The Iron and Steel Institute of Japan.

Figure 2 SEM micrographs of the Fe-27.5Cr-2.87C HCCI at the
a centre of casting (low cooling rate), b mid-way between centre
and wall of the casting (intermediate cooling rate) and c wall of the

casting (high cooling rate). Adapted with permission from
reference [40]. Copyright 2012, Taylor & Francis.
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Pouring temperature is another casting parameter

that significantly affects the size and distribution of

primary carbides. Pouring at temperatures much

above the liquidus of alloys results in coarsening of

the primary carbides as shown in Fig. 3b [43]. This is

because the high superheating heats up the cold

mould, leading to lower cooling and solidification

rates. Thus, primary carbide forms at relatively

higher temperature, at which Cr and C atoms diffuse

faster, promoting the growth of carbide. In addition,

high pouring temperature corresponds to small

thermal undercooling, and therefore low nucleation

rate of the primary carbide. Even the formed nuclei

are not stable and could be re-melted owing to the

higher temperature [24]. This allows the growth of

the M7C3 carbide along the preferred direction,

leading to the formation of coarse prismatic needle-

shaped carbide. When the pouring temperature is

very close to the liquidus temperature, higher cooling

and solidification rate is achieved, resulting in

refinement of the primary carbides as shown in

Fig. 3a. In addition, pouring at lower temperature is

also related to smaller thermal gradient. Thus, the

solidified primary carbides are fine, equiaxed and

well distributed. The variation in morphology is due

to change in pouring temperature, leading to varia-

tion in mechanical properties of HCCIs. Laird and

Dogan [43] checked the hardness and impact tough-

ness from the surface to the centre of a HCCI casting.

They found that the hardness was significantly

higher at the surface than that at the centre of the

casting. This was attributed to the faster cooling on

the surface of the casting, leading to the formation of

very fine carbide particles. Obviously, the measured

hardness on the surface cannot be regarded as the

hardness of the HCCI casting due to the microstruc-

tural and hardness inhomogeneity. Furthermore, the

impact toughness of the casting is directly influenced

by the carbide size and its structure (columnar or

equiaxed). Huang et al. [44] examined the effect of

pouring temperature on the solidification of the Fe-

17.10Cr-4.08C alloy via slope cooling body method by

applying superheating of 17 �C, 37 �C and 57 �C.
They reported that pouring with lowest superheating

led to decrease in the size of primary carbides along

with an increase in the number of shrinkage porosi-

ties in the microstructure, hence lowering the

toughness of the alloy. This result contradicts the

conclusion that finer primary carbide corresponds to

higher toughness [27, 28]. The present authors con-

sider that the shrinkage porosities on the surface

were probably responsible for the lowering of

toughness, which covered the positive effect of car-

bide refinement on the property. In addition, selec-

tion of proper pouring temperature also depends on

external additions to the molten alloy and the com-

position of the alloy [41]. Hence, lowering the pour-

ing temperature to refine the primary carbide of the

HCCIs seems very limited.

Overall, high cooling rate leads to increase in the

nucleation rate of primary carbide owing to the large

undercooling, and lowering the growth rate as it

occurs at lower temperatures [40, 42, 45]. Hence, finer

carbide can be obtained. Similarly, lower pouring

temperature implies less superheat, which is associ-

ated with higher cooling rate. As a result, primary

carbide can also be refined through reduction in

pouring temperatures [43].

Figure 3 Optical micrographs
of hypereutectic cast iron
containing 26% Cr. a cast at
low pouring temperature
(50 �C above liquidus); b cast
at high pouring temperature
(250 �C above liquidus).
Etched with Vilella’s reagent.
Adapted with permission from
reference [43]. Copyright
1996, Taylor & Francis.
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Electric current pulse method

In addition to controlling the casting parameters,

employing external interference is another effective

approach to modify the morphology of primary car-

bide in hypereutectic HCCIs. A typical example is the

electric current pulse (ECP) technique. Many

researchers have worked on ECP to understand the

mechanism by which it causes grain refinement in

both ferrous and non-ferrous alloys [46–51]. In terms

of the temperature the ECP is applied, the theory can

be categorized into two classes. The first is to apply

the ECP directly to the melt before the beginning of

solidification. It is based on the theory of inoculation

which states that when the electric pulse is passed

through the melt, the bigger clusters break away

while the small clusters polarize, causing strong

electric field around it. Thus, the solute and the sol-

vent atoms can surround and reorganize around the

cluster, acting as inoculants, leading to nucleation

[52–54]. The second involves applying the ECP dur-

ing solidification. It is based on two major hypotheses

[55–57]. One is the breaking of dendrites, which

suggests that when ECP is passed through the cast-

ing, shear stress acts on the dendrites, breaking the

fragmentation into globular particles that act as

nucleants, leading to a refined microstructure [57, 58].

Another considers that the electric pulse causes

compositional changes in the melt, leading to

refinement of microstructure, due to the difference in

ionic mobility [55, 56]. However, both these

hypotheses still lack of solid experimental evidences

to support. This may need in-depth study.

Chen et al. [46] applied ECP technique on a Fe-

22.41Cr-4.2C HCCI at two pouring temperatures,

1350 �C and 1360 �C during solidification. The

hypereutectic HCCI was first cast into sample sticks,

which were then sealed with silica sand to avoid

oxidation and put in a ceramic tube with electrodes

connected to the sample. The tube with the sample

stick in side was heated to desired temperatures. The

ECP was applied during solidification at the tem-

perature of 1350 �C and 1360 �C, respectively. The

effect of ECP at different processing times and

pouring temperature was investigated, and the

results are illustrated in Fig. 4. Noticeable carbide

refinement can be observed with increase in ECP

treatment time up to 2.5 to 3.5 min, which were

optimal ECP treatment times for the 1350 �C and

1360 �C pouring temperatures, respectively [46].

Further increasing the ECP time led to coarsening of

the carbide. Lv et. al. applied the ECP when the melt

was in a temperature range from 1360 �C to 1276 �C.
A decrease in the average diameter of the primary

carbides from 220 lm to 60 lm was found. They also

reported the change in morphology of primary car-

bides from thick long rods to hexagonal granular or

block structures [51].Chen et al. [46] attributed the

refinement of carbides to the ECP induced periodic

Lorenz force that led to an additional convection to

the melt. Under this Lorenz force, fine nuclei particles

formed on the mould wall could be broken away and

moved into the melt, promoting the nucleation of the

carbide. The forced convection also helped in faster

cooling of the melt, allowing the smaller nuclei to be

stable and not re-melted. In addition, The Joule heat

and Peltier effect caused by ECP influenced the car-

bide refining efficiency. Such heat played very minor

role at high cooling rate but a major role in low

cooling rates. Due to the heat effects, the fluctuations

at the solid–liquid interface melted away, making it

smooth and globular [46]. Zhou et al. [50] also

reported that ECP treatment reduced the size of pri-

mary carbides to * 20 lm when applied near liq-

uidus for long processing time. However, carbides

will coarsen if the processing time was too long.

Geng et al. [47] applied an ECP of 500 Amperes to

an HCCI melt between 1355 �C and 1337 �C, before
solidification began in an alundum tube placed in

muffle furnace. Noticeable reduction in the longitu-

dinal size from 800 lm to 200 lm and the transverse

size from about 200 lm to 100 lm were observed as

shown in Fig. 5. Such refinement of the carbides led

to a slight increase in microhardness [47].

To understand the mechanism by which the car-

bide was refined with ECP, Geng and coworkers [47]

proposed two hypotheses. First, the application of

ECP led to a distortion of the external electron layer

of crystal due to as illustrated in Fig. 6. It was because

of the difference in behaviour of ions. With the same

ECP, different ions such as Fe and Cr with different

specific charges gained different energies. Generally,

Fe ions gained more energy than Cr ions and were

easier to combine with crystal at the nucleation stage

[47]. Initially, due to higher cohesive energy between

Cr and C, the crystal embryo at the nucleation stage

tends to combine with Cr available at the solid–liquid

interface as shown in Fig. 6a However, after appli-

cation of ECP, more high energy Fe ions were avail-

able to the crystal embryo than the Cr ions. This led

1004 J Mater Sci (2021) 56:999–1038



to a decrease in Cr content in each crystal, which

caused the distortion of the external electron layer as

shown in Fig. 6b. Such distortion led to freeing up of

atoms in the melt, which could combine to form new

crystal embryos [47]. Second, as a consequence of the

distortion of the electron layer, the content and dis-

tribution of chromium in the primary carbides were

varied by the ECP as demonstrated in Fig. 7. At the

Figure 4 Solidification microstructures of the Fe-22.41Cr-4.2C
HCCI with and without ECP treatment at different times with
pouring temperature of 1350 �C (a, b, c, d) and 1360 �C (e, f, g,

h). Adapted with permission from reference [46]. Copyright 2012,
Trans Tech Publications.

Figure 5 Morphology of
Primary Carbides in Fe-
19.4Cr-3.84C alloy with
a Non ECP and b ECP.
Adapted with permission from
reference [47]. Copyright
2019, MDPI.

Figure 6 Schematic
illustration of a carbide
embryo growth during
solidification of Fe-19.4Cr-
3.84C HCCI a without ECP;
b with ECP. Adapted with
permission from reference
[47]. Copyright 2019, MDPI.
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nucleation stage, samples with ECP had more carbide

nuclei than in the non-ECP sample as ECP led to

lower Cr content in the carbide nuclei. However, at

the growth stage, in the samples without ECP, as the

carbide contained higher Cr content than the nominal

concentration of the alloy, which led to depletion of

Cr at the solid–liquid interface as shown in Fig. 7a,

while in the samples with ECP, there were Cr-rich

carbide nuclei surrounded with high energy Fe ion

readily available at the interface. Growth of the car-

bide resulted in Cr-enrichment at the core and

depletion around the edge. This is because the higher

energy of Fe ions increased the concentration of Fe at

the solid–liquid interface. This caused the decrease in

Cr content in the carbide as shown in Fig. 7b. In

addition, this integration of Fe atoms in the primary

carbides also decreased the lattice parameters of

carbides due to the formation of (Fe,Cr)7C3 and led to

decrease Cr content from centre to surface of the

carbides [47].

Although ECP method is effective, the major limi-

tation is how to scale up in industry. Generally, the

HCCI parts are large up to a few metres in mining

and mineral equipment and are made through sand

casting. It is a great challenge to apply the ECP to

such big castings.

Dynamic solidification process

Dynamic solidification is to elevate the casting into a

dynamic state by either vibrating the casting or the

mould during the initial stages of solidification. This

causes turbulence in the melt, and its mechanical

effect leads to the fragmentation of previously

formed carbide that is loosely attached to the mould,

acting as new nuclei. This leads to refinement in the

casting [59]. It can be broadly classified into three

categories in terms of the dynamic source used,

namely ultrasonic, electro-magnetic and mechanical

vibrations. The grain refinement process using

dynamic solidification is well known and has been

widely applied in light metal alloys [60–62]. The

major advantages of introducing vibrations into the

casting include increase in fluidity, refined

microstructure, more homogeneity, improvement in

mechanical properties, less porosity and cavities [62].

Figure 7 Schematic illustration of growth of primary carbides during solidification of Fe-19.4Cr-3.84C HCCI a without ECP; b with
ECP. Adapted with permission from reference [47]. Copyright 2019, MDPI.
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Many researchers have also tried to refine the car-

bide in high-chromium cast irons by introducing

vibrations, leading to dynamic solidification of the

melt [63–68]. Gittus [63] attributed the change in

morphology of primary carbides caused by vibration

to the replacement of primary carbides with primary

graphite upon vibration, and also to the favourable

growth of iron–graphite eutectic. The cause of these

two effects was attributed to the increase in nucle-

ation rate. However, this explanation not only lacked

the evidence but also contradicted to the theory as the

formation of primary carbides from the melt is gov-

erned by thermodynamics and mechanical vibrations

cannot lead to phase change. Nofal et al. [64] poured

the hypereutectic HCCI melt into two different

moulds. One was static mould while the other mould

was vibrated for 3 min from the start of the pouring

using a mechanical vibrator with a frequency of

50 Hz and amplitude of 900 lm. Significant refine-

ment in primary carbides was observed in the ingot

cast with the application of mechanical vibrations as

illustrated in Fig. 8. The size of the primary carbides

decreased from 166 lm to 45 lm while the volume

fraction increased from 48 to 52% [64, 65]. The car-

bide refinement mechanism of dynamic solidification

process can be well understood in terms of the

Chalmers Free Chill Crystal Theory (more details in

‘‘Chalmers free chill crystal theory’’ section). Addi-

tional nuclei could be introduced through two pos-

sible paths. First, when the mould is in dynamic state,

the initially nucleated carbide crystals detach from

the mould walls. They were then carried into the

centre of the melt by convection in the liquid. They

may act as nucleant for primary carbide. Second, the

brittle carbide might break-away from the growing

carbide crystal due to the impact caused by the

dynamism in the liquid. The fragmented crystal, if

stable enough, can either grow on its own or serve as

a substrate for nucleation of primary carbides [60, 64].

Theoretically, the volume fraction of primary car-

bides in the casting is governed by thermodynamics

and should remain unchanged in case of both static

and dynamic solidification for a specific alloy. The

increase in volume fraction was highly likely attrib-

uted to the inaccuracy to measure area fraction that

was used to represent volume fraction because the

experimental error of measurement could be higher

when the carbide was refined. Huang, Z.F., et al. [68]

reported that primary carbides were much finer

when dynamic solidification was done under the

pressure of 150 MPa, which led to the increase in

toughness and wear resistance. The authors have

neither quantified nor discussed the scale of refine-

ment and effect of change in pressure. Moreover, the

carbide refinement was attributed to the activation of

BN coating, which is commonly used to coat the

internal walls of mould. As BN coating has disasso-

ciating characteristics with respect to carbides, the

detachment of carbide from mould walls during

casting was facilitated, leading to the formation of

more nuclei. Some researchers [44, 69] have experi-

mented with slope cooling body method to refine the

primary carbides. The mechanism involves a high-

temperature melt flowing along a slope cooling body.

In the process, a lot of crystalline carbides formed on

the surface which are subsequently dissociated and

swept with the melt in to the sand mould to inoculate

the nucleation of carbide, and therefore fine structure

was obtained after solidification. However, at high

pouring temperature, the primary carbides were

coarsened, while at low pouring temperature, the

alloy had a lot of shrinkage porosities due to poor

compensation ability of the melt [44]. Hence, the

method does not produce any significant improve-

ment in the toughness of the alloy.

Figure 8 Optical
Microstructures of the Fe-
15Cr-4.3C HCCI obtained
from a static solidification and
b dynamic solidification.
Adapted with permission from
reference [64]. Copyright
2010, Trans Tech Publications.

J Mater Sci (2021) 56:999–1038 1007



Heat treatment process control

Like all other metallic materials, the properties of

HCCIs are governed by their microstructure. In the

presence of severe and repetitive-impact environ-

ments, HCCIs with austenite matrix can either

undergo localized premature failure or failure of the

whole casting [38]. The size, shape and distribution of

primary carbides do not undergo significant change

during heat treatment [70], because primary carbide

forms directly from liquid, but heat treatment is most

commonly done at solid. In addition to the primary

carbide that is generally not changed during the

subsequent heat treatment process, microstructure

control of the matrix is also crucial to achieve optimal

performance. For most HCCIs, the matrix in as-cast

condition is stable austenite. Hence, a destabilization

heat treatment is normally applied to the castings to

reduce the alloy content of the austenite, resulting in

precipitation of secondary carbides within the matrix.

The carbides formed could be M3C, M7C3, M23C6,

which causes the depletion of alloying elements so

that on cooling the austenite matrix can fully or

partially transform to martensite [6]. The precipitated

secondary carbide improves the strength of the

austenite matrix and provides better support to the

eutectic carbides [72]. Usually, destabilization treat-

ment of HCCIs is done at temperatures above

1100 �C for 1–4 h followed by tempering [73]. The

resultant microstructure is composed of eutectic and

secondary carbides in a matrix of martensite [74].

Considerable studies have been done to investigate

the effect of heat treatment on properties of HCCIs

[70, 71, 75–81]. Pierce [74] found that destabilization

at high temperatures up to 1025 �C had no effect on

the morphology of the M7C3 carbides. It was

observed that heat treatment can only slightly change

the size but not the shape of the primary carbides.

Hinckley et al. [71] heat-treated Fe-24.9Cr-5.18C

HCCI at an elevated temperature of 1200 �C for one

hour followed by water quenching. They observed

slightly rounded off the carbide. It is because the

destabilization treatment is usually done below the

solidus temperature [71, 82, 83]. The improvement in

properties resulted from heat treatment was mostly

due to the changes in the carbide type and volume

fraction of the precipitated phases in the matrix

[3, 6, 70, 73, 79, 82, 84–88]. Kim, Lee and Jung [70] did

heat treatment on the Fe-31Cr-2.8C alloy by austeni-

tizing it at 1050 �C. The samples were air-cooled and

oil quenched, respectively. They reported an increase

in wear resistance resulted from the decrease in

hardness difference between the carbide and matrix

as the latter transformed from austenite to martensite.

However, fracture toughness decreased due to the

formation of martensite as the crack initiated at car-

bides cannot be effectively prevented by the matrix.

Liu et al. [78] examined a Ti-containing Fe-17.4Cr-

4.01C HCCI by heat treating at 900 �C, 1000 �C and

1050 �C for 2 hr and 6 hr, respectively. They

observed an increase in number of M7C3 carbides

with size greater than 11.2 lm after high destabi-

lization at higher temperature, and an increase in

number of secondary carbides with size less than

1 lm if destabilized at lower temperature, as shown

in Fig. 9. This is because when holding at higher

temperature for longer period, coarsening of carbides

i.e. primary, eutectic and secondary, occurred [78].

The martensite was also refined at low destabilization

temperature as compared to other cases. In addition,

they found that increasing holding time decreased

hardness and increased wear resistance due to

coarsening of M7C3 carbides and increase in the

matrix toughness, respectively. However, both

hardness and wear resistance increased with lower

destabilization temperature due to dispersion of

M7C3 carbides along with secondary carbides in the

martensitic matrix.

Modification of primary carbides in high-
chromium cast irons through addition
of modifiers

In addition to process control, melt treatment is the

most cost-effective and practical approach to modify

the morphology of the primary carbide in HCCIs. In

addition to degassing, deoxidization and alloying,

melt treatment in a foundry also includes modifica-

tion and inoculation treatment. It means adding

modifying solutes to restrict the growth of the sec-

ondary phase, which can be carbide, boride, nitride

and intermetallic compounds depending of the

composition of alloys, and to add inoculants that

promote the heterogeneous nucleation of the sec-

ondary phase. Laird’s study [37] demonstrated that

addition of modifiers significantly changed the mor-

phology of primary/eutectic M7C3 carbides which

grow very fast along the preferred growth axis dur-

ing solidification in all HCCIs, including
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hypoeutectic (Fe-15.3Cr-3.1C) and hypereutectic (Fe-

28.8Cr-3.2C).

Addition of solutes during modification/inocula-

tion treatment differs from the alloying treatment. In

HCCI, except for Cr, other common alloying elements

are Ni, Al, V, Mo, W, etc. Their roles are to form

carbides and/or intermetallic compounds and/or to

increase the hardenability of the matrix. But, the

common modifying solutes used in HCCIs include

Mn, P, S, O, H, N, Ce, Mg, etc. [89]. When they are

added, they can either act as solutes that affect the

formation of constitutional undercooling zone in the

front of the solid–liquid interface, altering the growth

manner of the carbide, or react with atmosphere or

other elements in the melt to form compounds, which

can act as nucleants, promoting the nucleation of the

primary carbides [90–92]. In addition, inoculants can

also be externally added in the form of particles

[41, 93].

Solute additions can be made using various meth-

ods, which may affect the homogeneity of the melt.

Zhi et. al added the modifying agents by placing their

powder in the bottom of the ladle before pouring the

liquid metal in the sand mould [41]. However, such

additions using powders are associated with a high

possibility of uneven distribution or agglomeration of

powder particles in the melt, resulting in high vari-

ability of pouring temperature, etc. [94]. This may

lead to the inhomogeneity of the refinement and non-

uniform microstructure. The most common method

to add solutes is mechanically press the solutes into

the melt using pure metal (rarely used) or a master

alloy that is an Fe–M (where M = Mn, N, Ti, V, etc.)

alloy [95–97]. This method ensures the homogeneity

of the solutes dissolved in the melt. Another method

is to place a layer of inoculant or particles to be added

at the bottom of the ladle before transferring the melt

into it [98]. This method cannot ensure fully and

homogeneously mixing. Some particles need high

temperature to dissolve in the melt, which maybe not

be achievable in the ladle. Furthermore, the melt in

ladle cannot be stirred to homogenize the melt. Sev-

eral researchers have also introduced inoculants to

the liquid HCCI in the powder form [99]. The major

drawback of this method is the likelihood of segre-

gation and agglomeration of the powder in the melt,

limiting dissolving of the powder when the inoculant

is added.

Although considerable studies have been con-

ducted on the role of inoculants in grain refinement

of cast light alloys [100–104], and a number of theo-

ries/models have been developed to understand the

mechanism, the work on primary carbide of HCCIs is

relatively limited. There is still no inoculant available

for commercial use. In this section, some of the

reported inoculants and solutes are reviewed and

discussed.

Figure 9 SEM Micrographs of the Ti containing Fe-17.4Cr-4.01C HCCI after destabilization heat treatments at various temperatures for
different hours. Adapted with permission from reference [78]. Copyright 2012, The Iron and Steel Institute of Japan.
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Effect of adding nucleants on primary
carbides in high-chromium cast irons

Influence of addition of TiC and TiBAl

In order to refine the coarse primary M7C3 carbides in

HCCIs, other carbides have been considered as pos-

sible inoculants. Fu et al. [93] did not specify the basis

but added TiC particles to a Fe-19.99Cr-4.03C

hypereutectic HCCI. As shown in Fig. 10, 1.0 wt.%

TiC particles addition led to the decrease in size of

primary M7C3 carbides by 60%. Addition of over 1.0

wt.% did not lead to further refinement. Although the

carbide refinement efficiency is high, in this work,

addition of TiC was conducted through deposition of

a TiC layer at the bottom of the ladle, followed by and

stirring the melt with a steel bar. Dissolving the TiC

particles homogenously in the melt is questionable.

Yilmaz and Teker [77] tried TiBAl as a carbide

modifier of the Fe-17.2Cr-4.21C HCCI. Although

microstructure showing the carbide modification was

not reported, inoculation treatment with TiBAl up to

1 wt.% led to increase in impact toughness with no

significant change in hardness. Further investigation

may be needed to expose the potency of this carbide

modifier.

TiC, with a melting point of 3160 �C, is very

stable in liquid HCCI. Therefore, it can possibly act as

a substrate for heterogeneous nucleation of primary

carbides. Many studies have used two-dimensional

lattice misfit model to calculate the lattice misfit

between TiC and M7C3 carbides to understand the

mechanism of carbide refinement by TiC particles.

Wu et al. [105] and Huang et al. [106] reported a

lattice misfit of being 1.32%, while the other studies

Figure 10 Microstructure of the Fe-19.99Cr-4.03C HCCI taken
from 1 mm below the surface of ingots with various amount of
TiC particle additions. a 0 wt.% TiC, b 0.5 wt.% TiC, c 1 wt.%

TiC and d 1.5 wt.% TiC. Adapted with permission from reference
[93]. Copyright 2009, Springer Nature.
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[93, 107, 108] showed it was 8.4–8.6%. The difference

in calculated lattice misfit was attributed to the dif-

ferent low index planes used in the calculation, which

is detailed in ‘‘Two-dimensional lattice misfit model’’

section. But, although the resorted results indicated

that TiC can refine primary M7C3 carbides, its refin-

ing efficiency is not high. This can be verified using

the edge-to-edge matching model as detailed in

‘‘Edge to edge matching (E2EM) model: a successful

case’’ section. Adding TiBAl alloy might enable the

reaction of Ti with carbon or nitrogen in the HCCI

melt to form TiC or TiN or Ti(C,N) [109], could act as

heterogeneous nucleation substrate for primary car-

bides. Ding et al. [109] reported the lattice misfit

between Ti(C,N) and M7C3 carbide being

8.46% * 9.74%\ 12%; thus, Ti(C,N) can also poten-

tially refine the primary carbides.

Effect of boron carbide

Borrowing the idea from light alloys, where TiB2 is

commonly used to refine the grains of cast alu-

minium alloys [110, 111], boron carbide was tested to

promote the heterogeneous nucleation of primary

M7C3 carbides and modify the carbides in HCCIs

[98, 112, 113]. Kopyciński [98, 112] modified the Fe-

24.5Cr-3.4C HCCI with boron carbide, crushed steel

scrap and both of them. But, only the addition of

boron carbide with steel scrap led to refinement of

carbides and increased in hardness and wear resis-

tance of the alloy, which was accompanied with

reduction in strength. The alloy needed subsequent

heat treatment to regain strength. The refinement of

primary carbides occurred because unknown parti-

cles were introduced into the melt by the reaction

between boron carbide and crushed steel scrap,

which served as the heterogenous nucleation site for

the carbides [112]. Studnicki and Jezierski [113] also

experimented with boron carbide by inoculating it in

a HCCI and compared its efficiency with niobium,

vanadium, rare earth and nitrogen. Dissolution of

boron carbide in the melt was observed, which led to

negligible carbide modification as boron carbide itself

does not act as a substrate for nucleation of primary

carbides. It reacts with other reactive elements such

as Nb, V to form various carbides, contributing to the

refinement of primary carbides through promoting

heterogeneous nucleation.

Role of rare earth (RE) oxides

Rare earth (RE) oxides have been considered as

another effective carbide modifier in HCCIs, includ-

ing hardfacing alloys [114–116]. A study by Yang

et al. [116] on La2O3 showed that addition of La2O3

up to 0.78 wt.% led to the decrease in size of primary

carbides from 13.43 lm to 11.37 lm and increase in

fraction of eutectic carbide as shown in Fig. 11. As a

result, the wear resistance was enhanced. Addition

over 0.78 wt.% La2O3 led to coarsening of the primary

carbides and deterioration of properties [116]. But,

Zhou et al. [117] observed refined primary carbides

even up to 6 wt.% La2O3 was added to a Fe-23Cr-4C

HCCI. The refinement of primary carbides was

attributed to heterogeneous nucleation of carbide on

the La2O3 particles [115, 118]. It was found by Zhou

et al. [117] that when La2O3 is introduced in the melt,

it formed LaAlO3 type inclusion, which was respon-

sible for the refinement of primary carbides. They

calculated the lattice misfit between LaAlO3 and

M7C3 being 8.37%. As this value is less than 12%,

therefore, LaAlO3 was considered as heterogenous

nucleation site for primary carbides.

Hao et al. [114] added a mixture of RE oxides

(oxides of Ce and La[ 98%). which led to refinement

and periodization of the primary carbides. 90%

reduction in area fraction and 67% reduction in

perimeter of primary carbides were observed with an

addition of up to 4 wt.% RE oxides. The role of Ce2-
O2S in the nucleation and refinement of primary

carbides was discussed based on calculating the lat-

tice misfit between Ce2O2S and M7C3, which is 6.2%.

As this value is less than 12%, Ce2O2S is moderately

effective and can serve as the heterogenous substrate

for primary carbides. But, the effects of La as solute

seem not significant.

Effect of solute additions
on the modification of primary carbides
in high-chromium cast irons

Titanium additions

Early work by Wu et al. [105] and Zhi et al. [119] has

shown that 1.5 wt.% Ti addition led to refinement of

the primary M7C3 carbide from more than 10 lm to

less than 4 lm different HCCIs. Chung et al. [99]

added various levels of Ti ranging from 0 wt.% to 6

wt.% into an Fe-25Cr-4C alloy and noticed the
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transition of the alloy from hypereutectic to

hypoeutectic the addition level was over 2 wt.%. Liu

et al. [42] added 1.5 wt.% Ti to an Fe-17Cr-3.79C

HCCI and reported a decrease in the size of the pri-

mary carbides, from 151.9 lm to 53.9 lm (64%

reduction) as shown in Fig. 12. All these authors

observed the formation of TiC prior to the M7C3

primary carbide in HCCI melt, which not only

refined the primary carbide, but also consumed the

carbon in the HCCI, because Ti is a strong carbide

forming element. Thus, Chung el at [99]. questioned

the use of Ti as solute because upon addition of Ti

over 2 wt.%, Ti consumes carbon from the alloy melt

to form TiC. This moved the composition of the alloy

from hypereutectic to hypoeutectic, leading to con-

siderable reduction in the volume fraction of primary

carbides. Ding et al. [109] added 0.4 * 0.5 wt.%

titanium together with various concentrations (0.4,

0.54 and 0.2 wt.%) of nitrogen to an Fe-24.67Cr-2.3C

HCCI. They observed more uniform primary M7C3

carbide formed owing to the Ti(C,N) particles that

promoted the formation of the M7C3. Although TiN

should thermodynamically have preference to form,

the difference in concentration of added Ti and N

enabled the formation of TiC through reaction of

carbon with excess Ti. By increasing the

Figure 11 Microstructure of
the Fe-11Cr-4.88C HCCI with
various La2O3 additions. a 0
wt.% La2O3, b 0.39 wt.%
La2O3, c 0.78 wt.% La2O3 and
d 1.17 wt.% La2O3. Adapted
with permission from
reference [116]. Copyright
2014, Elsevier.

Figure 12 Micrographs of Fe-17Cr-3.79C after addition of a 0%, b 1.5 wt.% Ti. Adapted with permission from reference [42]. Copyright
2012, The Iron and Steel Institute of Japan.
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concentration of nitrogen to 0.2 wt.%, refinement of

primary M7C3 carbide by 60% was observed, which

confirmed the role of TiN as the carbide modifier.

Huang et al. [106] even reported a 75% reduction in

size of primary carbides with 0.95 wt.% Ti addition

and no further changes when the addition was above

it.

As a strong carbide and nitride forming alloying

element, Ti has been considered as a potential solute

to refine the primary carbide in HCCIs. The refine-

ment of primary carbides was attributed to the for-

mation of TiC through chemical reaction of Ti and

carbon, which provided inoculants in the melt for

heterogenous nucleation of the M7C3 type of carbide.

The ability of TiC to act as a substrate has been

already discussed in ‘‘Influence of addition of TiC

and TiBAl’’ section. Too much Ti addition could

reduce the total volume fraction of the primary car-

bide as Ti consumed carbon in the alloys

[42, 76, 97, 105, 107, 109, 119–123]. Wang et al.’s [124]

work indicated that too many additions of carbide

forming elements could even totally lead to sup-

pression of formation of primary M7C3 carbides. As a

result, the wear resistance of the alloys could be

reduced. Hence, based on previous work, Ti addition

to HCCIs should be optimized for different alloys to

maximize its effect on property improvement.

Niobium additions

Niobium is another strong carbide forming element.

Addition of Nb leads to the formation of NbC which

further acts as inoculant to refine the primary and

eutectic carbides. Like Ti, addition of excess amount

of Nb consumes carbon in the melt, leading to

reduction in volume fraction of primary carbides or

change of microstructure of the alloy from hypereu-

tectic to eutectic or hypoeutectic [64, 123, 125–130].

Chen et al. [128] observed a 60% reduction in the

volume fraction of primary carbide when 1.4 wt.%

Nb was added to the Fe-3.92Cr-3.92C HCCI. They

also reported a refinement of the primary carbides

from 50 lm to 20 lm, together with the shifting of the

eutectic point towards higher carbon content, which

led to further decrease in precipitation of primary

carbides. Nb combines with the carbon in the alloy

melt to form block-hook shaped NbC which can

firmly hold the carbides in the matrix. Zhi et al. [125]

obtained an average reduction of 44% in the average

diameter of the primary carbides when the Nb

content was increased from 0% to 1.5 wt.% in the Fe-

20Cr-4C HCCI. As shown in Fig. 13, along with

refining the size, the shape of primary carbides also

became equiaxed. They attributed the refinement to

the formation of NbC which reduces the carbon in the

melt and decreased the volume fraction and size of

the primary carbides. It was also noticed the presence

of niobium on the boundaries of carbides, which was

responsible for impeding the growth of primary

carbides along preferential growth direction, leading

to refined primary carbides. Nofal et al. [64] observed

the formation of NbC, which consumed most of the

carbon in the melt leading to decrease in precipitation

of primary M7C3 carbides. The size of the primary

carbides decreased from 166 lm to 35 lm when the

Nb additions were increased to 2 wt.% in the Fe-

15Cr-4.3C HCCI. The NbC particle also acted as a

hindrance in the growth of primary carbides result-

ing in their refinement. Liu et al. [127] reported a

60–67% reduction in the diameter of the primary

carbides from 30–50 lm to 10–20 lm when Nb

additions were increased from 0 to 1.2 wt.% in Fe-

26.3Cr-3.69C HCCI. By using thermocalc software,

they noticed that upon addition of Nb, it reacted with

carbon to form NbC, which formed prior to the pri-

mary carbide. They did calculations based on the first

principles to determine interfacial energy and adhe-

sion energy between (0001)M7C3 plane and (111)NbC

and verified that NbC could act as a substrate, thus

promoting the heterogenous nucleation of primary

carbides [127]. Zhang et. al [108]. reported the carbide

size reduction of 47% from 76 lm to 40 lm by adding

1.54 wt.% Nb into the Fe-24.63Cr-3.6C HCCI. In the

same work, they also simultaneously added 1.19

wt.% Nb and 0.31 wt.% Ti which reduced the size of

primary carbide from 76 lm to 22 lm in the same

HCCI. They observed the formation of core–shell

carbide formed by adding 0.29 wt.% Ti first and then

1.22 wt.% Nb. This core shell was smaller in structure

and was found more dispersed than the (Nb, Ti)C. It

was attributed to decrease in size of primary carbides

to 11 lm. Based on these outcomes, Nb has strong

potential as a better modifier for primary carbide in

HCCIs. However, like Ti, it consumes carbon from

the melt; therefore, optimal amount of Nb content

should be determined and added to maintain the

required properties.

J Mater Sci (2021) 56:999–1038 1013



Vanadium additions

Addition of vanadium to Fe–Cr–C-based HCCIs

leads to the formation of vanadium enriched M6C5

carbide before the primary M7C3 carbide [131]. As

another strong carbide forming element, vanadium

also consumes carbon in the HCCI melt. This leads a

decrease in the carbon available for the solidification

of primary carbide, which causes change in the vol-

ume fraction and ‘‘refinement’’ of primary M7C3 car-

bides in HCCIs [124, 129, 131–135]. Zhao et al. [136]

added a combination of vanadium (0–0.3 wt.%) and

rare earth (0–0.5 wt.%) in the Fe-26.2Cr-2.74C HCCI,

and slight refinement of primary carbides was

observed due to the formation of VC that acted as an

inoculant, even though the authors did not quantify

the size of primary carbides. To determine the effec-

tiveness of VC for the heterogenous nucleation and

ultimately, refinement of primary carbides, lattice

disregistry between VC and primary M7C3 carbides

was calculated to be 1.32% [136]. Work by Ma et al.

[130] even did not identify any change in the mor-

phology of primary carbide in the tested HCCI with

composition of Fe-24.87Cr-3.21C. They added V

along with other strong carbide formers such as Ti,

Nb and Cr. V was primarily found to increase the

hardness of the M7C3 carbides [130]. The addition of

V along with other MC type carbide forming ele-

ments led to decrease and increase in liquidus and

eutectic temperature, respectively [131]. Hence, it can

be considered that vanadium has a relatively minor

effect on the solidification of HCCI. However, excess

addition of vanadium can suppress the formation of

primary carbides as a result of formation of VC

[124, 129]. Chung et al. [129] observed a relatively low

variation on the solidification path of the alloy. The

microstructure did vary, from hypereutectic to

hypoeutectic with increase in addition of vanadium

due to the formation of fine particles of VC. The

decrease in carbon content resulted in low volume

fraction of primary carbides while fine, in situ formed

VC particles impeded the growth of carbides. The

authors also reported the dissolution of V in the M7C3

carbide and solid-solution strengthening of austenite

matrix, leading to increase in hardness.

Vanadium has also been commonly used to modify

the morphology of eutectic carbide in hypoeutectic

and eutectic HCCIs [14, 131, 134, 137, 138], even

Figure 13 Microstructure of
the Fe-20Cr-4C HCCI taken
from 1 mm below the surface
of the ingots with various Nb
additions. a 0 wt.% Nb, b 0.5
wt.% Nb, c 1 wt.% Nb and
d 1.5 wt.% Nb. Adapted with
permission from reference
[125]. Copyright 2008,
Elsevier.
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though its effect on primary carbides in hypereutectic

HCCIs is weak. Hence, it is considered that V is more

suitable for hypoeutectic and eutectic HCCIs than for

hypereutectic HCCIs.

Silicon additions

When silicon is introduced into Fe–Cr–C system, it

does not form any carbides itself. But, it influences

the volume fraction of the phases. Atamert and

Bhadeshia [33] observed the presence of ferritic

matrix and no austenite when 2 wt.% or more silicon

was added to the Fe-34Cr-4.5C HCCI. Silicon was

readily rejected from the carbide into the ferritic

matrix during solidification of the primary phase. As

a result, constitutional supercooling formed at the

front of the growing primary carbide, which could

lead to refinement of the carbides as described by the

Winegard and Chalmers Theory and the Interde-

pendency Theory as detailed in ‘‘Winegard and

Chalmers Theory’’ and ‘‘The Interdependence The-

ory’’ Sections, respectively. It has been reported that

addition of 8 wt.% Si modified the morphology of

M7C3 carbide from needle like to equiaxed and pro-

moted the formation of Cr6C4 during cooling via

solid-state transformation. Zhi et al. [139] agreed that

silicon plays a role in changing the morphology and

refinement of primary carbides by either promoting

its preferential growth or hindering its directional

growth. However, the effect of silicon on the nucle-

ation of M7C3 carbides is contradictory in the litera-

ture. Laird and Powell [88] reported, via image

analysis, that addition of silicon up to 2.2 wt.% in Fe-

17.8Cr-3C HCCI had no effect on the shape, volume

fraction and morphology of the primary and eutectic

carbides. It inhibited the nucleation but did not affect

the subsequent growth of the eutectic carbides due to

lower carbon content with increasing addition of

silicon. While Shen and Zhou [140] observed an

increase in carbide nuclei with increase in content of

silicon to more than 2 wt.%. The mechanism was

based on the higher binding energy of Fe to Si than

that of Fe to C. This led to rejection of carbon into the

melt for solidification of more carbide nuclei. Excess

silicon additions decreased the eutectic temperature

which increased the undercooling required for

solidification of nuclei to refine primary carbides.

Bedolla-Jacuinde and Rainforth [141] noticed the

change in composition of alloy, from hypoeutectic to

hypereutectic on addition of more than 4 wt.% silicon

to Fe-16.8Cr-2.56C HCCI [142]. This was due to the

increase in carbon equivalent of the alloy when

excess silicon is added. As a result, the composition

range of the alloy was shifted from hypoeutectic to

eutectic and then finally, to hypereutectic, where

M7C3 carbides are the first phase to solidify. This shift

leads to substantial increase in the hardness of the

alloy. In addition, it was also reported that addition

of over 2 wt% silicon changed the matrix from

austenite to ferrite in HCCIs, leading to decrease in

wear resistance [33, 141]. Bedolla-Jacuinde, Rainforth

and Mejı́a [142] studied the Si effect in more details

and found that silicon promoted the transformation

of austenite to martensite when Si addition was

below 4 wt.% in Fe-16.8Cr-2.56C HCCI. However,

addition more than 4 wt.% Si led to of the formation

of ferrite and pearlite matrix directly in the as-cast

HCCIs because Si is a typical ferrite-forming element

in ferrous alloys. Powell and Randle [143] could not

even specify the role of silicon, but postulated that it

might affect the growth of carbides as they observed

disconnected eutectic M7C3 carbides when 1.3 wt.%

Si was added to Fe-18Cr-2.8C HCCI, which led to

improvement in fracture toughness. This disconnec-

tion was attributed to the less strain induced between

M7C3 carbides and the austenite matrix during the

solidification of the alloy. Many studies agree to the

solid solution effect of silicon, leading to increase in

number and refinement of eutectic carbides and

improvement in hardness and wear resistance of the

alloys [141, 143–145] when proper amount of Si was

added. Based on previous results, it is suggested by

the current authors that Si addition should not excess

4 wt%.

Molybdenum additions

Unlike other carbide forming elements, such as Ti, V,

Nb, W, molybdenum tends to form eutectic M2C,

M6C and MC carbides [124, 129, 146–148], which

consumes carbon in the melt. This carbon consump-

tion shifts the carbon equivalent to eutectic or

hypoeutectic range [124, 130]. As this type of carbides

is very hard, it not only refines the primary M7C3

carbides, but also improves the hardness and wear

resistance of the material [124, 129, 147]. Molybde-

num, even with small quantities, can suppress the

formation of pearlite [149]. Scandian et al. [147]

reported that addition of over 3 wt.% Mo to a 32 wt.%

Cr containing HCCI facilitated the precipitation of
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eutectic M6C carbide in ferritic matrix, which

enhanced the hardness and wear resistance. The loss

of volume during wear was mainly due to ferritic

matrix. With the help of image analysis, it was con-

firmed that increase in Cr and Mo additions

decreased the volume fraction of the matrix as a

result of the formation of more carbides, such as

primary and eutectic M6C. However, Chung et al.

[129] reported a different result. They found that 13

wt.% addition of Mo refined the primary carbides

and produced a near-eutectic microstructure con-

sisting of refined M7C3, MC and M2C in the austenite

matrix. This refinement was attributed to the con-

sumption of carbon by Mo, which reduced the total

volume fraction of primary carbides as compared to

base alloy. They found that although Mo addition

increased hardness of the matrix of the Fe-24.8Cr-

3.72C HCCI, it was also associated with large volume

loss during wear as compared to the alloys contain-

ing other carbide forming elements, such as Nb and

V. This was attributed to the formation of brittle and

interconnected Mo2C carbides when Mo addition

was over 6 wt.%, to which facilitated the crack

propagation and lowered the wear resistance. How-

ever, opposite results were reported by Yamamoto

et al. [150] that Mo addition did not modify the

morphology of primary carbide in a Fe-25Cr-4.5C

HCCI. As shown in Fig. 14, addition of various

amount of Mo ranging from 0 to 15 wt.% into the

HCCI showed no effect on the morphology of the

primary carbides. With increase in the addition level,

Mo either dissolves in M7C3 carbides, leading to lat-

tice distortion or precipitated as Mo2C carbides near

the eutectic point in the final stages of solidification.

Many other studies also verified that Mo addition did

not improve the fracture toughness and/or wear

resistance of the alloys [150, 151]. Hence, Mo seems

not a suitable modifier to modify the morphology of

primary carbide in HCCIs.

Tungsten additions

Like Mo, W, when added to HCCI, forms various

tungsten carbides, including WC, W6C, W3C, which

were found in the matrix and considerably increased

the hardness and wear resistance of the alloys

[122, 124, 152–154]. The more the tungsten added, the

higher is the hardness and wear resistance

[122, 152, 154]. Accordingly, additions of tungsten

over 1.0 wt% lowered the toughness of the alloys. As

a strong carbide forming element, tungsten consumes

carbon and ‘‘refines’’ the primary carbides by

decreasing its volume fraction. Over additions can

lead to compositional shift to eutectic or hypoeutectic

range [124]. Anijdan et al. [152] attributed better

mechanical properties of a W-containing Fe-28.84Cr-

3.03C HCCI to the presence of tungsten carbide in the

matrix with increase in tungsten from 0% to 2.5 wt.%.

Although tungsten carbides were observed, mecha-

nisms of refinement of primary carbides were not

discussed. Lv et al. [154] reported the refinement of

primary and eutectic carbides with irregular distri-

bution of carbides in the matrix in the as-cast struc-

ture when up to 2.75 wt.% W was added into Fe-

24.45Cr-3.08C HCCI. This was resulted from the

formation of WC1-x, W6C2.54 and CW3 along with Mo

present in the alloy, which consumed carbon from

the melt, leading to decrease in volume fraction of

primary carbides. Furthermore, carbide formation in

the melt also locally consumed carbon, and increased

the martensite start temperature, leading to trans-

formation of austenite to martensite, However,

Yamamoto et al. [150] reported different results. They

found that addition of W, even up to 15 wt.%, into a

Figure 14 Effect of molybdenum addition on microstructure of the as-cast Fe-25Cr-4.5C HCCI. Adapted with permission from reference
[150]. Copyright 2014, The Japan Institute of Metals and Materials.
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Fe-25Cr-4.5C alloy, did not significantly verify the

primary carbides as shown in Fig. 15. In addition, it

was verified that just like Mo, W could also dissolve

in M7C3 carbide by substituting the Fe and Cr atoms.

This might cause lattice distortion of the M7C3 at high

levels of W addition.

Role of rare earth (RE) elements as solutes in HCCIs

Rare earth elements are known to improve strength,

ductility, fatigue strength and corrosion resistance in

light alloys [155, 156]. In HCCIs, the optimal RE

addition, including cerium, lanthanum and neody-

mium, was considered as 0.13–0.26 wt.%. RE ele-

ments generally have limited solubility in carbides

and austenite; therefore they tend to form oxides

and/or sulphides in meal melts as fine inclusions in

solidified alloys [157]. However, due to the extreme

difficulty to add REs into metal melts, the actual

nominal addition is much higher than this amount. It

is considered that inclusions formed through chemi-

cal reaction of RE elements with oxygen or sulphur in

the melt can act as heterogeneous nucleation sub-

strates for primary carbides [157, 158]. Depending on

composition of the alloy, oxygen and sulphur in

particular, either sulphides such as Ce2S3 or oxysul-

phides such as Ce2O2S, can form before solidification

starts. Subsequently, they can facilitate the nucleation

of primary M7C3 carbides, causing carbide refine-

ment. Many studies have used two-dimensional lat-

tice misfit model proposed by Bramfitt [159] to

examine the suitability of Ce2O2S and Ce2S3 as

heterogeneous nucleation substrates for the M7C3

carbides [95, 158, 160]. Qu et al. [158] added up to 1.5

wt.% Ce into a Fe-19.4Cr-4.17C HCCI and observed

refined and spheroidized primary carbides. The

refinement of primary carbides was attributed to the

formation of Ce2O2S inclusions, which acted as

heterogeneous nucleation substrates for the primary

carbides. They reported the lattice misfit between

Ce2O2S and M7C3 to be 0.69% and 1.6%. Zhou et al.

[160] also observed a decrease in diameter of primary

carbides, from 18 lm to 6.8 lm with addition of 2

wt.% ceria additive to a Fe-22-26Cr-4-4.2C HCCI. As

inclusions of cerium have to be stable before the

solidification of primary carbides, the authors eval-

uated all the possible oxides, sulphides and oxysul-

phides of cerium. On the basis of Gibbs free energy

and XRD results, it was concluded that Ce2O2S

inclusion is stable in the alloy melt before the solid-

ification of primary carbides. The relatively low lat-

tice misfit of 6.2–8.2% between Ce2O2S and M7C3

indicates the strong potential for the Ce2O2S particles

to act as nucleant for the carbide. In addition, Zhi

et al. [95] also observed the formation of Ce2S3, which

acted as heterogeneous nucleation site for M7C3 in a

Fe-19.4Cr-4.17C HCCI. They reported that the Ce2S3
inclusion is stable and has a lattice misfit of 4.5% with

M7C3. The result showed that adding up to 1.5 wt.%

Ce reduced the size of the primary carbide by 25% in

the Fe-19.4Cr-4.17C HCCI as shown in Fig. 16.

Additionally, due to low solubility of Ce in carbide

and the matrix, the element segregates in front of the

growing carbide at the solid–liquid interface. This

leads to large constitutional supercooling, which

might further facilitate in nucleation and refinement

of primary carbides [95]. More details about this

mechanism are discussed in ‘‘Winegard and Chal-

mers Theory’’ and ‘‘The Interdependence Theory’’

Sections.

It has been widely reported that RE addition

enhanced the mechanical properties of HCCIs, such

as wear resistance, hardness and impact toughness

[95, 136, 160, 161]. But, Kawalec [95] reported that

Figure 15 Effect of tungsten on the as-cast microstructure of the as-cast Fe-25Cr-4.5C HCCI. Adapted with permission from reference
[150]. Copyright 2014, The Japan Institute of Metals and Materials.
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addition of lanthanum in high alloyed HCCIs redu-

ces tensile strength and slightly improves the duc-

tility impact resistance of the alloys. Due to the lack of

comprehensive studies of the roles of REs in different

HCCIs, it is hard to draw any conclusions. But, the

potency of REs in HCCIs is a research topic that is

worth to work on.

Boron additions

In addition to the boron carbide (B4C) discussed

above, boron has also been added to HCCIs as solute

since it is a common alloying element for ferrous

alloys. Chung et al. [129] added various amount of

boron ranging from 0 to 13 wt.% to a Fe-25Cr-4C

HCCI. The modification of microstructure was dif-

ferent as compared to those with carbide forming

elements, such as Ti, Nb. No significant impact on

primary carbides was observed because of the high

solid solubility of B in carbides. Boron readily dis-

solves in M7C3, M23C6 carbides by replacing the

carbon atoms in the carbides and in austenite matrix,

forming M7(C,B)3, M23(C,B)6 in addition to the for-

mation of M2B. As a result, the equivalent carbon

content in the matrix was increased, which increased

the volume fraction of primary carbide and more

solidification of carbide nuclei. In addition, boron

addition also leads to the transformation of austenite

to bainite or martensite [129, 162]. This further led to

the improvement in mechanical properties such as

hardness of the alloy [144]. However, excess addition

of boron enabled the formation of M2B borides as

shown in Fig. 17. Unfortunately, the actual roles of

such boride are still unknown (Table 1).

Considerable work has been done to develop

techniques to modify the morphology of primary

carbide in HCCIs using the elements and compounds

discussed above. But, only limited success was

achieved. This is because high level of additions of

the solutes could either lead to change in the com-

position of the alloy from hypereutectic to hypoeu-

tectic or form brittle phases that lead to deterioration

of mechanical properties. In addition, in the cases

where the nucleants are not in situ forming, the

external addition of inoculants is still a challenge.

Furthermore, majority of the currently reported car-

bide modifiers are carbides that form through addi-

tion of strong carbide forming alloying elements

except for a few oxides and nitride. In fact, these

techniques have been widely used in austenitic grain

Figure 16 Micrographs of the
Fe-19.4Cr-4.17C HCCI with
various Ce additions. a 0 wt.%
Ce, b 0.5 wt.% Ce, c 1 wt.%
Ce and d 1.5 wt.% Ce.
Adapted with permission from
reference [95]. Copyright
2014, Elsevier.
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refinement in steels. In addition, in light of the lack of

comprehensive theories /models to understand the

mechanisms of these available carbide modification

techniques, almost all of them were developed

through trial and error approach. Thus, the questions

arisen are:

(1) Are the currently reported carbide modifiers

optimal to modify the primary carbide in

HCCIs?

(2) Are there more effective and lower cost mod-

ifiers that have not been discovered?

(3) How to identify and discover new and more

effective modifiers?

To answer the third question, the present authors

propose to apply the grain refinement theo-

ries/models well developed for cast metals in the

recent years to identify new modifiers for the primary

carbide in HCCIs followed by experimental valida-

tion. In order to reveal such a possibility, major grain

refinement theories/models for cast metals are

reviewed in the following section.

Theories/Models of grain refinement
developed for cast metals and their
application to high-chromium cast irons

Grain refinement not only can simultaneously

improve the strength and ductility, but also can

minimize the porosity and segregation of cast metals

[62, 103, 163, 164]. Hence, it has been comprehen-

sively studied and widely used in the foundry, light

metals in particular. In the past decades, a number of

theories/models have been developed to understand

the mechanisms of grain refinement and to guide the

discovery of new grain refiners. Majority of these

theories/models were developed in cast aluminium

alloys [90, 104, 165–168], and then were extended to

cast magnesium alloy [61, 100, 101, 169–171], titanium

alloys [172–175] and steels [163, 164, 176, 177]. Several

review papers on grain refinement have been pub-

lished in the past years. In this section, major grain

refinement theories/models are briefed, followed by

discussion on the possibility to extend these theo-

ries/models to HCCIs in order to understand the

mechanism of primary carbide modifications and to

discover new and more effective carbide modifiers.

Winegard and Chalmers Theory

In 1954, Winegard and Chalmers [178] proposed a

theory based on constitutional undercooling resulted

from the solutes that present ahead of the solid–liq-

uid interface. When the solute, B, is rejected from the

growing solid–liquid interface due to the different in

solubility of the solute in the solid and liquid, varia-

tion of the solute concentration in the liquid as shown

in Fig. 18a leads to change in liquidus temperature,

T0, of the melt adjacent to the interface as shown in

Fig. 18b. The higher concentration of solute close to

the interface lowers liquidus of the local melt com-

pared with the regions far away from the interface.

When the liquidus temperature gradient at the

interface is larger than the real temperature gradient,

constitutional undercooling occurs in the melt. Once

the sum of the thermal undercooling and the consti-

tutional undercooling in the melt excesses a critical

undercooling, it paves the way for heterogenous

nucleation on nucleants, which can be externally

Figure 17 Micrographs of the Fe-25Cr-4C HCCI with various B additions. a 0 wt.% B, b 2 wt.% B, c 10 wt.% B and d 13 wt.% B.
Adapted with permission from reference [129]. Copyright 2013, Elsevier.
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added or in situ formed. This ‘‘new’’ nucleation

inhabits the growth of previously growing solid,

leading to grain refinement [167, 178, 179].

This is the earliest and most popular theory

developed to explain grain refinement in light metal

alloys. According to the theory, the solidification

starts on the walls of a mould, which is associated

with a directional growth, resulting in columnar

grains. Such growth leads to the formation of con-

stitutional supercooling zone, in which ‘‘secondary’’

nucleation occurs on the nucleants within the con-

stitutional undercooling zone. As a result, the direc-

tional growth is terminated and fine equiaxed grains

form. In aluminium alloys, nucleation of a-Al com-

monly occurs on TiC, TiB2, AlB2 and (Al,Ti)B

[90, 104]. In magnesium alloys, Mg nucleates on

either Al4C3 or Al2CO [180, 181].

This theory has been supported by a number of

experimental observations for both aluminium and

magnesium alloys [90, 182]. Some researchers

Table 1 Summary of all the reported modifiers for the primary carbide in HCCIs

Function
(Nucleant or
Solute)

Element/
Alloy

Effect on refinement of primary carbides Refining
efficiency

References

Nucleant TiC/TiBAl Heterogeneous nucleation substrate for the M7C3 primary
carbides

60% [77, 93]

Boron
Carbide

Heterogeneous nucleation substrate for the M7C3 primary
carbides.

– [98, 112]

La2O3 Heterogeneous nucleation substrate for the M7C3 primary
carbides.

15–67% [116]

Nucleant ? Solute Titanium (Ti) Forms TiC which acts as nucleant for the primary M7C3

carbide
60–64% [42, 97, 105, 119, 120]

Niobium (Nb) Form NbC which acts as nucleant for the primary M7C3

carbide
Nb as a solute shifts the eutectic point to the right leading to
decrease in precipitation of primary carbide

44–67% [64, 123, 125, 126, 128]

Vanadium
(V)

Forms VC which acts as nucleant for the primary M7C3

carbide and V rich M6C5 carbide
V as a solute decreases the solidification temperature leading
to decrease in precipitation of the primary carbide

– [124, 131–134]

Tungsten (W) Form MC, M3C, M6C during casting and M2C in heat
treatment Mostly found to strengthen matrix by refining
the eutectic carbides

Strengthening of the matrix as a solute. It dissolves in
carbides leading to lattice distortion

– [122, 152, 154]

Rare Earth
Elements
(Ce, La)

Ce reacts with sulphur and oxygen in the melt to form Ce2S3
or Ce2O2S, which acts as a heterogeneous nucleation
substrate for the M7C3 primary carbide

La forms different types of inclusions in Fe–Cr–C alloys,
which act as heterogeneous nucleation substrates for the
M7C3 primary carbide

25–62% [95, 157, 158, 160]

Molybdenum
(Mo)

Mo strengthens matrix by forming eutectic MC, M6C and
M2C carbides, hinders growth of primary carbides by
consuming carbon

– [124, 129, 146–148]

Solute Silicon (Si) Si refines eutectic carbides and improves mechanical
properties. Excess additions facilitates the formation of
ferrite in the matrix, deteriorating wear resistance

– [141–143]

Boron Dissolves in carbides and austenite to form M7(C,B)3,
M23(C,B)6 and promote martensitic transformation

– [129, 144, 162]
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working with HCCI have also attributed that car-

bides, such as TiC, and nitrides, such as TiN, can act

as nucleants for the primary M7C3 carbides

[42, 76, 97, 105, 109, 119–121, 159]. However, this

hypothesis has not been fully verified and commer-

cialized carbide modifiers for HCCIs are still not

available.

Chalmers free chill crystal theory

The Free Crystal theory was first proposed by Gen-

ders in 1926 and developed by Chalmers in 1963

[183, 184]. As per the theory, the ‘‘free’’ chill crystals

nucleate on the mould wall when the melt is poured,

and are subsequently swept into the melt. This leads

to the formation of equiaxed crystals. Initially, the

crystals nucleate on the mould wall and grow

inwards the liquid accompanied with solute rejection

to the front of liquid/solid interface when heat con-

duction occurs through the wall. Due to solute

rejection, some of the crystals are detached from the

mould wall or broken and become ‘‘free’’ crystals.

Such free crystals, because of the solute gradient,

have an interface temperature lower than the liq-

uidus temperature of the rest of liquid, forming a

constitutional undercooling layer surrounding indi-

vidual crystals. Thus, they are protected from melting

by the constitutional undercooling. The number of

such protected crystals is higher for lower pouring

temperatures and high solute content. These pro-

tected crystals are carried away from the mould wall

by convection and turbulence, and continue to reject

solute and grow in an equiaxed manner until

impinged by each other. In the theory proposed by

Chalmers, the convection in the melt plays a major

role in the formation of equiaxed zone in the casting

[179, 184].

Separation theory

In 1976, A. Ohno proposed the separation theory

[185]. According to the theory, for pure metals, the

crystals initially form and grow on the mould wall

with the highest undercooling. They continue to

grow until the adjacent crystals meet each other and

form a shell on the mould wall as illustrated in

Fig. 19a. The crystals do not separate from the mould

wall after forming a consolidated shell on the wall.

This is commonly called chill zone. Some crystal with

preferred growth orientation that is normal to the

mould wall will continue to directionally grow as the

temperature lowers. As there are no barriers, such as

the nucleation within the constitutional undercooling

zone, the directional growth continues until they

meet at the centre of the mould. Thus, the formation

of equiaxed crystals is not observed in this case. For

alloys, it is different. As Ohno stated [185] ‘‘equiaxed

crystals in ingots are formed by the crystals that have

nucleated on the mould wall having the growth of

their roots restricted by segregation of the solute, and

that they then separate in the stage prior to the for-

mation of a stable solid shell’’. During solidification,

the primary or the leading phase is the first to form

on the mould wall as equiaxed crystals. The solute

rejection surrounding each crystal suppresses the

formation of the consolidated chill zone. They can

then detach from the wall. This breakage from the

mould wall might be due to vibrations or fluctuations

Figure 18 Schematic illustration of the formation of constitutional
undercooling zone at the solid–liquid interface. a solute
distribution and b liquidus temperature near the solid–liquid

interface and constitutional undercooling zone. Adapted with
permission from reference [178]. Copyright 1954, Metals Park,
Ohio, American Society for Metals.
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in temperature, mechanical force caused by convec-

tion or thermal factors as illustrated in Fig. 19b. As

the temperature of the melt decreases, the convection

decreases, leading to the simultaneous formation of

columnar zone along the mould wall and growth of

either dendritic or equiaxed crystals near the centre.

But, the growth of the columnar zone is stopped by

the growing equiaxed crystals from the central region

of the mould [179, 185]. This theory has been con-

firmed in various practical applications and in situ

observations [179, 186–188].

For a hypereutectic alloy, as illustrated in Fig. 20,

there can be different variations to the theory

depending on the leading phase. In the initial stage,

the primary phase and secondary phase will nucleate

and grow in the melt and the mould wall,

respectively, as in Fig. 20a1. The primary phase

nucleates first after the melt is poured and then gets

detached from the mould wall. If the primary phase

is not the leading phase, then the columnar grains are

preferred as in Fig. 20a2. If the leading phase is the

primary phase or there are any pre-existing particles

like detached primary crystals, grain refiners, in situ

formation of primary particles for instance, the

growth revolves around them, leading to the forma-

tion of equiaxed grains as in Fig. 20a3 [43].

Typical application of this theory was proposed by

Laird and Dogan [43] who observed that the casting

mainly comprised of columnar structure at high

pouring temperatures. It is because of the fact that

high pouring temperature is associated with large

thermal gradient that promotes the growth of

Figure 19 Ohno’s graphical representation of growth of crystals
a For pure metals, nucleation occurs on the mould wall, and then
growth in meeting with adjacent crystals to form a shell on the
wall; and b for alloys, crystals formed on the mould wall break
away into the melt to grow as either necked-dendrite arms with

fragmenting at high temperature to grow as independent crystals or
separated crystals can partially re-melt at high temperature or grow
at low temperature in alloys. Adapted with permission from
reference [185]. Copyright 1977, American Foundrymen’s
Society.

Figure 20 Schematic illustration of growth of columnar and
equiaxed regions in casting of hypereutectic alloy for the cases a1

Initial growth stage of primary and secondary phase, a2 Grain

growth if primary phase is not the leading phase, a3 Grain growth
if primary phase is the leading phase. Adapted with permission
from reference [43]. Copyright 1996, Taylor & Francis.
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columnar grains nucleated on the mould walls. In

addition, high pouring temperature can also dissolve

any pre-existing nuclei, which form when the melt is

poured into the mould. This leads to growth of

grains, which are attached to the mould wall in a

columnar structure as in Fig. 21a. At low pouring

temperatures, the pre-existing nuclei formed are hard

to be dissolved into the melt due to insufficient heat.

This leads to simultaneous nucleation and growth in

the centre and along the mould wall. Hence, they

observed the formation of equiaxed grains in the

centre of the casting while a columnar structure near

the mould wall as in Fig. 21b [43]

Another evidence supporting this theory was

obtained by Huang., Xing, and Guo [69] who exper-

imented with slope cooling method, in which the

melt of a HCCI was poured into the sand mould via

an inclined slope cooling body with BN coating. The

coating allowed easy dissociation of primary carbide

nuclei. It was observed that decreasing the pouring

temperature led to increase in number of primary

carbide nuclei. The nuclei formed on the slope and

were dissociated quickly and easily because of coat-

ing and flowing melt, hence hindering their growth

[69]. This method did produce shrinkage porosity in

the casting but led to change in morphology and

improvement in mechanical properties by refining

the primary carbides [44, 69].

Both the Free Chill Crystal theory and Separation

theory emphasize on the formation of primary crys-

tals on the mould wall and breaking away due to

either solute rejection or mechanical or thermal fluc-

tuations. It has been observed that relatively refined

microstructure is obtained at low pouring tempera-

tures [43]. At such temperatures, the convection in

the melt is not enough to transport the primary car-

bide nuclei to the centre of the casting. Nevertheless,

the primary carbides are evenly refined in the whole

casting. Hence, in terms of mechanism of refinement

of primary carbides in Fe–Cr–C alloy system, there is

a need for detailed investigation to understand the

process of refinement.

Peritectic reaction based theories

These theories were based on the fact that addition of

titanium into aluminium and its alloys and addition

of Zr into Al/Mn/Si-free magnesium and its alloys

lead to significant grain refinement of the cast alloys.

As both Al–Ti and Mg–Zr are peritectic systems, it

was considered that a peritectic reaction is responsi-

ble for the grain refinement in cast aluminium and

magnesium alloys. For both systems, master alloys

are commercially available to add Ti and Zr. In alu-

minium alloys, the peritectic reaction occurs between

liquid aluminium and Al3Ti, leading to the formation

of a-Al. For Al/Mn/Si free magnesium alloys, the

peritectic reaction occurs between liquid magnesium

and a-Zr, leading to the formation of a-Mg

[104, 168, 189].

In cast aluminium alloys, it was also observed that

cooperative addition of Ti and B leads to more sig-

nificant grain refinement due to the formation of TiB2

that acts nucleant. Peritectic Hulk theory [190] con-

siders that Al3Ti is a better nucleant than TiB2. But,

Al3Ti is not thermally stable in the melt and dissolves

Figure 21 Schematic
demonstration of as-cast
macrostructure in
hypereutectic alloy at a high
and b low pouring
temperature. Adapted with
permission from reference
[43]. Copyright 1996, Taylor
& Francis.
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in a short time. According to the theory, the boride

forms a shell around the aluminide and slows down

its dissolution in the aluminium melt. After the

peritectic reaction occurs inside the shell, the TiB2

shell dissolves in the Al [90, 191].

Although this theory explained a few experimental

observations, there were still some fundamental

limitations with the theory. First, it claims that the

boride needs time to dissolve in the melt before they

can precipitate on the slowly dissolving Al3Ti. But, it

is hardly possible as Al3Ti dissolves within minutes

at high temperatures [192]. Second, experiments on

hypoperitectic aluminium alloys prove that high

grain refining efficiency can also be achieved, and

thus, peritectic reaction is not essential in grain

refinement. Finally, Johnsson, Backerud and Sig-

worth [191] performed repeated meting and solidifi-

cation experiments to see if the mechanism for

protection of Al3Ti at nucleation temperature (i.e.

peritectic temperature) was active. If the protection

mechanism was active, they expected a decrease in

nucleation temperature due to repeated cycles as

high Ti concentration will be equilibrated. But, they

found neither change in nucleation temperature nor

in grain size, indicating peritectic reaction is not the

grain refinement mechanism. Boride particles acted

as a more potent nucleation site in the presence of

boron, which is in agreement with the studies which

found boride particles at the center of the grains at

the hypoperitectic concentration of titanium [90, 104].

Hypernucleation

This theory was put forward by Jones and Pearson

[193] owing to the significant grain refining efficiency

of small amounts of titanium and boron for alu-

minium alloys. They calculated the individual activ-

ities of the segregating elements such as 0.005% Ti in

Al melt at 1050 K and considered that the segregation

of Ti atoms at the TiB2-melt interface forms Al–Ti

pseudo crystals which enhance the formation of a-Al

at very small undercooling [193]. They also claimed

that there is an activity gradient when TiB2 is intro-

duced into the Al melt. But, this thermodynamically

cannot happen because all the activity gradients and

chemical potentials are constant at equilibrium [194].

Duplex nucleation

This theory was proposed in 19900s. Opposite to the

Peritectic Hulk theory, this theory considers that a

layer of aluminide or Al3Ti forms over TiB2 particles,

which further acts as nucleation sites for a-Al. This

hypothesis was confirmed by Schumacher et al. who

found a thin, stable adsorbed layer of Al3Ti on the

0001 basal faces of the boride, which acted as nucle-

ation site for a-Al [189, 195]. As this theory has been

reviewed widely, no more details are included in the

present review.

Epitaxial nucleation model

This is the most recent model put forward by Z Fan

[196], to understand the mechanism of grain refine-

ment. In the model, it was proposed that heteroge-

nous nucleation of a phase occurs on a potent

substrate (S) by epitaxial growth of pseudomorphic

solid (PS) layer on the surface of the substrate. Ana-

lytically it was proved that critical undercooling and

critical thickness for epitaxial nucleation are related

to lattice misfit created by the nucleating phase at the

PS/S interface to transform pseudomorphic layer to

nucleating phase. Fan et al. [197] provided experi-

mental evidence in support of this model by applying

it on Al/Al–Ti–B system. However, the application of

this model on other multi-component systems is yet

to be explored.

Grain growth restriction by solute elements
or solute paradigm

The idea of solute paradigm was firstly proposed in

1993, but only gained attraction when previously

proposed theories failed to explain the grain refine-

ment due to various irregularities. As specified by the

Winegard and Chalmers Theory, segregation of

solutes is related to grain refinement of cast metals,

light alloys in particular before the concept of growth

restriction factor was proposed [101, 198–201]. Dur-

ing solidification of alloys, thermal undercooling is

firstly created near the mould walls, depending on

the cooling rate. Once the thermal undercooling dis-

sipates, constitutional undercooling (DTc) is gener-

ated ahead of the growing solid/liquid interface due

to the segregation of solutes in the melt. This consti-

tutional undercooling is necessary to promote the

nucleation of new grains within the constitutional
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undercooling zone, which further restricts the grain

growth [90, 191]. The theory was further developed

by taking the rate of development of constitutional

undercooling zone into consideration. This is known

as growth restriction factor, Q, as represented in Eq. 2

for a binary alloy system [202].

Q ¼ mCo k� 1ð Þ ð2Þ

where m is the slope of the liquidus line, Co is the

composition of the alloy and k is the partition coef-

ficient. In the absence of interaction of solutes, this

parameter Q measures the effect of solute in grain

refinement of the alloy [199]. Higher Q-value implies

more rapid formation of constitutionally undercooled

zone, resulting in smaller grains [101, 198]. For mul-

ticomponent systems, the growth restriction factor, Q,

is extended based on the initial rate of development

of constitutional undercooling with fraction of

growing solid phase and is represented as [201].

Q ¼ o DTCSð Þ
ofs

� �
fs!0

ð3Þ

where 4TCS is constitutional undercooling, fs is

fraction of solid. In the most recent work, Fan et al.

[203] identified the limitations of Q to effectively

quantify the growth restriction effect of different

solute elements during alloy solidification. They

confirmed via phase field simulations and theoretical

analysis that growth velocity is a function of a growth

restriction parameter, b for multicomponent systems

which incorporates nature of solutes (m and k), solute

concentrations (Co) and solidification conditions such

as undercooling (DT). It is represented as below

b ¼ Q

DT
� k ¼ fL

fs
ð4Þ

where Q is the growth restriction factor, 4T is the

undercooling, k is the partition coefficient and fs and

fL are the fraction of solid and liquid, respectively.

However, the authors considered the case of dilute

alloys only. Thus, for linear additivity of b in multi-

component systems, the interaction between solutes

is either ignored or considered small.

The theory was supported by many experimental

evidences across various alloys. Aluminium alloys

were refined by Al–Ti–B master alloys with excess Ti,

magnesium alloys were refined by Al and SiC addi-

tions and titanium alloys were refined by its own

native particles along with Si/B/Be as solute addi-

tions [90, 172, 181].

The interdependence theory

StJohn et. al proposed this theory in 2011, to under-

stand the mechanism of grain refinement. The theory

provides an analytical model that establishes a link

between nucleant selection and grain growth to pre-

dict the grain size in as-cast structure and the effect of

nucleant particle additions [167]. The model assumes

that the resultant grain size of the casting is interde-

pendent on nucleation and growth actions, which are

governed by the alloy chemistry. As per the theory,

the final grain size depends on the three main factors

that are as follows and are depicted in Fig. 22.

1. XCS—the minimum distance the previous grain

must grow to generate enough constitutional

undercooling (CS) that can further lead to nucle-

ation on next potent particles

2. X’dl—the distance known as diffusion length,

from the solid–liquid interface at XCS to the point

of enough DTCS which can lead to nucleation of

the next grain

3. XSD—the distance Xnfz to the point where the next

nucleation event can occur

Mathematically, the interdependence theory is

represented as.

dgs ¼ XCS þ X
0

dl þ XSD ð5Þ

where dgs is the calculated grain size of the

microstructure. The theory has been applied to pre-

dict the as-cast grain size of light metal alloys

[204, 205]. The result does provide direction for

Figure 22 Schematic representation of solidification pathway as
proposed by Interdependence theory. Adapted with permission
from reference [167]. Copyright 2011, Elsevier.
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future work in order to better predict the as-cast grain

size. There are a few difficulties to use the theory for

grain size prediction. First, the majority of the diffu-

sion and thermodynamic data for multi-component

system are not available and the calculation had to be

based on the approximation. Thus, the accuracy of

the prediction is low. In addition, the theory cannot

predict the nucleants and solutes, which can lead to

more nucleation and create smaller nucleation free

zone (Xnfz), for example for primary carbides in

HCCIs. Finally, it is also hard to apply the thesis

theory to multicomponent systems, such as steels.

Free growth model

Predicting the size of refined grains in the cast alloys

has been a major objective for the researchers. In light

of this, a numerical model was proposed by Greer et.

al [206]. It indicates that the critical undercooling

required for heterogeneous nucleation decreases with

increase in the size of the nucleant. For a particular

undercooling, the smallest nucleant size leading to

heterogeneous nucleation is d C 2r*, where d is the

diameter of the nucleant and r* is the critical radius of

the nucleus [206]. The model considers the nucleating

particle as sphere and its diameter is related to

undercooling by the equation below.

DTn ¼
4rSL
DSvdp

ð6Þ

where rSL is the interfacial energy at the solid–liquid

interface, DSv is the entropy of fusion per unit volume

and dp is the diameter of the nucleating particle. The

model has been successfully applied to aluminium

alloys with TiB2 as inoculant and on magnesium

alloys with Zr and SiC as inoculants [207–209].

However, the application of the model is limited by

the lack in values of interfacial energy and entropy of

fusion for other metals and alloys.

Two-dimensional lattice misfit model

Turnbull and Vonnegut [210] first proposed a crys-

tallographic model in 1952, to assess the suitability of

heterogeneous nucleation substrates and their ability

to promote growth of precipitating phases. It is based

on two assumptions. One is that the nucleating phase

forms on a stable heterogeneous substrate, and

another is the existence of an interfacial tension

equilibrium between the liquid and the heteroge-

neous substrate.

According to the model, the heterogeneous nucle-

ation depends on crystallographic disregistry

between the nucleating phase and the heterogeneous

substrate. In other words, the grain refining effec-

tiveness of any substrate is directly proportional to

the similarity in the lattice parameter of low index

crystallographic planes of nucleating phase and the

substrate. This disregistry or misfit is given by the

equation below.

o ¼ Dao
ao

ð7Þ

where d is the disregistry or the misfit, ao is the lattice

parameter of the nucleating phase and Dao is the

difference in the values of lattice parameter between

the substrate and the nucleating phase. The original

equation proposed for calculating disregistry was for

linear disregistry only.

In 1970, Bramfitt [159] performed experiments on

20 compounds acting as heterogeneous nucleation

substrates in a ferritic iron. He put forth a modified

Turnbull–Vonnegut equation for disregistry. The

general form of the equation is as below.

o
hklð Þs
hklð Þn

¼
X3
i¼1

d
uvw½ �is

cos h�d
uvw½ �in

��� ���
d
uvw½ �in

3
� 100% ð8Þ

where d is the disregistry or the misfit, hklð Þ is a low

index plane, [uvw] is a low index direction on the

hklð Þ plane, h is the angle between a pair of low index

directions on low index hklð Þ plane and n and s are

references to nucleus and inoculant/substrate,

respectively. As per modified equation, the criterion

for a heterogeneous substrate to be considered

effective is when the calculated disregistry is less

than 12 per cent.

Over the years, the theory has been widely used to

crystallographically evaluate the grain refining effi-

ciency of various particles for different alloys

[95, 110, 158, 160, 169, 211, 212]. However, the theory

is unable to independently predict the crystallo-

graphic relationships between the heterogeneous

substrate and the nucleating phase. A major limita-

tion of the theory that it does not specify which index

planes and directions need to be selected to calculate

disregistry. Due to the difference in selection of low
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indices planes and directions, the published results

can be contradictory [177].

Edge to edge matching (E2EM) model:
a successful case

The model was first coined and developed by MX

Zhang and PM Kelly in 1999 [213] to investigate,

understand and predict the crystallographic features

of diffusional phase transformations in solids. Based

on the first principles, the theory of the model takes

two assumptions into account. First, the morphology

and orientation relationships between the matrix and

the precipitate are based on minimization of energy

at their interface. Second, the energy minimization

can be achieved through maximization of the atomic

matching across the interface between the matrix and

the precipitate. As shown in Fig. 23, in order to

maximize the atomic matching, the model requires

the directions with rows of atoms which are close

packed or nearly close packed in both the phases

should match with each other with low interatomic

mismatching between the two phases. The planes

containing these matching directions should be close

packed or nearly close packed and are associated

with compatible interplanar spacing between the

matrix and the precipitates. Based on the matching

directions and the matching planes, crystallographic

features, including orientation relationships and

habit planes can be predicted for any two crystals.

The E2EM model can be considered as more reliable

because it is based on the first principles and is valid

for most common situations i.e. semi-coherent pre-

cipitates which are widely observed across both fer-

rous and non-ferrous alloys. This model not only

predicts the already published and most common

orientation relationships but also has consistently

predicted the new orientation relationships of any

systems [213]. The model has been successfully

applied on light metal alloys, and it has not only been

used for explaining the grain refinement but also in

the identification of grain refiners [170, 214, 215].

The application of the E2EM model to grain

refinement can be done through consideration of the

crystallographic features between the heterogeneous

nucleation substrate or nucleant and the nucleating

phase. The grain refinement efficiency is related to

the interatomic misfit along the matching directions

and to the interplanar spacing mismatching between

the matching planes. Lower misfit and mismatch

correspond to high refining potency of the inoculant

for a particular alloy system. Thus, the model has

been not only successful in developing new grain

refiners for various cast metals [163, 216–218], but

also been able to predict the order of grain refining

potency of the inoculants for a particular alloy system

[219, 220]. Hence, this model has high potential to be

used to exploit new and more effective modifiers for

the primary M7C3 carbide in HCCIs.

For comparison purpose, the above-mentioned

theories/models of grain refinement are summarized

in Table 2.

As stated above, the majority of grain refinement

theories/models were developed/established for cast

metals, light alloys in particular. Many researchers

have worked with light metal alloys, but a very few

have studied Fe–Cr–C system. Particularly, in the

case of hypereutectic high-chromium cast irons, the

mechanism of refinement of primary carbides needs

more investigation. This is because the mechanism

will help us correlate the addition of nucleant or

solute or any other method with changing size, shape

and distribution of primary carbides. The better

control over the microstructure will lead to better

understanding of variation of mechanical properties

with change in microstructure. Except for the ECP,

there is still lack of valid theories/models to under-

stand the carbide refinement in HCCIs. The question

Figure 23 Schematic illustration of matching of two close-packed atoms rows and two close packed planes in two phases under E2EM
model. Adapted with permission from reference [219]. Copyright 2006, Springer Nature.
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Table 2 Summary of theories/models of grain refinement developed for cast metals

Alloy system Theory/Model Nucleant Rational

All alloys
systems

Winegard and Chalmers
theory

Inclusions, ceramic particles, such as borides
and carbides

Solutes rejected at the solid–liquid interface
create constitutional undercooling, paving
way for heterogenous nucleation

Free chill crystal theory Chill crystals segment Chill crystals nucleated on the mould wall
get detached due to rejection of solute and
heat conduction, move into the melt by
convection and grow into equiaxed crystals

Separation theory Mould wall for pure metals, Primary or
eutectic leading phase for alloys

For pure metals, crystals nucleate on mould
wall and continue to grow until they meet
adjacent crystals. No equiaxed crystals
form

For alloys, if primary phase is the leading
phase, primary phase forms on the mould
wall, gets detached, moves towards centre
via convection and forms equiaxed crystals.
If primary phase is not the leading phase,
columnar crystals are formed

Aluminium
alloys

Peritectic reaction-based
theories

Pro-peritectic phase Grain refinement is achieved by peritectic
reaction

Hypernucleation Boride particles TiB2 forms on the surface of Al3Ti particle to
prevent the Al3Ti from dissolving

Duplex nucleation Al3Ti formed over TiB2 particles Ti segregates to form Al3Ti over TiB2

particles which acts as a nucleant for a-Al
Aluminium,
Magnesium
alloys

Interdependence theory Native or any type of nucleants The integrated description of the effects of
solute and heterogeneous nucleation on the
grain refinement. Using thermodynamic
and diffusion data of the nucleant and
solute in the alloy system, the grain size can
be predicted

Free growth model Native or any type of nucleants Heterogeneous nucleation prefers to occur on
large particles in the melt. To enable the
nucleation, the diameter of the nucleant
should be over a critical size

E2EM model Particles and the nucleating phase are with
low interatomic misfit along the matching
directions and low interplanar mismatch
between the matching plane

Heterogeneous nucleation commonly occurs
on particles with minimized interfacial
energy, which can be achieved through
maximizing the atomic matching between
the nucleant and the nucleating phase

Aluminium,
Magnesium,
Ferrous
alloys

2-D Lattice misfit model Particles and the nucleating phase are with
low crystallographic deregistry

Similar to the E2EM model, but it considers
that maximum atomic matching can be
achieved through lowering the lattice
deregistry between the nucleating phase
and nucleant
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that arises is whether the current grain refinement

theories/models for cast metals can be used to

understand the refinement mechanism of the primary

carbide and how to develop new techniques to fur-

ther modify/refine the carbide in various HCCIs.

Possibilities to apply the current
theories/models of grain refinement for cast
metals to modification of primary carbide
in HCCIs

Although grain refinement for cast metals has been

studied in-depth due to its importance, the modifi-

cation of primary carbide in HCCIs is still based on

trial and error approach. According to the present

review, it can be seen that the solidification process of

HCCIs is very similar to that of light alloys. In

hypereutectic HCCIs, it is the primary M7C3 carbide

directly forms from the liquid, whereas in light

alloys, they are a-Al or a-Mg. Hence, the theo-

ries/models of grain refinement developed in light

alloys have strong potency to be used to develop new

and more effective modifiers for HCCIs. In fact, the

current electrical pulse process and dynamic solidi-

fication process discussed in ‘‘Modification of pri-

mary carbides in high-chromium cast irons through

process control’’ section were based on the Free Chill

Crystal theory and Separation theory. However, in

order to fully comprehend the modification of pri-

mary carbide, the challenge to understand its mech-

anism needs to be addressed. There are a few

challenges to use the current theories/models of

grain refinement to hypereutectic HCCIs.

First, most HCCIs are multi-component systems

with a large number of solutes, which affect the

solidification individually and via solute–solute

interactions. Particularly for the case of hypereutectic

high-chromium cast irons, the formation of phases

depends hugely on C and Cr contents. Second, there

is lack of M7C3-based phase diagrams and/or ther-

modynamic data, which makes difficulty to calculate

the growth restriction factor and growth restriction

parameter and to obtain data to prediction the grain

size. Hence, neither the Solute Paradigm nor the

Interdependent Theory can be directly used. Finally,

the crystal structure of M7C3 carbide is more com-

plicated than both a-Al and a-Mg. The low indexed

planes and directions are not typical. Thus, the 2D

lattice misfit model is invalid. In terms of this anal-

ysis, the present authors consider that the only the-

ory/model can be used is the E2EM model to identify

potential modifiers for the carbide and the Free

Growth Theory to specify the particle size to be used.

Summary

In spite of being used for decades, hypereutectic

high-chromium cast irons with high abrasion resis-

tance and hardness have been suffered from low

toughness, and therefore low service life. Because the

coarse hexagonal primary M7C3 carbide is responsi-

ble for the low toughness, modification of such pri-

mary carbides has been critical in production of

HCCI engineering components. Although there are

various techniques available to control the morphol-

ogy of the carbide during casting, they all have

Table 2 continued

Alloy system Theory/Model Nucleant Rational

Aluminium,
Magnesium,
Titanium
alloys

Solute Paradigm (growth
restriction factor and
growth restriction
parameter)

Native nucleant Solutes in the melt lead to the establishment
of a constitutional undercooling (CS) zone
at front of the growing solid–liquid
interface. Nucleation within this CS zone
suppresses the further growth of the solid.
Growth restriction factor is related to the
establishment rate of the CS zone and the
growth restriction parameter is associated
with relative fraction of the solid and liquid
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limitations. For example, the processing control

methods are restricted by the size of castings and by

the cast methods; the solute addition approaches cold

lead to variation of the feature of the HCCIs from

hypereutectic to hypoeutectic, which lowers its wear

resistance; and the efficiency of the currently avail-

able modifiers, such as TiC and TiBAl, is not satisfied.

In addition, there has also been lack of fundamental

study to understand the mechanisms of carbide

modification in HCCIs. In order to improve the

properties, toughness in particular, of the HCCIs, and

therefore to increase their service life, two challenges

need to be addressed. One is to discover and develop

new and more effective modifiers to convert the

needle morphology into equiaxed and to refine car-

bide. Another is to investigate and understand the

fundamental mechanism, which governs the size,

shape and distribution of the refined primary car-

bides. Due to the similarity of solidification process of

HCCIs to light metals, it is proposed to apply the

available grain refinement theories/models devel-

oped in light metal, the E2EM model and Free

Growth Model in particular, to develop new and

more effective modifiers for hypereutectic HCCIs and

to understand its mechanisms.
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[190] Johnsson M, Bäckerud L (1992) Nucleants in grain refined

aluminum after addition of Ti- and B- containing master

alloys. Z Metallkd 83(11):774–780
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