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Abstract Metal casting is an important manufacturing

technology for efficiently producing massive components

with complex shape. A large share of industrial castings is

made from iron and steel alloys, combining attractive

properties and low production cost. Upgrading of proper-

ties in cast iron and steel is mainly achieved by alloying

and in fewer cases by heat treatment. Molybdenum is an

important alloying element in that respect, increasing

strength, hardness and toughness. It also facilitates partic-

ular heat treatments such as austempering. The paper

describes the metallurgical functionality of molybdenum

alloying in iron-based castings and demonstrates its

effectiveness for applications in the automotive and mining

industry.

Keywords Grey cast iron � Nodular iron � Pearlite �
Austempering � Creep resistance � Wear resistant alloys �
Hardness � Toughness � Mining industry � Automotive

industry

1 Introduction

Casting technology is very attractive for producing indus-

trial components as well as everyday-life household items.

Since castings are manufactured to near-net shape, inten-

sive machining is not required resulting in cost-efficient

production of complex-shaped items. The casting process

requires specific alloy compositions allowing good form

filling, a low defect level as well as achieving the desired

target properties after solidification and down-cooling [1].

Cast iron is a material with long history and tradition.

According to the binary iron-carbon diagram, cast irons are

alloys having more than 2.0% carbon, thus solidifying in

the eutectic range with low melting point. Cast irons usu-

ally solidify following the stable iron-carbon diagram, thus

forming graphite during solidification. In technical alloys

the addition of carbon and silicon is combined to a so-

called carbon equivalent (CE = %C ? 1/3%Si), which

determines the range of cast irons according to Fig. 1 [2].

A CE of 4.3 represents a eutectic alloy while those with a

lower CE and those with a higher CE are called hypo-

eutectic and hyper-eutectic, respectively.

The family of cast irons comprises six classes of mate-

rials according to the characteristics of graphite and matrix

microstructure: Grey irons with lamellar graphite—GJL

(DIN EN 1561), ductile or nodular irons with spheroidal

graphite—GJS (DIN EN 1563), vermicular irons with

compacted graphite—GJV (ISO 16112), white cast irons—

GJN (DIN EN 126113), malleable irons—GJMB/GJMW

(DIN EN 1562), austenitic irons—GJLA-X/GJSA-X (DIN

EN 13835).

Considering a global production volume of over 70

million metric tons per year, grey irons (64%) and ductile

irons (35%), have the largest market share by far [3].

Molybdenum alloying is applied in both classes of iron,
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typically for products with increased property demands. In

particular cases, cast irons can be subjected to heat treat-

ment after solidification for property improvement. The

initial ferritic-pearlitic microstructure of the matrix is

modified by so-called austempering to become bainitic

with a high fraction of metastable retained austenite [4].

These irons are known as austempered ductile irons—ADI

(DIN EN 1564) and austempered grey irons—AGI.

Cast steels are alloys where the combined addition of

carbon and silicon (%C ? 1/6%Si) is lower than 2% (see

Fig. 1). Steel castings account for only about 1% of the

global annual steel production. They are manufactured over

a large variety of alloy compositions used in a multitude of

applications. Thus, a high degree of specialization is

involved with steel foundries. It can be stated that steel

castings are preferred where manufacturing of a component

starting from a wrought or rolled steel semi-product is too

costly or too difficult. The different steel casting alloys can

be distinguished according to the following application

areas [5]: general applications (unalloyed C-Mn-Si steel),

improved weldability and toughness for general purposes,

high pressure purposes for use at low temperatures, high

pressure purposes for use at room temperature and elevated

temperatures, heat resistant steel castings, corrosion resis-

tant steel castings, wear resistant steel castings.

Approximately half of the global annual castings output

is produced by Chinese foundries [3]. The increasing

demand for high-performance castings is driven by key

industries such as the automotive, mechanical engineering

and mineral processing sectors. The optimization of casting

alloys typically involves a combination of properties to be

considered. Applications in the automotive powertrain are

demanding an improved combination of strength, heat

conductivity and thermal fatigue resistance. In mineral

processing optimized wear resistance is targeted, which is

related to a suitable combination of hardness and tough-

ness. The paper addresses the particular role of molybde-

num alloying in this respect and highlights current alloy

developments in China.

2 Effects of molybdenum alloying in cast iron

Molybdenum is known to act as carbide stabilizer in cast

iron. At low addition level it has little effect on castability

and chilling tendency. Free carbides are only formed at

higher molybdenum addition. The amount and shape of

graphite are not measurably affected by molybdenum

additions below 0.5% [4, 5]. The main effect provoked by

molybdenum alloying to cast iron is observed during solid

state transformations. With increasing molybdenum alloy

content, the pearlite phase field in the continuous cooling

transformation (CCT) diagram is shifted towards longer

times. Molybdenum addition up to around 0.5% acts a very

powerful pearlite stabilizer and increases strength by

refining pearlite [6, 7]. Higher molybdenum additions,

preferably in conjunction with nickel or copper, promote

the transformation from austenite into acicular ferrite. Such

irons usually contain at least 0.8%Mo and more than

1.2%Ni [8]. The actual amount of alloy required depends

upon the section thickness. The tensile strength of acicular

irons is in the range of 400–500 MPa. They are more easily

machinable at high levels of hardness (250–320 HB) than

unalloyed irons due to the absence of free cementite.

Amongst the typical alloying elements, it is found that

Mn and Ni coarsen the interlamellar spacing of pearlite,

whereas an increasing content of Cr produces finer pearlite

spacing. Si has only a slight influence on pearlite spacing.

Molybdenum clearly has the strongest effect in decreasing

the interlamellar spacing. The individual effect of these

alloying elements on the pearlite interlamellar spacing, S0,

can be described as [9]

log S0 ¼ �2:212þ 0:0514 Mn½ � � 0:0396 Cr½ � þ 0:0967 Ni½ �
� 0:002 Si½ � � 0:4812 Mo½ � � logðDT=TeÞ;

ð1Þ

where S0 is measured in lm; [Mn], [Cr], [Ni], [Si], [Mo]

are the different alloy contents (mass fraction,%); and

DT is the undercooling from the eutectoid temperature Te.

In pearlitic microstructures, the interfaces between ferrite

and cementite act as barriers to dislocation movement [10].

The critical stress necessary to shift dislocations in ferrite

lamellae is related to the macroscopic yield stress. That

Fig. 1 Definition of cast iron alloys according to carbon and silicon

contents [2]
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critical stress rises with the refinement of the pearlitic

microstructure, since a decrease of pearlite interlamellar

spacing leads to an increase in the resistance to glide

according to a Hall-Petch type relationship. Furthermore,

finer pearlite microstructures comprising smaller colony

size and shorter interlamellar spacing, show a more ductile

fracture character. This one is represented by a larger

number of dimples as well as a smaller share of ferrite/

cementite lamellae in the fracture process zone [11].

2.1 Grey cast irons

Grey cast iron has limited strength and almost no ductility.

Nevertheless, pearlitic grey cast iron is the preferred material

for applications such as engine blocks, cylinder heads, fly-

wheels or brake discs. This is reasoned by the low cost, good

castability and favorable thermal conductivity of grey cast

iron. Demands for higher thermal efficiency and weight

reduction enabled by reducing component cross-sections

require the development of high-performance grey cast iron

with an improved combination of tensile strength and heat

conductivity. However, those features promoting heat con-

ductivity are typically detrimental to strength. The challenge is

to find a suitable balance of microstructural design and hence

alloy concept. The thermal conductivity of grey cast iron at

ambient temperature ranges between 45 W/(m�K) and 55 W/

(m�K), whereas it is clearly lower for vermicular graphite iron

(32–42 W/(m�K)) and nodular iron (25–35 W/(m�K)). How-
ever, when the temperature increases towards 500 �C, the heat
conductivity of grey cast iron declines while it remains nearly

stable for vermicular and nodular iron [12]. Considering the

matrix, ferrite has better heat conductivity than pearlite, yet the

latter has higher strength. The heat conductivity of ferrite

decreases with increasing alloy content. A higher volume

share of graphite increases heat conductivity on expense of

strength. A recent study indicated that the thermal conductivity

was nearly independent of graphite flake length and aspect

ratio above a threshold length of approximately 100 lm [13].

From an alloying point of view, it appears favorable reducing

the level of solute elements for improving thermal conduc-

tivity. In this respect, silicon is the most critical element. The

use of a carbide stabilizer with good solubility and rather large

atomic size is considered to be favorable [14]. Molybdenum

exactly fulfils these conditions. Based on various published

results it can be estimated that 0.1% addition of Mo increases

the tensile strength by approximately 10 MPa. In synergy with

other alloying elements such as for instance chromium,

vanadium or niobium, the strengthening effect can be even

larger. At elevated operating temperature, Mo-alloyed grey

cast iron better retains strength and has clearly improved creep

resistance [6, 15].

Table 1 compares thermal conductivity and strength of

various iron alloys [13, 16]. The grey iron alloys (GJL)

have higher thermal conductivity and lower strength than

vermicular graphite iron grades (GJV). However, an opti-

mized near-eutectic grey iron grade (GJL-300 Mo HC)

with reduced silicon content and 0.25%Mo addition com-

bines a tensile strength of over 300 MPa with high heat

conductivity. Raising the molybdenum content towards the

earlier stated limit of 0.5% could further increase the

strength [17].

Current grey iron grades according to typical automotive

standards are represented in Fig. 2 showing that molyb-

denum alloying indeed provides superior strength in both

hypo- and hyper-eutectic alloys. Niobium is a rather

unconventional alloying element providing additional

strength to grey cast iron. Unlike molybdenum, niobium

affects the solidification structure and graphite morphol-

ogy. Niobium additions up to around 0.3% were shown to

refine the eutectic cell size as well as the pearlite inter-

lamellar spacing (see Fig. 3) [18, 19]. This alloy concept is

being used for the production of vehicle brake discs

[18, 20]. Systematic alloy variations in laboratory trials

have indicated that the tensile strength of grey cast iron can

be most efficiently increased by simultaneously refining the

eutectic cell size and the pearlite interlamellar spacing (see

Fig. 4) [21]. In that respect, the combined alloying of

molybdenum and niobium has a particularly high

strengthening potential. In this combination, molybdenum

is providing additional refinement of pearlite interlamellar

spacing and promotes precipitation strengthening by

niobium.

2.2 Nodular irons

Nodular iron, in contrast to grey iron, contains graphite in

form of isolated spheroids within a matrix consisting of

ferrite or pearlite. This results in higher strength, good

elongation and increased toughness as compared to iron

containing lamellar graphite. Nodular irons are particularly

interesting for manufacturing complex-shaped components

used for engine or machine parts subjected to high accel-

eration or impact loads as well as for pressure pipes and

vessels. Like in grey cast irons, molybdenum is added to

nodular iron for further enhancing strength and also here

additions up to 0.5% do not harm the graphite morphology

or nodule count. Molybdenum added to nodular irons

particularly enhances tensile, creep, and stress-rupture

strengths at elevated temperature [6, 7, 15]. This has led to

the development of SiMo irons containing 4%–5% silicon

and 0.5%–1.0% molybdenum which can be used for

component temperatures up to 820 �C. Such alloys are

typically used for turbocharger housings of diesel engines.

Silicon and molybdenum are complementary alloying

elements with silicon providing oxidation resistance and

raising the ferrite-to-austenite transformation temperature

Molybdenum alloying in cast iron and steel 5
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(A1) while molybdenum increases the elevated temperature

strength and creep resistance. Constrained thermal cycling

tests of ferritic SiMo nodular iron demonstrated a strong

beneficial effect of molybdenum [15]. A more recent

variant of SiMo iron (SiMo1000) is alloyed with around

1% molybdenum and a high aluminum addition of around

3% while silicon is reduced to 2.5% [22]. This alloy allows

raising the operating temperature limit further to 860 �C

Table 1 Heat conductivity and tensile strength in grey iron (GJL) and vermicular graphite iron (GJV)

Grade Alloy composition (mass fraction, %) Heat conductivity/(W�(m�K)-1)

(@ 100 �C/400 �C)
Tensile strength/MPa

(@ 20 �C)

GJL-250 CrCu 3.35 C, 1.8 Si, 0.5 Mn, 0.3 Cr, 0.5 Cu 42/38 260

GJL-300 Mo HC 3.6 C, 1.3 Si, 0.3 Mn, 0.25 Mo 50/43 310

GJV-350 3.5 C, 2.5 Si, 0.25 Mn 42/39 350

GJV-450 3.6 C, 2.2 Si, 0.4 Mn, 0.8 Cu, 0.06 Sn 38/36 450

Fig. 2 Hypo- and hyper-eutectic alloy concepts of grey cast iron

grades and specified mechanical properties according to European

automotive standards

Fig. 3 Effect of niobium addition on microstructural refinement in

grey cast iron [18]

Fig. 4 Effect of microstructural refinement on tensile strength in grey

cast iron based on laboratory results provided by Shanghai University

[21]

Fig. 5 Tensile strength at high temperature for SiMo iron alloys and

austenitic cast iron Ni-resist D5S [22]
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(see Fig. 5). For even higher operating temperatures up to

around 950 �C, austenitic cast irons such as GJSA-XNi-

SiCr35-5-2 also known as Ni-Resist D5S can be used [23].

It should be noted that molybdenum additions to such

austenitic irons have similar effects as in ferritic SiMo

alloys.

2.3 Austempered irons

Austempering designates a heat treatment in which the as-

cast iron matrix is reheated into austenite upon which the

iron is cooled in austenitic state to an isothermal holding

temperature of around 300 �C [24]. The formation of

pearlite during cooling must be avoided [25]. During

austempering, an increasing fraction of bainite forms and

carbon partitions to the remaining austenite phase. The

highly carbon enriched austenite fraction remains meta-

stable down to temperatures of -80 �C. The final

microstructure of austempered ductile iron (ADI) consists

of bainite and retained austenite (also called ausferrite) as

well as spherical graphite resulting in very attractive

properties. Figure 6 schematically indicates the evolution

of mechanical properties by modifying graphite morphol-

ogy and austempering of the matrix representing the tran-

sition from grey cast iron to ADI [26, 27]. ADI achieves

similar strength as heat-treated steel at 10% lower material

density, and has high noise damping capacity and self-

lubricating properties in dry contacts. Toughness and

elongation are better in ADI as compared to other cast iron

materials at comparable strength. Accordingly, ADI is one

of the most attractive construction materials for realizing

weight reduction (see Fig. 7) [25]. The most significant use

of ADI is found in vehicle and railway applications (see

Fig. 8) [25, 26, 28, 29]. Some typical examples of truck

and trailer components manufactured from ADI are shown

in Fig. 9.

Molybdenum alloying is used to avoid pearlitic trans-

formation during cooling to the austempering temperature

avoiding the necessity for major capital investment in

quenching facilities [30], especially when casting compo-

nents with larger section size (see Fig. 10). Manganese is

also an effective hardenability agent yet must be kept low

(max. 0.3%) to develop maximum elongation and tough-

ness in ADI. Larger additions of nickel or copper could

supply the required hardenability, but combined nickel-

molybdenum or copper-molybdenum alloying is more

effective because of the synergetic effects of these ele-

ments on hardenability [31]. The inherently high silicon
Fig. 6 Tensile characteristics of ADI in comparison to GJL, GJV and

nodular iron (GJS) [26]

Fig. 7 Comparison of light weighting potential and cost for materials

used for manufacturing of massive components [25, 26]

Fig. 8 Market share of major applications for ADI castings [29]
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content inhibits carbide precipitation during austempering

and thus helps stabilizing austenite.

Recent development activities at Shanghai University

are focusing on further improving wear resistance of ADI.

The approach intends reinforcing the ADI matrix with hard

carbide particles. For this purpose, a Mo-alloyed base

composition is co-alloyed with different levels of niobium.

Niobium forms carbide particles, which precipitate already

in the liquid phase when the concentration is larger than

0.2%. The combination of Mo and solute Nb produces a

fine-grained ausferrite resulting in improved toughness.

Niobium additions above 0.6%, however, deteriorate the

graphite nodularity and reduce the nodule count [32]. The

abrasion resistance was the highest for niobium addition in

the range of 0.2%–0.6%. The microstructural features for

achieving performance optimization are the share of aus-

ferrite in the matrix and the presence of dispersed carbide

particles (see Fig. 11). The carbide particles embedded in

the matrix act as a barrier to the detrimental action of

abrasive particles (see Fig. 12).

2.4 White cast iron

Wear-resistant alloyed irons also known as ‘‘white cast

irons’’ have found widespread application in the mining

industry for the manufacturing of crushers, mill liners, and

slurry pumps as well as for sleeves of work rolls. Simple

white cast irons are extremely brittle and nearly impossible

to machine. Adding chrome in the range of 12%–28%,

together with nickel and molybdenum, allows producing

abrasion-resistant alloys that are tough and can be cast in

large sizes to match the needs of the mining industry [33].

Eutectic carbides in the composition of M7C3 in combi-

nation with an austenitic, martensitic, or pearlitic matrix

gives a full range of material design possibilities. Some of

the components are cast with pearlitic matrix to allow

machining and are subsequently heat treated to obtain an

abrasion-resistant martensitic structure. The principal

Fig. 9 Exemplary use of ADI components in trucks and semi-trailers

Fig. 10 Heat treatment cycle for austempering and effect of alloying

elements on the matrix phase formation [25]

Fig. 11 Relative material loss of niobium alloyed material as a

function of bainite share (the dashed line represents a linear fit of all

samples with Nb addition (diamond symbol)) [32]

Fig. 12 Scanning electron micrographs of wear tracks in 0.55% Nb

alloyed ADI indicating a the obstruction of ploughing by dispersed

NbC particles and b large-sized eutectic carbides formed by

molybdenum segregation in the intercellular region [32]

8 X.-R. Chen et al.
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effect of molybdenum as an alloy addition to white cast

iron is increasing the hardenability or austenite stability of

these alloys. Not necessarily all of the molybdenum added

is effective for hardenability since it was found to also

participate in alloy carbides formed in these materials.

Molybdenum can form carbides by itself as Mo2C if pre-

sent in concentrations over 2%. At lower concentrations it

is soluble in M7C3 and MC carbides. Mo2C carbides have a

hardness of 1 500–1 800 HB. Molybdenum is primarily

used to stabilize the austenite during cooling after solidi-

fication and to prevent the formation of pearlite, similar as

in the processing of ADI. Molybdenum has little effect on

the martensite start (Ms) temperature, compared with other

elements that tend to decrease the Ms temperature and

over-stabilize the austenite phase [34]. Molybdenum

additions less than about 1.0% have been found insufficient

to suppress the formation of pearlite in heavy section

castings, while amounts greater than 3.0% have no addi-

tional benefit in that respect. Molybdenum, if alloyed in

conjunction with nickel, copper and manganese enhances

the ability of suppressing pearlite. Combined alloying of

molybdenum and niobium shows synergetic effects in

delaying pearlite formation (see Fig. 13) and in increasing

wear resistance [35].

White cast irons are the work horses of wear protection

in the mining and cement industry, as well as in road

construction where abrasion by mineral particles prevails.

There are two main types of white irons. Ni-hard comes in

4 types covering hardness range from 200 HB to 600 HB,

depending on the Mo addition ranging from 0 to 1%. The

component thicknesses with such alloys is limited to up to

200 mm. Casting of thicker-walled components, however,

is possible with high-chrome-molybdenum alloys. In

chrome-molybdenum white irons a primary (Cr,Fe)7C3

carbide is being developed with a hardness of nearly twice

that of quartz [27]. The (Cr,Fe)7C3 carbides in chrome-

molybdenum white irons are embedded in an austen-

ite/martensite matrix providing the higher toughness [36].

A prominent example is the proprietary alloy Climax 15-3

containing 20%–27%Cr and 0.5%–3.0%Mo [37]. This

alloy is noticeably tougher and harder than Ni-hard iron

grades. The linear abrasion rate of slurry pump impeller

manufactured from Climax 15-3 exposed to a mixture of

silica sand and water is multiple times lower than for a

standard GG-25 grey iron alloy and still clearly superior to

Ni-hard 4 (see Fig. 14) [38].

3 Cast steel alloys

The base composition of steel castings consists of carbon,

manganese and silicon. Depending on the area of appli-

cation, additional alloying elements such as Cr, Mo and Ni

are required [39]. In contrast to rolled steel grades, cast

steels cannot be thermo-mechanically processed and must

fully rely on heat treatments for developing a suitable mi-

crostructure providing high-performance properties.

Molybdenum is used at levels up to 0.4% to give additional

solid solution strengthening and to particularly increase

hardenability when heat treating heavy sections. Nickel is

added for solid solution strengthening and when good low-

temperature toughness is required. Chromium further

increases hardenability. Microalloying elements such as Nb

and V are typically added to control grain size and to

provide precipitation strengthening [40]. The heat treat-

ment of HSLA cast steels is often carried out in three stages

being homogenization, austenitizing prior to normalizing

or quenching and, finally, tempering or ageing. The

homogenization treatment, usually done between 1 000 �C
and 1 100 �C for holding times of up to 6 h, reduces seg-

regation of alloying elements after initial solidification

especially in heavy sections. Accelerated cooling from the

Fig. 13 Influence of Mo and Nb contents on the time for 5% pearlite

transformation at 700 �C in 2.94%C-16.7%Cr-0.83%Mo-0.72%Cu

white cast iron [35]

Fig. 14 Abrasion rates of various cast materials exposed to hydro-

abrasive wear in a silica-based slurry [38]

Molybdenum alloying in cast iron and steel 9
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homogenization temperature promotes the refinement of

the ferrite grain in the final microstructure. The tempering

treatment optimizes toughness and allows precipitation of

solute microalloying elements [40].

The market need for wear resistance castings in China

amounts to approximately 5 million tons per year [41].

Major consuming sectors are the mining, cement and

thermal power industries. Table 2 shows the typically used

alloy types and material microstructures applied for various

components in mineral ore processing stages. The equip-

ment being most relevant to this consumption of casting

components are ball mills (see Fig. 15). Approximately

55% of the material is used for breaker balls and 11% for

liners. Any improvement in the performance, i.e., enhanced

durability of these components results in a high economic

benefit. In a large-size dressing plant processing 100 000 t

of ore per day, the typical service life of liners is experi-

enced to be less than 6 months. Thus, significant additional

costs are due to maintenance and replacement of compo-

nents in autogenous (AG) or semi-autogenous (SAG)

grinding mills. As an example, a large ball mill processing

50 million tons of ore per year has a down-time cost of

about 300 000 USD per hour [42, 43]. The typical average

downtime for a maintenance term is about 20 h. For a SAG

mill plant processing 50 million tons of ore annually, the

benefit of a 10% extension of grinding ball lifespan causes

only a 2.0% increase in alloy cost but saves over 1.5 mil-

lion USD per year in reduced maintenance. The con-

sumption of SAG mill liners is less than that of grinding

balls; nevertheless, the estimated indirect benefit from a

liner lifespan increase of 10%, is in the order of 1.7 million

USD per year for an average SAG mill [43].

Ball grinding mill components can be manufactured by

casting or by forging using rather similar steel alloys as

shown in Table 3. In general, forged balls have a tempered

martensite microstructure with retained austenite present

throughout the entire section thickness. Cast grinding balls

have a similar microstructure, yet with all of the charac-

teristics of a cast section; chemical segregation and pres-

ence of discontinuities (pores, shrink holes, etc.). Thus, cast

grinding ball have inferior mechanical properties making

them unsuitable for use in SAG mills where failure by

fracturing would occur due to high impact stresses. Ball

consumption is mainly due to wear in ball grinding mills

and also due to fracturing in SAG mills (approximately

10%) [44]. In large-size SAG mills (1158.24–1219.2 cm in

diameter), ball fracturing can account for a higher per-

centage of consumption due to increased impact energies.

In these cases, the ball quality becomes more important.

Balls that are deformed can clog the exit grates of the SAG

mill (see Fig. 15c), leading to unplanned maintenance. The

chemical composition of the Cr-Mo steel used in liners

does not adhere to any particular standard. However, the

large majority of the suppliers manufacture their products

in a composition range as shown in Table 4. It should be

noted that there has been virtually no change in these types

of alloys over the recent decades. Liners are subject to high

impact loads produced mainly by grinding balls of up to

15.24 cm in diameter. Hence, steel used for liners must be

sufficiently tough to avoid fracture under normal operating

Table 2 Materials used in the different stages of mineral ore processing [43]

Processing stage Equipment Component Alloy type Microstructure

Primary crushing Primary crusher Concaves and mantles High-Mn steel Austenitic

Martensitic Cr-Mo steel (concaves) Martensitic

Secondary and tertiary crushing Cone crusher Concaves and mantles High-Mn steel Austenitic

Grinding SAG mill Liners Cr-Mo steel Pearlitic

Balls Low alloy Cr steel Martensitic

Ball grinding mill Liners High Cr white iron Martensitic

Cr-Mo steel Pearlitic

Balls Low alloy Cr steel Martensitic

Fig. 15 a SAG mill with diameter of 12 m, b inside the SAG mill

showing liners and exit grate, c clogging of exit grate by grinding

balls, d wear appearance on liner

10 X.-R. Chen et al.
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conditions. Additionally, abrasive wear occurring inside

the mill is significant; therefore, wear resistance is defi-

nitely a required property for these alloys. Accordingly, it

is important finding a good balance between toughness and

hardness balance in these castings, which can be achieved

by refining the pearlitic microstructure.

Recent research activities at Shanghai University have

been focusing on the improvement of liner castings by

varying alloy compositions and heat treatment procedures

of pearlitic steel (see Table 4) [42]. Niobium was micro-

alloyed for providing additional microstructural refine-

ment. The alloys were austenitized at two different tem-

perature levels (880 �C and 920 �C) followed by air

cooling to room temperature and subsequently tempered at

550 �C. The niobium added variants showed indeed a finer

microstructure. This refinement of reduced lamellar spac-

ing in the pearlite phase as well as an increased share of

troostite and sorbite phases showed indeed better

mechanical properties. It is also expected that niobium

precipitates as ultra-fine NbC particles during the temper-

ing treatment. As a result, the hardness increases from

around 300 HB in steel 1 and 3–350 HB in the niobium

added alloys (steels 2 and 4 in Table 4). Impact toughness

is at around 50 J for all alloys whereas ductility (elonga-

tion, reduction of area) is improved in the niobium added

materials. The hardness gain of around 16% is expected to

improve the wear resistance in the same order of magni-

tude, which will result in a severe operating cost reduction

for SAG mills, as was detailed before.

In another approach, a different alloy with lower carbon

content and additional alloy content was designed as

0.4%C-0.7%Si-1.15%Mn-1.7%Cr-0.4%Mo-0.3%Ni-

0.07%V-0.02%Nb [45]. Heat treatments of this alloy were

performed as detailed in Table 5. These treatments result in

microstructures consisting of either a bainitic or a

martensitic matrix containing retained austenite. The

amount of martensite is controlled by the cooling-stop

temperature after re-austenitizing at 880–900 �C. The

lowest cooling temperature produces the largest share of

martensite resulting in the highest hardness, yet also in the

lowest toughness (see Table 5). The differently treated

steels were benchmarked in a grain-abrasion testing

Table 3 Alloys used for liners and grinding balls in a semi-autogenous ball mill [43]

C/(mass fraction, %) Mn/(mass fraction, %) Cr/(mass fraction, %) Si/(mass fraction, %) Mo/(mass fraction, %)

Liners 0.50–0.75 0.75–1.00 2.00–2.50 0.40–0.60 0.30–0.45

Forged balls 0.55–0.90 0.70–1.25 0.37–1.20 0.18–0.70 0.00–0.20

Cast balls 0.75–0.95 0.40–1.10 0.20–1.10 0.30–0.60 Residual

Table 4 Alloy compositions and heat treatment conditions for laboratory optimization of liner steel [42]

Steel C/(mass

fraction, %)

Mn/(mass

fraction, %)

Si/(mass

fraction, %)

S/(mass

fraction, %)

P/(mass

fraction, %)

Cr/(mass

fraction, %)

Mo/(mass

fraction, %)

Nb/(mass

fraction, %)

Heat treatment

1 0.84 0.81 0.42 0.038 0.027 2.04 0.26 – 880 �C/8 h

550 �C/20 h2 0.84 0.80 0.36 0.028 0.030 2.18 0.30 0.028

3 0.86 0.77 0.38 0.032 0.029 2.17 0.29 – 920 �C/8 h

550 �C/20 h4 0.85 0.66 0.43 0.024 0.028 2.24 0.30 0.025

Table 5 Mechanical properties and wear resistance (material loss) of 0.4%C-0.7%Si-1.15%Mn-1.7%Cr-0.4%Mo-0.3%Ni-0.07%V-0.02%Nb

after different austempering treatments [45]

Heat treatment (austempering) Toughness/(J�cm-2) Hardness/HRC Impact condition and material loss/g

10 000 9 1.5 J 20 000 9 1.5 J 30 000 9 1.5 J 10 000 9 2 J

880 �C/oil ? 500 �C/air 71.5 45.3 0.093 8 0.232 1 0.355 4 0.121 4

880 �C/oil ? 250 �C/furnace 46.5 52.3 0.083 3 0.180 3 0.238 9 0.085 6

900 �C/oil ? 200 �C/furnace 35.3 53.6 0.083 6 0.210 3 0.246 4 0.095 0

880 �C/oil ? 325 �C/air 62.9 50.6 0.083 2 0.206 4 0.231 9 0.090 5
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machine (type MLD-10A) using impact energies of 1.5 J

and 2 J as they typically occur in a large-size SAG mills.

The material loss of the liner steel samples was monitored

for a period of up to 30 000 impacts. The results in Table 5

show that the softest steel (45.3 HRC), despite its high

toughness (71.5 J), has the lowest wear resistance. The

other steels, with the hardness exceeding 50 HRC perform

clearly better, having 25%–30% reduced material loss

under the same test condition. It appears that the best

balance between hardness (52.3 HRC) and toughness

(46.5 J) results in superior performance. Compared to the

pearlitic steels in Table 5, the austempered steels (see

Table 5) have a much higher hardness at similar toughness

and hence offer a significant optimization potential.

4 Conclusions

Molybdenum alloying to iron-based castings offers several

benefits in terms of improving the product properties for

demanding applications. In products with pearlitic

microstructure, molybdenum refines the pearlite lamellar

spacing, thus, increasing strength and improving tough-

ness. Favorable combinations of heat conductivity and

strength become possible in that way particularly in grey

cast iron. The most prominent roles of molybdenum

alloying in nodular irons are to enhance the creep resis-

tance under high temperature conditions and to facilitate

hardenability. The latter is required for austempering

treatment of components with heavier wall gage. Molyb-

denum’s hardenability effect is also favorable for produc-

ing white cast iron to increase the wear resistance of

components. Molybdenum shows synergies with other

alloying elements such as niobium, chromium, copper and

nickel reflecting in improved hardenability. The Mo-Nb

synergy particularly results in more efficient refinement of

the microstructure and enhanced precipitation strengthen-

ing of niobium. Property improvement of castings results in

significant savings of operating cost especially with com-

ponents used in large-sized capital equipment. Better creep

resistance and higher strength in vehicle components

increase their durability and inherently contribute to

improved fuel efficiency. The further development of

casting alloys in this respect is of strategic importance for

the progress of mining, power generation, transport and

machine building industries in China.
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