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ABSTRACT

In the present investigation an attempt has been made to evaluate the suitability of
austempered ductile iron (ADI) as media material for grinding iron ore, chalcopyrite
and coal in a laboratory sized ball mill. The spheroidal graphite (S.G) iron balls
having 2.5 cm diameter of required composition were produced by sand casting
method. In the first case, single step austempering was given on each set of 200 balls
after austenitising at 900°C for one hour and austempering at 280°C and 380°C for

different time duration of 30, 60 and 90 minutes.

In the second case, each set of 200 S.G.iron balls were austenitised at 900°C for 60
minutes and given low to high stepped austempering treatment (ATLH) at 280°C for
15, 30, 45 and 60 minutes followed by 380° C for 60 minutes. Similarly in the third
case, each set of 200 S.G.iron balls were austenitised at 900°C for 60 minutes and
given high to low stepped austempering treatment (ATHL) at 380°C for 15, 30, 45
and 60 minutes followed by 280°C for 60 minutes. Altogether, 14 sets of 200 S.G.iron

balls, each were austempered at different time and temperatures to obtain ADI.

A selected set of ADI balls were given surface coating to improve their wear and
corrosion resistance. The materials such as titanium nitride (TiN), titanium aluminium
nitride (TiAIN) and aluminium chromium nitride (AICrN) are coated by Plasma
physical vapour deposition (PPVD) on ADI balls. Also, the nitriding was carried out

by gas nitriding process to increase the surface hardness of the ADI ball material.

These materials were characterised by measuring hardness, studying microstructure
using optical and scanning electron microscope (SEM) and analysing the X-ray
diffraction (XRD) profiles. Grinding experiments were carried out in a ball mill using
these ADI balls as media material for the comminution of different ores namely, iron
ore, chalcopyrite and coal. Grinding wear behaviour of these materials was assessed
for wear loss in wet condition at different pH value of the mineral slurry. For the sake
of comparison the grinding experiments were carried out with the conventionally used

forged En31 steel balls as media material in the ball mill.



The wear rate of all the category of ADI were compared with that of forged En 31
steel balls and found that the wear resistance of ADI was superior to forged En31
steel balls. Among ADI balls ones austempered in conventional single step at 280°C
for 30 minutes with hardness of 497 BHN, 26% by volume of retained austenite and
1.90% by weight carbon content of retained austenite offered highest grinding wear
resistance. Further, the wear rate of ADI balls decrease with increase in duration of
grinding and it was found to be 39 X 10® cc/revolution after 40 hours of grinding

which is less than that for any category of ADI balls.

Corrosive wear behaviour of ADI and forged En31 steel balls were analysed by
carrying out the grinding experiment using water and kerosene as slurry media
separately. In both the cases it was found that the wear resistance of ADI is superior
to that of forged En31 steel balls. However, this experiment revealed that the
corrosion plays an important role in wear of grinding media balls. The mechanism of
wear is conceived to be corrosive wear occurring by delamination phenomenon and

aided by impact fatigue crack growth.

The results of the investigations reveal that the surface coated ADI balls possess very
high wear resistance during the initial few hours of ball milling but decreases

suddenly after particular duration of grinding.

A term called relative efficiency index (REI) has been developed to compare grinding
efficiency of ADI balls with that of forged En 31 steel balls. The REI values of 3.7 as
recorded by ADI balls compared to that for forged En 31 steel balls indicated the

superior nature of ADI balls.

Hence, even without surface coating the ADI balls offered very high wear resistance
and can be a suitable substitute for conventionally used forged En31 steel balls as

grinding media in the ball mill. Results of the investigations were discussed in detail.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Grinding is the most important, critical and commamcess involved in mineral
dressing, which is mainly aimed at liberation oé@r more required minerals present
in the ore and bringing the ore particle to reqiiise&ze range which would render it
convenient for further processing. Grinding of ésea cost and energy intensive
process and it is noted that 40 — 50% of the fmtadluction cost accounts to grinding
only. The wear rate of internal components suchgasding media and liners
increases the grinding cost (Gaudin A.M 1939). Waagrinding media is one of the
most commonly encountered problems during ore ohgs$Vear of balls or any
grinding media is affected by many parameters aptiom for changing the
parameters is limited. The widely used grinding rmeadaterial in ball mills is cast
steel, forged steel, high chrome steel and alleglstOnly alternative left for cost
reduction is to change the ball material which woplossess the superior wear
resistance. The combination of properties like tmags, hardness and corrosion

resistance are required to minimize the grindinglimevear.

In the present study considerable research istdévio develop a material with
improved wear resistance for the grinding mediae ®mch material which possesses
combination of properties like high toughness aratienate hardness is austempered
ductile iron (ADI). ADI is a class of spheroidataghite (S.G.) iron, which is
subjected to isothermal heat treatment to prodssergially an ausferrite structure in
the material. This ausferrite structure constitdsme ferrite, retained austenite and
graphite nodules embedded in bainitic matrix. Theseroconstituents control the
mechanical properties such as, high strength vatighness, wear resistance and
fatigue strength of the ADI. The reasons for theggerior grinding wear resistances
are not only its surface hardness due to the heatntents, but also due to its

ausferrite microstructures in the subsurface le¥¢he hardness of the ball is low, it

1



would wear out faster and if it is too high, it wdcause the wear of liner material.
So, the material should be designed in such a Wwalythe grinding media should
possess moderate hardness, yet should be effgcinealr resistant. Such a choice of
material is possible in ADI by selection of propmymbination of microstructures
which in turn controlled by alloy composition andiskempering heat treatment
parameters. These qualities of ADI make it a caatdidnaterial for grinding media
and to replace the costly conventional materidde fiorged En 31 and alloy steel
balls.

In the present research work, the S.G. iron ba#leevgiven single step and two step
austempering treatment at different temperaturesbtain ADI with wide range of
mechanical properties. The wear behaviour of tiAd3kballs as media material in a
ball mill for grinding different ores such as irahalcopyrite and coal were assessed
at different pH of the mineral slurry. The wearules of ADI were compared with
conventionally used forged En31 steel balls asdgnm media in a ball mill. The
corrosive wear behaviour of ADI and forged En3lektaalls during wet grinding
using water and kerosene as slurry media are disdud-urther, different surface
treatments and coatings were given to ADI ballsrtprove its wear resistance during

ore grinding in a ball mill.

Hence the present investigation is carried out ¢eess the wear behaviour of
uncoated and coated ADI balls as media materigkimding different ores in a ball

mill.

1.2 OBJECTIVES OF THE PRESENT STUDY

The main objective of the present investigationtasdevelop a new grinding media,
choosing from different categories of austemperedil@ iron (ADI) materials for the
comminution of various mineral ores in a ball millo achieve this objective it is

proposed:

i) to give different austempering heat treatments®ifn balls to produce different

categories of austempered ductile iron (ADI),
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i) to give surface coating on ADI by plasma physiagour deposition (PPVD)
processes and gas nitriding to improve thehaeical and metallurgical properties
of ADI ball,

iii) to characterise the coated and uncoated ADI bakmads by determining the
hardness, studying the microstructures aterohining the phases present in the

material by X-ray diffraction analysis,

iv) to carry out wet grinding experiments in a labonatized ball mill to determine the
wear behaviour of different ADI and forged® steel balls as media material,

v) to find the corrosive wear behaviour of media matemwith water at different pH
values and kerosene as slurry media durigiggwnding in a ball mill,

vi) to compare the grinding wear efficiency of differeategories of ADI balls with
forged En 31 steel balls.

1.3 ORGANISATION OF THE THESIS

A brief chapter-wise description of the thesissdalows:

Chapter 1 gives an introduction to the problem idedtifies areas requiring research.
The main objectives of the study and a descripicthe proposed investigations planned

to be carried out are presented in this chapter.

Chapter 2 provides literature review on ball mitirking principle, motion of charge
in ball mill, factors affecting the grinding effemcy, grinding media, wear, parameter
influencing the wear , types of wear, wear mechanmaterials of grinding media in
ball mills, wear behaviour of existing materialslaaustempered ductile iron,

Chapter 3 covers the experimental details suctr@duption of austempered ductile iron
(ADI) by different austempering treatments, chagaeation of ADI, surface treatment on
ADI and grinding experiments in a ball mill to detene the wear behavior of ADI,

coated ADI and forged En 31 steel balls as medizmads.

3



Chapter 4 covers the results of the experimentsedanut and inferences drawn from the
results on the hardness, microstructures, X-rdyadifion and grinding wear behavior of

different media materials.

Chapter 5 describes the detailed analysis and ’bdiscussion on the results obtained
by different experiments. The wear behaviour ofedént media materials in a ball mill
for grinding different ores are analysed and suggkethe one with better wear resistance.
Due importance is given to the discussion on mdshanof wear related to

microstructures.

Chapter 6 provides summary, conclusion and futcope of work.



CHAPTER 2

LITERATURE REVIEW

2.1 GRINDING

The final stage in the process of comminution isding and during this stage the
particles are reduced in size by a combinatiomdact and abrasion, either dry or in
suspension in water. Grinding may be referred aaking down the relatively coarse
material to the ultimate fineness. Grinding is perfed in rotating cylindrical steel

vessels known as tumbling mills. These contain gdaf loose crushing bodies and
the grinding medium, which is free to move inside mill, thus comminuting the ore

particles. The grinding medium may be steel rod$alls, hard rock and in some
cases ore itself. In the grinding process, partgilee between 5 and 250 mesh
numbers (Width of aperture is between 3.35mm angdn§3are reduced to size
between 10 and 300 pm. (Barry A. Wills 2005).

Grinding is the most critical and important stags, it governs the economy and
efficiency of any process of up gradation of mihe@rinding itself attributes to 40-
50% of total cost of processing. Superior the gnigdjuality, easier the subsequent

processes. (Gundwar C.S et al. 1990).

A grinding mill is a unit operation designed to d&kea solid material into smaller
pieces. There are many types of grinding mills alifterent types of materials
processed in them. Historically mills were poweted hand (mortar and pestle),
working animal, wind (windmill) or water (watermillToday they are also powered

by electricity.

The grinding of solid matters occurs under exposdinmechanical forces that trench
the structure by overcoming of the interior bondioges. After the grinding the state

of the solid is changed: the grain size, the gsa&e distribution and the grain shape.



Grinding may serve the following functions in enggning:
i) increase of the surface area of a solid
i) manufacturing of a solid with a desired grain size

i) pulping of resources

2.1.1 Purpose of Grinding
The purpose of grinding in mineral processing are:

i) to liberate the mineral component to the correzgrde of liberation, i.e.,
greater the liberation of valuable minerals fromumge, easier is the
separation.

i) to reduce the pieces to fine sizes in order to niiaggitable for corresponding
process like floatation, magnetic separation aniefusation.

i) to increase the surface area of the valuable mnigjeraspecially for
hydrometallurgical treatments (Gaudin 1939).

2.1.2 Mechanisms of Comminution

Following mechanisms are proposed for comminutioores in grinding mill:
i) Chipping due to oblique faces.
i) Abrasion due to faces acting parallel to the swd$aand

i) Compression due to Impact forces applied almosnabto the surface.

These mechanisms distort the particles and chdrege ghape beyond certain limits
determined by their degree of elasticity, whichsemuthem to break

2.1.3 Wet v/s Dry Grinding
For certain applications like grinding of cemenhkérs, the dry grinding is used. The
wet grinding process is performed because of fatigweasons:

i) Lower power consumption per tonne of product.

i) Highest capacity per unit mill volume.

iii) Elimination of dust problem.



iv) Possibilities of the use of wet screening or cfasion for the close product
control.

v) Simple handling and transport through pipes, puamgslaunders can be used.

2.2 GRINDING MACHINES

In material processing operation grinder is a maelior producing fine particle size
reduced by attrition and compressive forces atouarisize level. Since the grinding
process needs generally a large amount of enemggyiginal experimental method
should be devised to measure the energy used yo@diron M 2005). There are
different types of grinding machines and they arefly dealt here.

2.3 TUMBLING MILLS

In general tumbling mills are rotating cylindricassels in which simple mixing or
grinding in the presence of grinding media willégiace. Structurally each tumbling
mill consists of a horizontal cylindrical shell,omded with renewable wearing liners
and charge of grinding media. The drum is suppostéas to rotate on its axis on
hollow trunnions attached the end walls. The di@met mill determines the pressure
that can be exerted by the medium on the ore pestin general, the larger the feed
size the larger needs to be the mill diameter.f€bd material are continuously fed to
the mill through one end trunnion, the ground padieaving through the other
trunnion, although in certain applications the prciddmay leave the mill through a
number of ports spaced around the periphery ofstiedl. All types of mill can be

used for wet and dry grinding by modification oéfeand discharge equipment.

Tumbling mills are of four basic types:
i) Ball mills (balls are the grinding media)
i) Rod mills(rods are the grinding media)
iii) Pebble mills (flint pebbles are the grinding media)

iv) Autogenous mill (ore itself is the grinding media)



Choice of mills depends on nature of the ore anéniess required for the final
product. For very fine ore particles the ball nsllpreferred. However, the rod mills
yield the final product which is more uniform ireei Pebble mills are used when
entrapment of media material into ore causes pnotléutogenous mills are used in
interior places where getting the media like bafigl rods are very difficulHowever,

the present study is concerned with the ball ntils dealt in detail here.

2.3.1 Ball Mill
The ball mills date back to 1876 and are charasdrby the use of balls which are
made of iron, steel or tungsten carbide as grindisglia material. These mills are
rotating cylindrical or cylindroconical steel slsllusually working as continuous
machines. The size reduction is accomplished byntipact of these balls as they fall
back after being lifted to a certain height by tioig shell. The internal working faces
of mills consist of renewable liners. The purposkethese liners are to:

i) withstand impact force,

i) protect the mill shell from wear and

iii) reduce the slip between the shell and the grindiedia.

The commonly used materials for liners are rublvéMidhard cast iron. The ball mills
can be classified according to the shape of myllifdrical or cylindroconical), the
method of discharging the product (overflow disgearor low discharge mill),
discharge rate (high or low discharge mill) and tuke operated dry or wet. In dry
grinding, the load is kept lower (below 40%) thanwet grinding to avoid over

carrying at specified speeds.

2.3.1.1 Grinding Laws

In spite of a great number of studies in the fiefdfracture schemes there is no
formula known which connects the technical grindimgyk with grinding results. To

calculate the grinding work needed against the ghaim grain size three half-
empirical models are used. These can be relatedetddukki relationship between

particle size and the energy required to breakpéwicles (Thomas A 1999). At



present following relations are in vogue to relde extent of comminution to energy

required for the same

i) Kick for d>50 mm

W=GL(In(d,) ~In(d:)) (D)

i) Bond for 50 mm >d > 0.05 mm (Mineral Beneficiation, 2010)

1.1 2)

iii) Von Rittinger ford < 0.05 mm

P §
V\A—CRE(E dA) (23

In above relation$V is grinding work in kJ/kgg¢ is grinding coefficientds as grain
size of the source material adglis grain size of the ground material. A reliab&ue

for the grain sizesla anddg is dgp. This value signifies that 80% (mass) of the solid
matter which has a grain size smaller tlign The Bond's grinding coefficient for
different materials can be found in various litaras. To calculate the Kick's and

Rittinger's coefficients following formula can bsed

G =115T1,0(dy) ™ (24)

G.= 05005, 00(ck ) ® (29)

The above formula is used in the range of valueBfind's grinding coefficient of

upperdsy = 50 mm and loweds, = 0.05 mm.
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To evaluate the grinding results the grain sizpabgion of the source material (1)
and of the ground material (2) is needed. Grindiegree is the ratio of the sizes from

the grain disposition. There are several defingitor this characteristic value:

i) Grinding degree referring to grain sidg

=% 26
4=y °9

Instead of the value @k alsodsp or other grain diameter can be used.

i) Grinding degree referring to specific surface

S, S,
-5 e
7% S

The specific surface area referring to volugend the specific surface area

referring to mas$§,, can be found out through experiments.

i) Pretended grinding degree

-4 ©8

a

The discharge die gap of the grinding machine edusr the ground solid matter in

this formula.

The power predictions for ball mills typically usiee following form of the Bond

equation:
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where
E is the energy (kilowatt-hours per metric or short, per the Wi measured),

Wi is the work index measured in a laboratory ball (ainit less, but either

metric ton basis),
Pgo is the mill circuit product size in micrometersgda

Fgo is the mill circuit feed size in micrometers. (Mnal Beneficiation, 2010)

2.3.1.2 Ball Mill Working Principle

The ball mill is a horizontal rotating device tramted by the outer gear. The
materials are transferred to the grinding chambssugh the quill shaft uniformly.
There are ladder liner and ripple liner and différepecifications of steel balls in the
chamber. The centrifugal force caused by rotatiobaorel brings the steel balls to a
certain height and causes impact and grinding dén@ds. The ground materials are
discharged through the discharging board thus t@é roill grinding process is
finished.

The ball mill is a key piece of equipment for giimgl crushed materials, and it is
widely used for production of powders such as cepglcates, refractory material,
fertilizer and glass ceramics. They are used a$ famebre dressing of both ferrous
and non-ferrous varieties of ores. There are twalkiof ball mill depending on the
ways of discharging the materials: grate type aretfall type. There are many types
of grinding media suitable for use in a ball mékch one having its own specific
properties and advantages. Key properties of grndinedia are size, density,

hardness, and composition. They are briefly desdrlielow:
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i) Size: The smaller the media size, the smaller ttige size of the final
product. At the same time, the grinding media sheuld be substantially
larger than the largest pieces of material to loeigu.

i) Density: The media should be denser than the nahatbeing ground. It
becomes a problem if the grinding media floats @m ¢f the material to be
ground.

i) Hardness: The grinding media needs to be durabteiginto grind the
material, but where possible should not be so Hatit also wears down the
tumbler at a fast pace.

iv) Composition: Various grinding applications have csglerequirements. Most
of these requirements are based on the fact timaé s the grinding media
will be in the finished product. Others are basadchow the media will react

with the material being ground.

2.3.1.3 Motion of Charge in Ball Mill

The quality of the mill product depends on the motof the charge inside the mill.
The distinctive feature of tumbling mill is thatuises loose crushing bodies, which are
hard and large compare to the ore particle. Theymwg slightly less than half of the
volume of the mill. Due to rotation and resultingcion between material and mill
shell, the grinding media lifted along the risingesof the mill until a position of
dynamic equilibrium is reached. During the cour$ehts movement the cascading
action becomes effective when the bodies cascadleataract down the free surface
of the other bodies, about a dead zone where titdgement occurs, down the toe of
the mill charge. The motion of a charge in the ball and trajectory of the grinding

medium in ball mill is shown in the Fig.2.1 and Rig.
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Fig 2.2 Trajectory of the grinding medium in balllm

Grinding is the result of both cascading and catarg actions. At lower speeds and
with smooth liners  the medium tends to roll dotenthe toe of the mill. This
essentially results in abrasive comminution. Thislue to cascading and these leads
to finer grinding, with increased slimes producteamd liner wear. At higher speeds
the medium is projected clear of the charge to rilesdhe series of the parabolas
before landing to the toe of the charge. This eatarg leads to comminution by

impact and a coarser product with reduced linerwea

2.3.2 Factors Affecting the Grinding Efficiency

Though there is no quantitative definition for gtimg efficiency, figuratively one can

say that the grinding is more efficient when:

i) output of required size are produced to the maxiremtant,

i) output of ultra fines are produced to the minimwtept and
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iii) liners and grinding media are lost by wear to theimum extent.
The factors affecting the grinding efficiency aesdribed below:

2.3.2.1 Pulp Density

The pulp density i.e. percent of solids of the febduld be as high as possible. It is
essential that the balls are coated with a layeref Hence, too dilute pulp increases
metal to metal contact, giving increased ball comstion and reduced efficiency,

while too thick pulp will not flow through the milBall mills should operate between

65 and 80% solids by weight for ore grinding. Thexwasity of the pulp increases with

the fineness of the particles. Therefore fine grngdcircuits may need lower pulp

densities (Jain S.K 2001).

2.3.2.2 Critical Speed

The speed of the mill affects both efficiency ofiae of grinding media as well as
grinding capacity. The speed must be as high asilgeswithout centrifuging the

charge. As the speed of the mill increases, thé&wgout increases first in proportion
of the speed and then the slippage increases wstbva increase of speed bringing
down the work input. The work input increases uatikritical speed is reached;
beyond which the power input decreases rapidlyheovianishing point. Under this
condition, the solids are centrifuged on the shéllhe mill and no work is done by
the mill. Slow speeds results into cascading aajiomg attrition grinding, but result

in lower capacity and efficiency. The lower speeds/ be better for most economical
power and media consumption for moderate capacitiesball mill the actual

operating speed should be 50-90% of critical speed.

Critical speech:% revmin 210

Where D=Mill diameter in metre and d=Ball diamdtemetre

When the rotating speed of ball mill is high, thedght the ball raised is more. The
ball will get away from the barrel when the bafle$ to certain height, and falls along
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the parabolic path. There is comparatively largpaot force on drop point. When the
ore is crushed by the impact force, the grindinfpafis the highest. When the
rotating speed of ball mill exceeds a certain caitispeed (usually at higher speed),
the ball will rotate with the barrel and won't fallown, retaining a condition of
centrifugal movement. In absence of impact foreeghinding function is much less,
and the ball mill almost stops grinding. The balll motating speed is called critical

speed when the outermost layers of balls justeatdth the barrel and don't fall.

Achieving critical sped is necessary to reduceldss (consumption) of ball materials
by wear, thereby reducing the cost of ore grindargl for improving grinding

efficiency (Bailing Machinery).

At a certain mill speeds the load consisting afrsl and balls breaks free which is
quickly followed by other sections in top portiahing a cascade. This constitutes a
sliding stream of materials containing several tayfeballs separated and engloved by
ore (materials) granules. The top layers in theastr travel at a faster speed than the
lower layers thus causing a grinding action betwiem. There is also some action
caused by the gyration of individual balls or pe&sbland secondary movements
having the nature of rubbing or rolling contactsiahhoccur inside the main contact

line.

It is important to fix the point where the chargs,it is carried upward, breaks away
from the periphery of the Mill. This is called “lale point” or “angle of break”

because it is measured in degrees.

2.3.2.3 Charge Volume of Grinding Mills

The optimum charge volume of the mill should be ntaned to achieve the better
grinding efficiency. The charge volume should bewb40-50% of the internal
volume of the mill. The energy input to a mill irases with the amount of ball

charge and reaches a maximum at a charge voluaggpobximately 50%.
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2.3.2.4 Grinding Media

The tumbling load is working part of the mill. ltadvs substantially the same amount
of power whether it does any useful work or note Bmount of useful work that it
performs differs with the shape of the grinding maetheir size relative to the grains
being ground, their quantity and the kind of matleriLoss of weight due to wear is
one of the principal items of the grinding expendence the following parameters

are of vital importance in efficient operation:

i) Size of the Grinding Media
Ball size should be as small as possible and chsingeald be graded such that the

largest balls are just heavy enough to grind thgelst particle in the feed. A seasoned
charge consists of a wide range of ball sizes awl balls added to the mill are
usually of the larger sized balls. Undersized blels/e the mill with ore product and
can be removed by passing the discharge over tteerse Hence, the following

formula gives the required ratio of ball size te tire size:

d =kD? (219

D=Feed size in mtr and
K=Constant varying from 55 for chert and 35 foratulte.

d=Ball diameter in mtr

i) Shape of the Grinding Media
Stacking of the grinding media creates voids imeen them and shape of the media

determines the “interstitial volume” in which ot resides.

iii) Surface of Grinding Media

Surface area is the characteristic of the grindimeglium which is important in fine

grinding. The efficiency of grinding depends onface area of the grinding medium.
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Balls have greater surface per unit weight thars iertd excel them for fine grinding.
Cubes, tetrahedral and irregular worn balls, camesdiscs, all of which have greater
surface per unit of individual weight and of chakgeight than balls, have however
proved less efficient in fine grinding. The readms, probably due to decreased

rubbing activity in the load. The irregular shaplesw more power for a given speed.

2.4 WEAR

One of the three most commonly encountered indusmioblems leading to the
replacement of component and assemblies in engmgeisrwear, other being fatigue
and corrosion. Wear is rarely catastrophic butedluces operating efficiency by
increasing the oil consumption and rate of compbregiacement.

Wear may be defined as the removal of material femid surface as a result of
mechanical action. It is a characteristic featurthe wear process that the amount of
material removed is quite small. While the orgatsaof economic cooperation and
development (OECD) research group defines the wesarprogressive loss of
substance from operating surface of body occuram@ result of relative motion at
the surface. But these definitions are limitingwkwer, since they do not consider the
result of corrosive, chemical or fluid action. Wesusometimes defined as unwanted
removal of material by chemical or mechanical actiSuch definition is not precise
since plastic flow may occur, clearance becomeelagmd for all practical purpose,

wear may occur even though no material has beeaven

2.4.1 Parameter Influencing the Wear
There are so many parameters that influence the. Wéear essentially depends on
the material, design and environment. Some of #rarpeters that influence the wear

are given in the Table 2.1.
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Table 2.1 Parameters and variables influencingvier

Parameters Variables
Material Composition, grain size, thermal condutgivhardness
Design Shape, loading, type of motion, toughnessation cycle, time etc.
Environmental Temperature, humidity, atmospheratainination etc.
Lubrication Type of lubricant and lubrication stilgi

In the case of grinding of different ore minerdés;tors that affect the ball wear can

be summarised under three categories:

i) The ore: The hardness (abrasiveness), mineralogyparticle size are more
important parameters.

i) The mill: Composition, microstructures and mechahproperties of the ball
and liners, quantity and size of balls, size ofl mid mill speed are more
important parameters.

i) The mill environment: The important factors are thid water chemistry and
pH, oxygen potential in the mill, percent solidslaemperature.

2.4.2 Types of Wear

Wear is a general phenomenon that occurs when thexaelative motion between
two solids under load. Broadly speaking the motican be unidirectional or
reciprocating either sliding or rolling. There mag combination of rolling and
sliding or wear may occur due to oscillatory moveire small amplitudes. A metal
can interact with a non metal or liquids such dsritating oil or marine water.
Depending on the nature of movement or of the meadialved in an interaction

under load, the following types of wear have bdassified:

2.4.2.1 Adhesive Wear

This type of wear occurs when two smooth bodieteshiver the fragments may come
off the surface on which they are formed and besfered back to the original

surface, or else from loose wear particles. Adlesiiear arises from the strong
adhesive forces set up whenever atoms come intodte contact. During sliding, a

small patch on one of the surface comes into comtal a similar patch on the other
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surface and there is possibility, small but fintfeat when this contact is broken the
break will occur not at the original interface, hwithin one of the materials. In

consequence, a transferred fragment will be for(Rediziszewski P 1993).

2.4.2.2 Abrasive Wear
This is the type of wear which occurs when a robghd surface or a soft surface

containing hard particles, slides on a softer serfand ploughs a series of grooves in
it. The material from the grooves is displacedna torm of wear particles, generally

loose ones.

2.4.2.3 Corrosive Wear
Wear due to corrosion are highly complex and subjeca great number of

experimental variables such as load, pH, oxygetigbquressure, relative hardness of
two interacting surfaces, impact and nature ofpitegective film formed on the metal

surface (Pitt C.H et al. 1988). This type of weacws when sliding takes place in a
corrosive environment. In the absence of slidihg, groducts of the corrosion would
form a film on the surfaces, which would tend towsldown or even arrest the

corrosion, but the sliding action wears the filmagwso that the corrosive attack can
continue. It is not easy to find a good illustratiof corrosive wear (Chenje T. W.

2003).

2.4.2.4 Surface Fatigue Wear

This type of wear is observed during repeated rgjidiolling over a track. The
repeated loading and unloading cycles to whichntagerials are exposed may induce
the formation of surface or subsurface cracks, Wwhaeentually will result in the
breakup of the surface with the formation of lahggments, leaving large pits in the
surface. An analogous form of wear is shown bytlbrinaterials, which break up in

the form of large fragments.
2.4.2.5 Fretting Wear

This form of wear arises when contacting surfacedetgo oscillatory tangential

displacement of small amplitude. It is often difficto anticipate the overall large
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volume of wear debris that is produced. It candraaved by eliminating slip at the

interfaces.

2.4.2.6 Erosive Wear
This results when grits impinge on solids while itations erosion may arise when

components rotate in a fluid medium.

2.4.2.7 Oxidative Wear

Under non aqueous conditions due to the presened,odn oxide will form on the
metal surface. The surface changes chemically biy@mmental factors. This results
in the formation of surface layer with propertiésitt differ from those of the parent
material. Consequently this layer may wear diffédgerirhis induces fracture at the
interface of the surface layer and parent mateeasllting in removal of the entire
surface layer when wear occurs and its debris tabs@swear process. Increasing the

oxidation rate enhances the wear rate.

2.4.3 Wear Mechanism

Wear between surfaces may be roughly divided aschting sliding wear and dry
sliding wear. Several wear mechanisms have beenifiee by examining the worn
surfaces in the SEM as indentation craters, sayffjouging, plowing, strain-induced
corrosion, pitting and spalling, including the fation of adiabatic shear bands under
high impact conditions (Moore J.J 1988). A briecigption of each of these is given
below:

(i) Indentation Craters: A hard mineral particle, posiéd between two balls,
extrudes the ball material to the sides. The maltexinot detached, but moved
upwards and out from the ball surface producing ratec. This wear
mechanism is more in softer media material.

(i) Gouging: A hard mineral cuts into ball surface awdops a portion of the
metal in the direction of particle movement. Thisav mechanism is also

generally present in the softer media materials.
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(iif) Plowing: A hard mineral particle plows acrodege surface of the ball pushing
out the ball material to the sides, producing & m the ball surface. This
mechanism is predominant in the harder media nadderi

(iv) Scuffing: Ball to ball contact of the surface issults in relatively thick
abraded region of almost parallel ridges.

(v) Strain Induced Corrosion: This is due to the corabliaction of corrosion and

strain.

(vi) Spalling: Spalling is due to the subsurface crakd subsequent removal of

material at the surface of the ball.

Several of the above wear mechanisms will operatny ball-mineral slurry system,

but in general one will predominate depending am rthicrostructure, hardness and
corrosion resistance of the ball and abrasive amobsive nature of the slurry being
ground (Moore J.J 1988).

The relationships exists between the finenessinfigthe consumption and wear rate
of the grinding media and the feed rate of the inréhe mill (Howat D. D et al.,
1988). The wear of grinding media is mainly duethe impact, abrasion and
corrosion. The suitable wear resistant ball matemran reduce the corrosive wear
during the grinding (Chenje T. W et al. 2003). Tivear occurs in different
comminution zone such as adhesive wear in crushittumbling zone, abrasive
wear in the grinding zone (Radziszewski P et al3)9%®redictions of the ball
consumption in a mill were made with fair accuréoyn the results of a marked-ball
test. (Vermeulen L. A et al. 1983). The abrasiae teas a strong correlation to the
impact energy of balls under any milling conditiof&kira Sato et al. 2010). Ball
mill grinding performance is dependent on the st#tdall mills such as the ball

charge and mill liners. (Radziszewski P et al. 3993

The increased height of fall of grinding balls lésun severe impact between the
grinding balls and also between the grinding bahd the mill liners. This is due to
considerable work hardening beneath the surface thed grinding balls.
(Gangopadhyay A.K et al. 1987).
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2.5 MATERIALS OF GRINDING MEDIA IN BALL MILLS

2.5.1 Grinding Wear Behaviour of Existing Material

Consumption of media materials varies from 0.1 g¢araich as 5 kg per ton of ore
depending on hardness of the ore, fineness of grpurduct and quality of medium.
Consumption of media material being very high, siimmes as much as 40% of total
milling cost, so is an area that often warrantcspattention. Good quality grinding
media may be very expensive, but may be econordigalto lower grinding wear
rate. Very hard media however may lead to lowending efficiency due to slippage.
Finer grinding may lead to improved metallurgicHficgency but at the expense of
higher grinding energy and media consumption. S¢en@ of grinding media is
important from stand point of specific gravity, taess, toughness and economy.
(Taggort A.F 1954).

Different varieties of grinding balls are used mlustries. Among them, the grinding
balls made of forged or rolled high carbon or aktgel or cast steel, AlSI 1020 mild
steel, high-carbon low-alloy forged steel, forgedrtansitic stainless steel, forged
austenitic stainless steel and NiHard, 20% chromi@# chromium and 30%
chromium white cast irons are important (NataragaA. 1992). The other media
materials are cast hyper eutectoid steel and ENe3fjed) steel which cover a wide
range of chemical composition, microstructure anediam hardness. Marked ball
grinding tests under different grinding conditicensd environments reveals that the
wear resistance of high chrome cast iron is béftizn EN-31 forged steel, which in
turn is better than cast hyper eutectoid steel 8war C.S et al. 1990, Udaya Kumar
K et al. 1989). The high chromium cast iron witemaall amount of retained austenite
had the best impact fatigue resistance (IFR) witiper combination of strength and
toughness. (Rao Qichang et al. 1991). The markkdvbar tests also showed that the
wear rate could be minimized by a suitable comimnatf austenite and martensite.
A ball composed solely of hard martensite exhibitedeased wear under an oxygen
environment while balls composed of both soft auiste together with hard

martensite exhibited decreased wear. (Jang J.\W E3&8).
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Among the five different media materials such ateetoid steel, low alloy steel,

medium chromium cast iron, cast semi-steel andlayed white cast iron used for

ore grinding, the heat treated medium chromium @ast balls has the desired

microstructure, mechanical properties and possesperior wear resistance. (Chenje
T. W et al. 2003). The impact fatigue resistance @mpact wear resistance of
medium Cr-Si cast iron are superior to those oftemaitic high chromium cast iron

(Cr of 15%) and considered as alternate grindindianealls. (Wei Li 2007).

Very hard (above 630HV) martensitic steels and evlazhst irons only offer large
performance benefits when grinding relatively saoft weakly abrading ores
possessing Mohs hardness less than about 6. Hyisalter the cost-benefit balance
in favour of simple low-cost steels when grindingrdh strong minerals, but even
modest proportions of softer minerals in real ocasm favour the use of more
sophisticated hard alloys. (Gatesa J.D et al. 2008)

Having conducted grinding experiments using theewidnge of materials such as
special steels, non-metallics, and alloyed whit @ans as grinding media. Durman
found that the high chromium white cast irons gilsetter wear resistance compared
to others (Durman R.W. 1988)

The nodular cast iron, heat treated at differemnghing and tempering temperature
is used as a grinding ball material in cement itrgust was found that the proper

guenching and tempering increases the hardnessmgadt energy thus increases the
wear resistance of nodular cast iron. (Wenyan Lial4997). The changes in the as-
cast microstructure generated by the heat treatrhame resulted in improved

resistance to fatigue crack propagation due torédection in eutectic carbides and
the relatively high quantity of retained austeii¢okes B et al. 2005). Cost wise heat
treated S.G.iron is a cheaper and possesses hghresstance, which make it more

competitive as a ball material than other castar@Wenyan Liu et al. 1997)
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To grind the coal in a ball mill forged high carbsteel and high chromium cast iron
balls with different chemical compositions and hieaatments were tried as a media
material. The wear tests revealed that the wearafatast irons with 25-30% Cr were
only 10-20% of the forged steel and cast irons W§h18% Cr were about 50% of the
that of the forged steel (Eduardo Albertin et aQ02). Investigations on the
comminution of fused corundum and silicon carbibdeve that the comminution and
wear behaviour of ceramic grinding beads are adtkbty the structural constitution of
the same. The wear of grinding beads is deterninyetthe structure and the hardness
of beads as well as by the hardness and the slidpe feed particles. (Becker M et
al. 1999)

The use of high carbon low alloy (HCLA) cast stealls as media material during the
comminution of chalcopyrite ore revealed the roleowygen in enhancing the ball
wear during wet grinding. In the same investigatiom effect of pH on ball wear was
analysed for corrosive wear and abrasive wearrmdef wear rate as a function of
time, particle size and gaseous atmosphere in the(Natarajan K. A. 1996). During

flotation of chalcopyrite and its separation frogrife the steel containing 30 wt. %
chromium as medium produced better chalcopyritectieity against pyrite than mild

steel medium. (Yongjun Penga et al. 2003). Durihg grinding of low grade

phosphate ore in a ball mill under different expemtal conditions, it was found that
the wear resistance of high chrome cast iron wésb&hen compared to that of high

carbon low alloy cast steel as a media materiasipande R. J et al. 1999).

The corrosive wear of mild steel and HCLA steel i@snd to be small in contact
with magnetite, while the combined presence oftmtite and oxygen accelerated the
corrosion of the above ball materials. (NatarajaA Kt al. 1984). It is found that the
strain rate of prior deformation considerably iefheced the corrosion behaviour of
AISI 1045 steel as grinding media in ball mills.eTéorrosion rate initially increased

and then decreased with an increase in the stn (Songbo Yin et al. 2007).
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Corrosive and abrasive wear tests were carriedwitit magnetic taconite and

qguartzite under different conditions using mildestdnigh carbon low alloy steel and
austenitic stainless steel balls as grinding mg¢@angopadhyay A.K et al.1985). The
optimum process parameters for minimum corrosivarwate of high chromium

alloy balls as grinding media were solution of pH8a/, rotation speed at 61 rpm,
solid percentage at 65% and crop load at 58%. (Gheret al. 2006).

Experiments were carried out to minimise the ba#lawby controlling the mill
atmosphere and addition of reagents. The AISI 524i@@l was used as a media
material during the comminution of ore in a balllmifhe optimum level of retained
austenite in its microstructure was found to imprdhie wear resistance of AISI
52100 steel as a media material. Different modesvedir were observed on the

surface of cast iron balls containing Chromium @xajan K.A. 1992).

The grinding efficiency of mill using balls as madmaterial were better when
compared to cones with an energy advantage of 5-B@finly due to the shape of the
balls .( Herbst J.A et al. 1989). Simple impactasin test results of different
chromium white cast iron balls were compared wiihaaion by grinding in ball mill

for the selection of a media material (Fiset Mleil890).

2.5.2 Austempered Ductile Iron

Ductile iron subjected to an austempering treatmeneferred to as austempered
ductile iron (ADI). The scheme of austempering heaatment is shown in the Fig
2.3.
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Fig 2.3 Heat treatment cycle of ADI

Heating normal ductile iron castings to a tempemtabove the upper critical
temperature and soaking for durations varying fimme to four hours depending on
the section thickness and the amount of eutectinid®s. Then quenching the above
in a salt bath maintained at temperatures in thgedetween martensitic start (Ms)
and fine pearlite formation temperature, at ratest fenough to avoid the
transformation of austenite to pearlite. Holdingtlie salt bath long enough to form
the desired mixture of various micro-constituerftausferrite. Finally the castings are
taken out from the salt bath furnace and air cotdedbom temperature. (Seshan S et

al.1992).
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Austempered ductile irotADI) has emerged as a major engineering matenal |
recent years because of its excellent mechaniagepties. These include high
strength with good ductility, good wear resistanod fatigue strength. It is therefore
considered as an economical substitute for wroughtforged steel in several
applications (Susil K. Putatunda 2001). Austenmmeis an isothermal heat treatment

which when applied to ferrous materials, producestracture that is stronger and
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tougher than comparable structures produced withivextional heat treatments
(Salman S et al. 2007). Further amomgDI ones with lower bainitic (Fig 2.4)
microstructure exhibit better fracture toughnesmtthose with upper ausferritic (Fig
2.5) microstructure. The optimum austempering teatpee for maximum fracture
toughness decreases with increasing austenitiangpérature (Prasad rao P et al.
2003).

2.5.2.1 Structure and Properties of ADI

The wear resistance properties of austemperedelircin (ADI) finds its application
as an alternative to steels, alloyed and whitesirdimonzes and other competitive
materials for wear parts. In the abrasive wear malke wear rate of ADI was
comparable to that of alloyed hardened AISI 434@Istand approximately one-half
that of hardened medium-carbon AISI 1050 steel@nahite and alloyed cast irons.
The excellent wear resistance of ADI may be attebduto the strain-affected
transformation of high-carbon austenite to marteniat takes place in the surface
layer during the wear tests (Lerner Y.S. et al.8199he wear properties of the
austempered ductile iron (ADI) are strongly inflaed by the unique microstructure
and the dominant wear mechanism was delaminatisoceged with sub-surface

crack formation and final wear particle debris realqPéreza M.J. et al. 2006).

The influence of austempering temperature on miarogiral parameters and the
wear behaviour of austempered ductile iron revdwlt tat high austempering
temperature presence of large amounts of aust@agemproving the wear resistance
through formation of deformation induced martensii@der dry sliding condition,

wear occurred mainly due to adhesion and delanonaiVear rate was found to be
dependent on the yield strength, austenite contemdl its carbon content
( Ritha Kumari U et al. 2009).

Chromium content influences the fracture toughngssugh its effect on the
processing window. It improves the fracture tougisnef ADIs with upper ausferrite

while retaining the good fracture toughness of ARith lower bainite. At all the
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chromium levels it is found that ADI with lower Indie structure has better fracture
toughness than that with upper ausferrite (Prasan R et al. 2003). The erosion
behaviour of austempered ductile irons austenitededifferent temperatures indicate
that the erosion rate well correlate with the meatel properties (Chang L.C. et al.
2008).

Samples subjected to austempering at higher terpesahave a greater tendency to
produce strain induced martensite. At lower austsimg temperatures, besides the
fine size of the austenite, the presence of femitarge amount in close proximity to
the austenite prevents formation of strain-inducedtensite. The tendency for strain
induced martensite transformation depends on cadmorient, alloy content and
morphology of austenite. A Stepped austemperinglteesn mixture of lower and
upper ausferrite microstructure. Higher strain-leaidg ability of ADI is due to strain

induced transformation of retained austenite (Sasiurthy Daber et al 2008).

For austempered samples, hardness decreased Wwhileldngation increased with

increasing the austempering time. In addition, tiesile strength increased with
increase in austempering time. The wear resistdepends on the matrix structure
and its hardness. The large ausferrite volumeifnaatith higher hardness resulted in
lower weight loss. Dual matrix heat treatment hadadvantage of controlling the

ausferrite and proeutectoid ferrite volume fracsidsut conventional austempering
heat treatment showed better wear resistance ltiose bf others. In all austempered
samples the abrasive weight loss increased witleasing austempering tim8ghin

Y. et al. 2007).

Sahin found that the wear performance of ADI aupterad at 180 min was better
than that of the ADI austempered at 60 min. Howewerconsiderable difference was
observed between the two types of materials daelittle variation of hardness value
(Sahin Y et al. 2007).
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The abrasion wear resistance of irons may be ingatdwy the incorporation of an
extra phase to the matrix of carbides. The impramnm wear resistance is generally
accompanied by a decrease in the impact toughiésscontrolled precipitation of
carbides in a ductile cast irons is subsequentstemopered obtaining the so-called
carbidic austempered ductile iron (CADI) which offigh abrasion resistance but

still retaining higher impact toughness (Laino $le2008).

The dry tribo-oxidative sliding wear of an ADI wasvestigated by Staffelini as a
function of sliding speed and applied pressurevds revealed that at low sliding
speeds (0.5-1 m/s), friction coefficient and westes were found to decrease with
sliding speed and applied pressure. At high slidipgeds (1.5-2.6 m/s), friction and
wear were found to decrease with sliding speedduticrease with applied pressure
(Straffelini G. et al. 2011).

The impact toughness and the fracture toughnes@&if could be efficiently
improved by treating the Cu-alloyed ductile iroradtigher austempering temperature
(360°C) to obtain more retained austenite in iterostructure Cheng-Hsun Hsu et al
2011).Reducing the ADI austempering time at 360°C fromHlto 0.6 h produced a
material with a less stable austenite phase tlwatigeed higher fatigue crack initiation
resistance and therefore, higher fatigue life mfyrhigh cycle fatigugest. The
decreased austempering time showed no significatte on the fatigue crack
propagation rate. These results show that the miteststability affects the crack
initiation phase but this stability has no appaedféct on the crack propagation phase
(Felipe Dias J. et al. 2012).

The mechanical properties of ADI are achieved byesy fine austenitic-ferritic
microstructure. However this unusual microstructsigmificantly affects mechanical
and thermal machining properties (Klocke F et @07). The S.G.iron is austempered
at 260°C (500 °F) and subsequently tempered atCGl8d00 °F) to create ADI with a
fully ferritic microstructure without compromisirits mechanical properties (Susil K.

Putatunda et al. 2006). After austenitising at @206r 90 min, an austempering
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treatment at 400 °C for times up to 100 min resuitemicrostructures consisting of
carbide-free bainitic ferrite with considerable amts of high carbon retained
austenite (A.R. Kiani-Rashid et al. 2009).

Austempering of an alloyed CuNiMo nodular cast iedr320°C for times up to 2.5
hours produced a microstructure consisting of dardierrite with a small amount of
e-carbides and the stable carbon-enriched austefiitec O et al. 2004). During
fatigue failure test it was observed that largéoog and thin carbides overall appear
to be susceptible to fracture and carbides thatl@eelly clustered and aligned
perpendicular to the tensile axis are particuladgceptible to fracture (Stokes B. et
al. 2005).

The given aqueous media, in particular, dramaticatuced the high cycle fatigue
(HCF) resistance of ADI largely with a decreaselih value (Chih-Kuang Lin et al.
2003).

2.5.2.2 Two Step Austempering

A stepped heat treatment is proposed for overcontteg difficulty of obtaining
ductility in an austempered alloyed ductile irorddn increase the ultimate tensile
strength (BayatiH et al. 1995). The results olgdinshowed that a stepped
austempering treatment could be used to increasstitbngth without significant loss
in ductility or impact energy compared with singlestempering (El-Kashif E et al.
2003).

A low-manganese nodular cast iron with a predontlggoearlitic as-cast structure
was processed by a novel two-step austemperingegsoclThis has resulted in a
significantly higher fracture toughness, yield aedsile strength in ADI than the

conventional single-step austempering processil(®uButatunda 2001).

The two-step process has also resulted in fineitdesind austenite as well as higher
austenitic carbonX,C,) in the matrix. This has contributed to improvéaksgth and
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fracture toughness in ADI. The tensile toughness leaver in the two-step process
which can be attributed to the reduction in dugtihs a result of two-step process
(Jianghuai Yang et al. 2004). The two-step austeimgpeprocess promotes an
increase for austenite, which in turn improves nodshe mechanical properties, such
as ultimate stress, yield stress, hardness andcinbpaghness. (Gastdén Francucci et
al. 2008)

Two-step austempering heat-treatment process yialdsacture-toughness value
equivalent to that of the upper ausferrite ADI, ithe hardness was maintained at
the level of lowetbainite ADI. This provided a unique combination of higlugtness
with good hardness (strength) properties for thel Aidh a two-step austempering
(Cheng-Hsun Hsu et al. 2001Yhe two-step austempering process on alloyed
S.G.iron resulted in higher fracture toughness thaalloyed ones while maintaining
reasonable levels of strength (Ayman H. Elsayea.€1009)

Successive austempering precipitates carbide inughper bainitic ferrite formed
during the first step austempering due to a deergasarbon solubility in the bainitic

ferrite as well as a decrease in its diffusivityli{dhmadabadi M. 1998)

2.5.3 Surface Coating on ADI

Surface treatments are applied to castings forneeging, aesthetic and economic
reasons. The surfaces of industrial castings mayréemted to provide improved
surface-related properties such as wear, fatigdecarrosion resistance. In castings
used in consumer products, improved appearancksasaa important objective of
surface treatments. In many cases, surface treatpemmits a casting to meet
mutually exclusive design objectives. For exampe, application of an abrasion-
resistant coating will enable a ductile iron cagtio be both wear resistant, a surface
property and impact resistant, a bulk property. Eosv, the main reason for using
surface-treated ductile iron castings is that thikégr the most cost-effective means of
meeting these objectives. Surface treatments cotymapplied to ductile iron

castings include:
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(i) thermal and mechanical hardening treatments,

(i) the application of fused coatings to reduce frictend improve wear and

corrosion resistance,

(i) the use of hot dipped metal coatings to immoappearance and corrosion
resistance,

(iv) the electrodeposition of metal coatings to incee@srrosion and wear
resistance and improve appearance and

(v) the application of diffusion coatings to increassistance to wear and

oxidation.

A spheroidal graphite (S.G) cast iron is often plasand gas nitrided for corrosion

resistance and plasma nitriding has been propos@dsarface engineering treatment
to improve wear resistance. However, the microstinecof austempered S.G iron

comprises constituents that may be unstable adlindytemperatures. S.G cast iron is
to be nitrided conventionally at temperatures >%D0then prior austempering to

obtain controlled microstructures is of limited wal(Korichi S et al. 1995).

The shortcomings of ADI are its moderate surfacedmess of 300-450 BHN and
poor corrosion resistance and to improve theseegptieg titanium nitride (TiN) and
titanium aluminium nitride (TiAIN) coating were &il on ADI by low temperature
cathodic arc deposition without altering the uniquerostructure of ADI Cheng-
Hsun Hsuet al. 2005).

Laser surface hardening (LSH) enhances wear resestaf austempered ductile iron
(ADI) due to uniform microhardness of fine martéigsmicrostructure in the laser
hardened zone (Roy A., 2001). Laser surface hamdeiLSH) enhances wear
resistance of austempered ductile iron (ADI) dueutdorm microhardness of fine
martensitic microstructure in the laser hardenagZ&®oy A. 2001).

The traditional surface treatment at high tempeeaisi not possible for ADI because

of the austempering temperature is in the rangt&b06fC. The electroless nickel (EN)
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and cathodic arc deposition (CAD) techniques withwvdr processing temperature to
treat ADI showed that microstructures of ADI didt mieteriorate after EN and CAD

surface treatments. Moreover, both the EN and CAIQ-Boatings were identified to

be amorphous type and they could be well depositethe ADI substrate (Cheng-
Hsun Hsu et al. 2006).

2.5.3.1 Plasma Physical Vapour Deposition (PPVD)
Physical vapour deposition (PVD) is fundamentally vapourisation coating

technique, involving transfer of material on annai level. It is an alternative
process to electroplating. Material to be deposiwdeated and vapourised in
vacuum. The vapours condense on the substratesh ate kept at specified distance
from the vapour source. Often the substrates aamneld in situ using glow discharge
plasma. This improves the adhesion of the filmrdasing the substrate temperature
improves the adhesion further and also helps itingedenser films with fewer voids.
Resistive heating, high-energy electron beam hgatid induction heating are some
of the options available for vapourising the souragerial. Using several sources it is

possible to deposit multi layer films.

Energetic ions bombarding a surface can dislodgeatbms from the solid when the
kinetic energy imparted by the ion is sufficientlas called sputtering. The sputtered
atoms have energies in the range of few eV. Thigiie large compared to a fraction
of an eV of the thermally evaporated atoms. Thadilobtained when these atoms
condense are superior to thermally evaporated filsbns become denser with
increasing ion flux and a simple coating unit basedsputtering uses glow discharge
plasma. The material to be deposited is takeneasdthode and the chamber walls act
as anode. The substrates are fixed in front ot#teode. A glow discharge is created
by applying high voltage (~ few hundred volts) unkbev pressure of argon. A bright
glow is seen around the cathode as the dischaigesstThe extent and nature of the
glow depends on the pressure, voltage and the datborface. Most of the applied
voltage falls over a short distance in front of tteghode. The rest of the space
between the cathode and the anode contains lowtggriasma and is almost field
free. The ions from the plasma gain full energyhe cathode fall area - called the

sheath and bombard the cathode with energy nequigl ¢o the applied voltage.
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The TiN and TiCN coatings by PVD can improve higltie fatigue strength of ADI.
This is due to high surface hardness and posshéyADI surface compressive
residual stress as well (Feng H.P. 1999).

Physical vapour deposition (PVD) technique usingdoprocessing temperature has
been widely adopted to coat various films, sucliamond-like carbon (DLC), CrN,
TiN, TiAIN to improve tensile and fatigue propediéCheng-Hsun Hsu et al. 2005).
Crack-free, homogeneous and adherent hybrid sslidagel coatings around dm
thick were obtained by dip-coating on austempengtdile iron (ADI) have shown an
improvement of corrosion resistance of ADI (AndR&pe et al. 2005)

Having carried out the literature survey it is fduhat there is no information (as per

our knowledge) about utilizing the potentialityADI as grinding media material.
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CHAPTER 3

EXPERIMENTAL WORK

Spheroidal graphite (S.G) iron castings are poumeshnd mould and austempered in
single step to get ADI balls. These balls are rmetgically characterised and used as
grinding media for comminution of iron ore in baliills. Their wear rates were found
out and compared with those for forged En 31 steals. Having seen the
encouraging results with ADI balls, the grindingaveexperiments were carried out
subjecting them to two step austempering in difieraodes. The ADI balls, which
offered the best wear resistance, are subjecteduttace treatment for further
improvement in their wear properties. Further, waslnavior of these selected coated
ADI balls are assessed during the grinding of Gh@afdte and Coal (Indian). Effect
of long time and continuous running of the mill e grinding wear behaviour of
selected balls are determined. In order to undedldiae role of corrosion on wear rate
of the balls, the grinding experiments are carpet with kerosene as slurry media.
These experimental details are explained in thaptr.

3.1 PREPARATION OF AUSTEMPERED DUCTILE IRON (ADI )

3.1.1 Production of Alloyed Spheroidal Graphite (S5) Iron
The spheroidal graphite (S.G) iron balls of 25mamkter with required composition
and relatively free from defects were produced & Bervel engineers, Mangalore,
using sand casting method. The sand casting pravasises the following steps:
i) Pattern Making: Schematic diagram of the patteredufor production of
S.G.iron balls is presented in Fig.3.1. The gatdd patterns made of wood

using wood turning lathe are used for making maulds

i) Mould Making: Green sand moulds were used to ptwer hall castings.
Moulding sand consists of 8% of bentonite and 6%stnce. The surface of
the cavity of the mould was given proprietary cogtiThe schematic diagram

of the mould box assembly is shown in Fig.3.2.
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10 mm dia_

Mould box Split pattern 25 mm diameter
(Gated)

Fig 3.1 Top view of the split pattern placed inside mould box
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Fig. 3.2 Mould box assembly for S.G.iron casting

Pouring

Bosin

(i) Melting, Treating and Pouring: Low frequen®8000 Hz coreless induction

furnace of 200 kg capacity was used for meltingrgba consisting of weighed

amount of Sorrel iron, ferrosilicon and ferromolgidm was fed into furnace.

Carbonisation was carried out using coconut sledisf addition were made to arrive
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at correct composition of the melt. The temperatfréhe melt was found out using
thermocouple and pouring temperature of 1530as maintained. Clean melt was
poured into a preheated ladle in which 1% Fe-Si{l&§6) granules are kept covered
with Fe-Si powders. Thus, Mg containing melt wasated with 0.6% of Fe-Si for
post inoculation. Post inoculation is carried oytpouring the Mg treated liquid back
to the furnace and pouring (reladling) it once agato the same ladle in which Fe-Si
powder is kept at the bottom of the ladle. Theauaflayer of the melt is skimmed off
and poured into the mould at a temperature of T420small amount of liquid metal
is poured into the sampling die which is chilledwgter cooling. Solidified sample
piece is taken to spectral analysis to find out themical composition of the
S.G.iron. Chill test revealed the sugary grain tiree confirming the occurrence of
spheroidisation of graphite. Carbon equivalenthef hase melt was determined using

carbon equivalent meter and found to be 4.5.

(iv) Fettling, Cleaning and Inspection: The feitji operation was carried out to

remove the casting from the mould, cutting therrisenner and gates. The casting
obtained was in the form of bunch of balls and wleen machined to separate them.
Finally, the grinding operation was carried ouget spherical shape and good surface

finish.

3.1.2 Homogenisation Treatment

Microscopic examination of the as cast S.G. irolisbr@vealed the presence of large
amount of carbides as shown in Fig.3.3, which nfégcts the heat treatment process
adversely. Homogenising the balls at 900° C for dlieation of two hours and

overnight furnace cooling has completely eliminated carbides as shown in the
Fig.3.4. To avoid the surface oxidation at this penature the balls were coated with
copper and sodium silicate and well packed in tlast ciron scrap during

homogenisation treatment. These balls were takefougubsequent austempering

treatment.

39



- % € T

Fig.3.3 Optical photomicrograph afs Fig.3.4 Optical photomicrograph of

cast S.G.iromeveals the presence of Homogenised 1®Brishows the absence
carbides of carbides and perfect nodulaoity
graphites

3.2 SINGLE STEP AUSTEMPERING TREATMENT

3.2.1 Austenitising

Austenitising treatment was carried out on homaggshballs at 900°C for 60 min on

each set of 200 balls in a Muffle silicon carbidiectrical resistance furnace as shown
in Fig.3.5, with automatic temperature controllatich ensures the temperature
variation in the range of’6. Before austenitising, the balls were given compating

to avoid decarburization. During this stage therostructure consists of austenite and

graphite nodules.

Fig.3.5 Muffle silicon carbide electrical resistarfarnace
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3.2.2 Austempering

Austempering is generally carried out in the terapee range of 250°C- 400°C for
duration of 30 minutes to 4 hours. Hence in thesgmé work, immediately after the

austenitising, the balls were given austemperiegttnent, by immersing them in a
salt bath containing a mixture of sodium nitratel @otassium nitrate in the ratio of

55:45 in a salt bath furnace as shown in Fig.3&intained at a temperature of 280°C
for a period of 30, 60 and 90 min separately oregt of 200 S.G.iron balls.

Fig.3.6 Salt bath furnace for austempering treatmen

Similarly austempering is done at 380°C for a meab30, 60 and 90 min on each set
of 200 S.G.iron balls in a salt bath furnace aswhim Fig.3.6. So, the six sets of 200
balls each were austempered to carry out the gignelkxperiments. The care is taken
to see that, only 10 to 15 balls at a time helNiHCr wire mesh were austempered to
avoid the rise in temperature of the salt bathmote than %C. The austempering

conditions are given in Table 3.1.
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Table 3.1 Single step austempering of the ball natender different

austempering conditions after austenitising af@dor 60 min

Austempering| Austempering| Austempering
category temperature time in min.

A 280°C 30
B 280°C 60
C 280°C 90

380°C 30
E 380°C 60

380°C 90

3.3STEPPED AUSTEMPERING

A stepped austempering treatment have been camiteon S.G.iron balls to improve
the wear resistance of ADI and increase the stinemgthout significant loss in

ductility or impact energy compared with single teagpering (Bayati H. et al. 1995,
El-Kashif E et al. 2003). This process improves yiedd and tensile strengths and
fracture toughness of the material over the coneeal single-step austempering
process significantly (Jianghuai Yang, 2003). Ie firesent work, two methods of
stepped austempering treatments on S.G.iron wenedaut and they are explained

in the following sections.

3.3.1 Low to High Temperature Two Step AustemperingATLH)

The S.G.iron balls were given step up austempermgyhich each set of 200 balls
were austenitised at 900°C for one hour and lowpe&ature austempering at 280°C
for different duration of 15, 30, 45 and 60 minthre first step followed by high
temperature austempering at 380°C for 60 min irsdw®nd step. Hence, to carry out
the grinding experiments in ball mill, four sets28f0 balls each austempered in two
step austempering treatment low-high (ATLH) tempew were prepared. The
austempering conditions are given in Table 3.2 amd temperature diagram is
graphically shown in Fig. 3.7.
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Table 3.2 Two step austempering conditions foreaupering treatment low to high

(ATLH)) of the grinding media balls after austesiitig at 908C for 60 min

Austempering  First step austempering Second step austempering

category | Temp in’C | Timein min| Temp in°C | Time in min
H 280 15 380 60
I 280 30 380 60
J 280 45 380 60
K 280 60 380 60
A
900°C for 1hr
© Step Il 386C
‘5 for 60 min
g
£
8
Step | 288C for 15,
30, 45 and 60 min
Time

Fig.3.7 Graphical representation of two step auptging (ATLH)

3.3.2 High to Low Temperature Two Step AustemperingATHL)

The S.G.iron balls were given step down austemgenmwhich each set of 200 balls
were austenitised at 900°C for 60 min and high s¥atpre austempering at 380°C for
different duration of 15 , 30, 45 and 60 min in thest step followed by low
temperature austempering at 280°C for 60 min irsdw®nd step. Hence, to carry out
the grinding experiments in the ball mill, four seff 200 balls each austempered in
two step austempering treatment high-low (ATHL) pemature were prepared. The
austempering conditions are given in Table 3.3 @ragbhical representation of the

same is shown in Fig.3.8.
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Table 3.3 Two step austempering conditions (austeimg treatment high to low
(ATHL)) of the grinding media balls after austesiitig at 908C for 60 min

Austempering First step austempering Second step austempering
category | Temp. in°C | Time in min Temp. in°C | Time in min
P 380 15 280 60
Q 380 30 280 60
R 380 45 280 60
S 380 60 280 60

900PC for 60 min

Step | 386C for
15, 30, 45 and 60
min

TemneraturlC

Step 11 288C for 60 min

DN

Fig.3.8 Graphical representation of two step auptging (ATHL)

v

Time in mir

3.4 SURFACE COATING ON ADI BALLS

For further improvement in the wear resistance bi,At was decided to give surface
coating on the selected ADI balls. These selectéd Balls are ones which have
exhibited highest wear resistance in grinding ioo@. Hence, the coating was carried
out on ADI which was austenitised at 8G0for 60 min and austempered at Z8dor

30 min. Different coatings given are gas nitridiagd plasma physical vapour
deposition (PPVD) on the surface of ADI. The cogtby PPVD was carried out at
M/s Orlikon Bolzers (India) Limited, Bangalore atfte gas nitriding carried out at

M/s. Diesel India Private Limited, Bangalore.
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3.4.1 Nitriding

Nitriding is a surface-hardening heat treatment tinléroduces nitrogen into the
surface of the metal at a temperature range oft&@50°C. Thus nitriding is similar
to carburising in that it alters the compositiontieé surface, but different in that it
introduces nitrogen into ferrite phase instead wdtenite phase. But in the case of
ADI nitrogen is introduced into austenite phaseajrsolubility of nitrogen is more in
austenite compared to ferrite. Therefore nitridiogn be accomplished with a
minimum of distortion and with excellent dimensibrantrol. In the present work,

the gas nitriding was carried out on ADI balls.

3.4.1.1 Gas Nitriding

Gas nitriding is a case-hardening process wheréfoggen is introduced into the
surface of a solid ferrous alloy by holding the ahedt a suitable temperature in
contact with a nitrogenous gas, usually ammoniger@hing is not required for the
production of a hard case. In the present workgge nitriding was carried out on a
set of 200 ADI balls austempered at 48Gor 30 min and the nitriding temperature
for ADI was between 495°C and 565°C.

3.4.2 Plasma Physical Vapour Deposition (PPVD)

In PPVD process the material to be deposited eneé using glow discharge plasma.
This improves the adhesion of the film and incregsihe substrate temperature
improves the adhesion further and also helps itingedenser films with fewer voids.
The process involved four steps, i.e., evaporatiwansportation, reaction and
deposition and carried out at the temperature ran@edPC to 478C for the duration
of four hours and vapourised in vacuum. The vapaarsdense on the substrates
which are kept at specified distance from the vagource. The batch size consists of
25 balls in each category and the process wasedatit in a PPVD chamber.

In the present study, the following materials wewated by PPVD process on a set of
ADI balls austempered at 28D for 30 min:
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() Titanium nitride (TiN),
(ii) Titanium aluminium nitride (TiAIN),

(@ii)Aluminium chromium nitride (AICrN).

3.5 FORGED EN 31 STEEL BALLS

Forged En31 steel balls are used as a standardiahagainst which grinding wear
behavior of ADI was compared. These balls have Bergred above 85, cooled
very slowly in the furnace. The chemical compositibardness of these materials is
presented in Table 4.1c and microstructure in Fidp 4n the next chapter. A set of
200 forged En 31 steel balls were used to carrytfeigrinding experiments in a ball

mill.

3.6 CHARACTERISATION

The ADI balls, surface coated ADI balls and forgad31 steel balls are characterised
by measuring hardness, studying microstructuregusptical and scanning electron
microscope (SEM) and analysing them for differenaiges using X-ray diffraction
(XRD) technique.

3.6.1 Hardness

The hardness of as cast S.G.iron, ADI and forgedBErsteel balls were measured
using Brinell hardness tester. The applied loa@@30 Kg, with the hardened steel
indenter having the diameter of 10 mm was usedty ©out the hardness test.

3.6.2 Metallography

The as cast S.G. iron sample and ball material atieh heat treatment process are
taken and cut through the diameter. The standan@llographic techniques were
used to prepare the samples for microstructureysisalThe polished samples were
etched with 3% Nital and morphological featuréthe microstructures were studied

using optical microscope and scanning electronesawpe (SEM).
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3.6.3 X-Ray Diffraction (XRD) Analysis

Quantitative information on the amount of retairsdtenite and its carbon content
were obtained through X-ray diffraction by Jeol JBR diffractometer. Diffraction
studies were carried out using Gukadiation and scanning was done over the 2
range of 40-50at a scan speed of/tin. The volume fraction of the retained
austenite was determined by the direct comparisethad as suggested by Cullity
using integrated intensities of (110) peak of ferrand (111) peak of austenite.
Assuming that ferrite and austenite were the ordyrix phases present, the ratios of

integrated intensities of diffraction peaks froresh phases can be written as

I chiay _ R, ) . X, (3.1)
Loy Retiy Xa

where Jny) and Ly are the integrated intensities of a given (hkinpldrom they
phase andy phase respectively. ,Xand X, are the volume fractions of retained
austenite and ferrite respectively. The constanfgsqnRand R« are given by the

following expression for each peak:

R=1/v?(F|* pL)e™" (3.2)

where v is the volume of the unit cell; F is theusture factor; p is the multiplicity
factor; L is the Lorentz polarization factor; and™eis the temperature factor. The
lattice parameter of austenite increases with #@sban content. The following
empirical relationship from the classical work aflierts is widely accepted (Roberts
1953):

a, = 0.3548+ 0.0044C, (3.3)

where @ is the lattice parameter of austenite in nanorsetmed G is its carbon
content in wt. %. The Bragg angle obtained from(tttel) peak of austenite was used
in estimating the lattice parameter. The carborterdnwas then estimated using this

value of the lattice parameter in the above eqnatio
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The volume fraction of ferrite (® and austenite ( were determined by the
following empirical relationship:

X, =141 (I, +141 ) (3.4)

3.7 GRINDING EXPERIMENTS IN LABORATORY SIZED BALL M ILL

3.7.1 Preparation of Ore Sample

Different ores used to carry out the grinding ekpents are iron, chalcopyrite and
coal. M/S. Kudremukh Iron Ore Company Limited (KIDC Mangalore have
supplied the iron ore (Magnetite ore with Mohs Im&sk 6 and naturally occurs in the
form of FgO,) sample in the form of lumps, for the grinding ekments. The ore
lumps were crushed to small size by using the ktboy roller crusher shown in
Fig.3.9. The crushed ore samples were then siavexth ielectronic sieve shaker to
obtain the required mesh size of -10 and +30 mgrofo carry out grinding
experiment for one trial, 15009 of ore of requisgze is necessary. To obtain 15009
of -10 and +30 size, at least 5 to 6 Kg of ore lamagre crushed in a jaw crusher.
Similarly, other ores such as Chalcopyrite fromtt@iurga and Coal (Indian) from
Railway coal yard, Mangalore were procured and ptepared to the required mesh
size. The mineralogical details of these ores asengn section 4.1.

Fig.3.9 Photograph of Roller crusher to crush tiee o
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3.7.2 Ball Mill Experimental Set-up

The laboratory sized ball mill used for the grirgliexperiments is shown in Fig.3.10.
The ball mill had been designed and fabricateduinaavn laboratory. It is basically a

cylindrical shell having a length of 30 cms andnagter of 20 cms and is mounted on
a set of rollers which rotate about their axes. fdiers are connected to the motor
and are mounted on the steel frame. The mill isdimvith neoprene rubber. It is

closed at one end and a detachable lid is proatiéite other end. At the centre of the
lid a hole having a diameter of 1mm is provideatilgh which air or oxygen could be

sent during wet grinding to study the differentdsrof aeration on ball wear. The ball
mill was capable of running at a speed of 74 r.g@.he schematic diagram of the ball
mill is shown in Fig 3.10a.

Fig.3.10 Photograph of the Ball mill set-up
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Fig 3.10a Schematic diagram of the Ball mill set-up

3.7.3 Grinding Experiments with different Grinding Media material

A set of 200 ADI balls of which 25 balls were meadkones, belonging to different
categories were used to carry out the grinding exy@sts. The total mill charge

consists of 1500 g of iron ore and 1000 ml watethm wet grinding which amounts
to 60% pulp density along with grinding media hallke pH of the slurry being an
experimental variable was allowed to change duopgration in certain cases or
stabilized using buffers in other cases. Acetid azas used as buffer in the lower pH
range and lime at higher pH range. The grindingratpen was carried out for one
hour for sets of each category of balls. After egahding experiment the marked
balls were picked, rinsed well with distilled watand tumbled in the tray with

acetone. The balls are then dried by blowing hotuaing drier and air dried balls

were kept in a oven at110°C for one hour. Latey there removed from the oven and
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kept in air tight desiccators to cool for at ledsio 4 hours. After cooling, the balls
were accurately weighed in a Mettler electroniabhaé and the difference in weight,
i.e. initial weight before grinding and final weighfter grinding gives the weight loss
of balls. From the total weight loss, the weiglgdaon g/ball of the individual ball was
determined. Then the wear rate of single ball weterdhined using the following

formula:

Weightloss ing/ball X 1 (3.5)

Wear rate in (cm® / rev) = _ . _ 5
Total no.of rev.of the mill  Density of ball material g/cm

The density of the ball was determined using Arafaedian principle and found to
be 7.2 g/cc and 7.6 g/cc for ADI and forged En &&klsrespectively. Similarly the
grinding experiments were carried out with forged3E steel balls and different
categories of surface coated ADI balls as medieen@t The wear rate in each

category were determined and compared with eaar.oth

3.8 SIEVE ANALYSIS

Sieve analysis was carried out to find the grindefgciency of the ADI balls
belonging to all categories and forged En 31 stealls. After the grinding
experiment, the slurry was filtered and dried agpresentative sample of 100 g was
taken and subjected to sieve analysis in an eldctsieve shaker. The sieve sizes
used for the sieve analysis are, +75, between nth+%3 and -53 microns as per
British standards 410-62.

3.9 LONG TIME GRINDING

ADI balls austempered at 2%D for 30 min were used for grinding experiments by
following the step 3.7.3, continuously for 40 hobyschanging the ore for every hour
without changing the media material. The grindimgcgsses were stopped for one
hour after each experiment for removing the groaredfrom the mill and clean and
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dry the balls. The wear rate of the grinding medés determined after carrying out

the experiment for every hour.

3.10 CONTINUOUS GRINDING

ADI balls austempered at 2%D for 30 min were used for grinding experiments by
following the step 3.7.3, continuously for 8 howihout changing the ore and the

grinding media material. The wear rate of the grnigdnedia was determined after

carrying out the experiment after 8 hours of balling.

3.11 CORROSIVE WEAR TEST

To understand the effect of corrosion on ball wéae,iron ore mixed with kerosene
is used as the feed material. ADI balls austempatr@86C for 30 min were used for
grinding experiments by following the step 3.7.8eTball mill was made to run and
the balls were taken out after 1hour, 2hour, 3fama 4 hour. The balls were weighed
to measure the wear loss. The wear rates are cethpath that for water as slurry

medium.

3.12 CORROSION TEST BY TAFEL EXTRAPOLATION POLARIZA TION
TECHNIQUE

After wear testing, the Tafel polarization studiesre carried out for corrosion studies
by using EG&G Princeton ‘VERSASTAT’ instrument aadhree electrode cell. The
slurry collected at different interval of time isad as the corroding medium. The
grinding media balls were used as the specimenindarporate the surface effects
like crack and pits the surface of the balls werposed after soldering a Nichrome
wire on to that. The polarization studies wereiedrout for a range of -250mV to +

250mV against open circuit potential (OCP) in step20 mV and the corresponding
corrosion currents | is recorded. From the poténa Vs log | plots corrosion

potential Eqr and corrosion current densityd were determined. The corrosion rate

(C R) in mpy is calculated using the relation
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Corrosion Rate (mpy) = 0.129x EW /D

where, EW=Electro chemical equivalent weight of ¢tberoding material
icorr = Corrosion current densityd/cm2).

D=Density of corroding sample (g/ cm3)

Current is measured by means of an ammeter ancdbtential of the working
electrode is measured with respect to a refereheetrede by a potentiometer-
electrometer circuit. The applied cathode currenéqual to the difference between
the current corresponding to the reduction proass that corresponding to the
oxidation or dissolution process. To determine twrosion rate form such
polarization measurements, the Tafel region isagxtiated to the corrosion potential.
At the corrosion potential, the rate of hydrogeoletion is equal to the rate of metal
dissolution and this point corresponds to the ciom rate of the system expressed in

terms of current densityor.
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CHAPTER 4

RESULTS

Experiments have been carried out to assess theimggi wear behaviour of ADI balls
which are processed in different ways to replaeeftinged steel balls under similar
conditions in grinding different ores. The resudfsthe experiments are presented in

this chapter.

4.1 QUALITY OF CAST DUCTILE IRON BALLS

Cast ductile iron balls are cut to half, polishedl aeen under magnifying glass to
ensure that the gross defects like porosity, crackiscold shut are absent throughout.
Microscopic examination of etched specimen revedlesl presence of carbides
demanding the need to anneal the balls to remavedhoide. The microstructure of
ductile iron balls before and after annealing issented in SEM photomicrograph in
the Fig.4.1 and 4.2. The hardness of as cast 8rGhefore and after annealing was
found to be 274 and 290 brinell hardness numberNBkespectively. The SEM

photomicrograph presented in Fig.4.2 reveals tiga kevel of nodularity of graphite

in the ball material. Chemical composition of dlectron balls is presented in Table
4.1a, iron ore in Table 4.1b and forged En 31 dia#lin Table 4.1c. From Table 4.1a

the carbon equivalent of S.G.iron can be calculatetifound to be 4.5.

Table 4.1a Chemical composition of S.G.iron

Elements C Si | Mn| Mo S P Mg
Composition Wt.% 36 28 04 03 001 001 o0J4

Table 4.1hChemical composition of the Magnetite iron ore

Elements FeOs SIO, Alumina | Sulphur Phosphorous

Composition Wt.% 94.87 1.7 1.8 0.007 0.07
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Table 4.1c Chemical composition of forged En31Istee

Elements C Mn Cr Si S P

Composition Wt.% 1.0 05 1.4 0.2 0.0BB.035

Table 4.1dProximate analysis of Coal

Elements Moisture Volatile Ash Fixed Mohs
Matter Carbon| Hardness
Composition Wt.%  6.98 19.34 35.97 37.81 3-4

Chalcopyriteis a copper iron sulfide mineral that crystallireshe tetragonal system.
It has the chemical composition CukRe® has a hardness of 3.5 to 4 on the Mohs
scale and 1-3% pure copper available in copper ore

Fig.4.1 SEM of as cast S.G.iroeveals the Fig.4.2 SEM of Homogenised S.G.iron
presence of carbides shows the absencelmtlea and
perfect nodularity of ghates

4.2 HARDNESS VALUES

The hardness values of different categories of Ald surface coated ADI materials
are presented in this section. On each sample &dnhss measurements were made
using Brinell hardness tester. One measurement eachthe edges and three
measurements at the centre of the sample were talceaverage value was reported.
Since the tip of the indenter has larger diameter the sample was ADI, there was
hardly any variation was noticed.
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4.2.1 Single Step Austempering

The hardness values of ADI materials which havesugohe single step austempering
are presented in Table 4.2.

Table 4.2 Hardness of the ball material under difieaustempering conditions after

austenitising at 90C for 60 min

Austempering Austempering Austempering Hardness in
category temperature time in min BHN

A 280°C 30 497
B 280°C 60 429
C 280°C 90 386
D 380°C 30 372

380°C 60 357
F 380°C 90 313

Data presented in the Table 4.2 reveals that:
() the samples austempered at lower temperature (2808Gister higher
hardness values compared to those done at highpetature (380°C).
(i) among the samples austempered at lower temperates,carried out for 30
min have exhibited highest hardness values of 497.
(iif) for both cases of austempering temperature, hasdvedsies of the material

decreases as austempering time increases.

4.2.2 Two Step Austempering

The hardness values of ADI materials which haveetgohe two step austempering
are being presented here. Tables 4.3a and 4.3bntsethe hardness values of ADI
material which have undergone two step austempéresgment low high (ATLH)
and austempering treatment high low (ATHL) respedtyi.
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Table 4.3a Hardness of the ball material for tvepstustempering (ATLH)

Austempering First step austempering Second step Hardness in
category | Temperature Time min | Temperature Time min BHN
H 280°C 15 386C 60 444
| 280°C 30 380C 60 415
J 280C 45 380C 60 363
K 280°C 60 380C 60 341
Table 4.3b Hardness of the ball material fortwg stestempering (ATHL)
Austempering First step austempering Second step Hardness in
category | Temperature Time min | Temperature Time BHN
P 380C 15 286C 60 321
Q 380C 30 280C 60 341
R 380C 45 280C 60 363
S 380C 60 280C 60 388

From the data presented in Tables 4.3a and 4.8bfollowing inferences can be
drawn:

(i) samples austempered in two steps through ATLH roffex better hardness
compared to those through ATHL route except for camee.

(i) hardness decreases with increase in first steperapsting time for the
samples austempered through ATLH route.

(iii)samples austempered in H mode (first step empering at 28 for 30
minutes and second step austempering alG3&@ 60 min possess maximum
hardness of 444 BHN. However, their hardness is than that of En 31
forged steel ball material (510 BHN).

4.2.3 Surface Coated ADI
Hardness values at the surface of the coated AIH i presented in Table 4.4.

Table 4.4 Hardness at the surface of the PVD coaddall material

SI.No Materials Hardness in BHN
01 TiN Coated ADI 510
02 TiAIN Coated ADI 548
03 AICrN Coated ADI 560
04 Gas Nitriding on ADI 615
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Following inferences can be drawn from the values@nted in the Table 4.4:
(i) surface hardness of the coated ADI balls are faadlof uncoated ADI balls

(i) among the coated ADI balls, ones treated with gasding yields better
hardness compared to those coated with TiN, TiAiN AICrN.

4.3 MICROSTRUCTURE OF ADI

Microstructures of ADI materials processed in difg austempering conditions are
presented in this section. But, details of the nstnucture and their analysis will be
discussed in the next chapter (Chapter 5 Discugsidicrostructural features of

conventional single step austemperd ADI are showroptical photomicrographs

presented in Fig.4.3 and SEM photomicrographs gniH.

() (d)
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Fig 4.3 Optical photomicrographs of single stepempered ADI material etched
with 3% nital at low magnification (500X)

(a) S.G. iron austempered at 280°C for 30 min reMealsr fine ausferrite

(b).S.G. iron austempered at 280°C for 60min resveatransformed austenite

(c) S.G. iron austempered at 280°C for 90 min rieviearease in untransformed
austenite

(d) S.G. iron austempered at 380°C36rmin reveals feathery upper ausferrite

(e) S.G.iron austempered at 380°C for 60 min reviealad sheath of feathery
ausferrite

() S.G.iron austempered at 380°C for 90 min show rabumtransformed austenite

in between the two nodules
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(f)

Fig 4.4 SEM photomicrographs of single step austethADI material etched with
3% nital at high magnification

(a) S.G. iron austempered at 280°C for 30 min reMealsr fine ausferrite

(b) S.G. iron austempered at 280°C for 60min reveatransformed austenite

(c) S.G. iron austempered at 280°C for 90 min reviearease in untransformed
austenite

(d) S.G. iron austempered at 380°C306rmin reveals feathery upper ausferrite

(e) S.G.iron austempered at 380°C for 60 min revielad sheath of feathery
ausferrite

() S.G.iron austempered at 380°C for 90 min shawenof untransformed austenite

in between the two nodules

Further, microstructural features of two step enmtered ADI in ATLH category are

shown in optical photomicrographs presented indfdgand SEM in Fig.4.6.
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(b)

(c) (d)
Fig 4.5 Optical photomicrographs of two step augterad ADI material (ATLH)
(500X)

(@) S.G. iron austempered at 280°C forri followed by 388C for 60 minshow

low austenite content

(b) S.G. iron austempered at 280°C f80 min followed by 38t for 60 min

reveals decrease in austenite
(c) S.G. iron austempered at 280°C fomdif followed by 388C for 60 min
(d) S.G. iron austempered at 280°C 86rmin followed by 38tC for 60 min reveal

minimum amount of untransformed austenite
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18mm B8B847 2

(b)

(c) (d)
Fig 4.6 SEM photomicrographs of two step austentpAi@l material (ATLH)

(@) S.G. iron austempered at 280°C forri followed by 388C for 60 minshow

low austenite

(b) S.G. iron austempered at 280°C f80 min followed by 38{T for 60 min
reveals decrease in austenite

(c) S.G. iron austempered at 280°C fomd# followed by 386C for 60 min

(d) S.G. iron austempered at 280°C 66rmin followed by 38%C for 60 min reveal

minimum amount of untransformed austenite

Finally, those for two step austempered ADI in ATiHlode are shown in optical
photomicrographs presented in Fig.4.7 and SEM phictographs in Fig.4.8.
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(b)

(d)
Fig 4.7 Optical photomicrographs of two step augterad ADI material (ATHL)
(500X)

(a) S.G. iron austempered at 380°C fomi# followed by 286C for 60 min
(b) S.G. iron austempered at 380°C for 30 min follolwg@8FC for 60 min
(c) S.G. iron austempered at 380°C fomdis followed by 286C for 60 min
(d) S.G. iron austempered at 380°C for 60 min follolwg@8JC for 60 min; mixed

modes of ausferrites are visible
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(d)
Fig 4.8 SEM photomicrographs of two step austentpAi@l material (ATHL)

(a) S.G. iron austempered at 380°C fomi# followed by 288C for 60 min
(b) S.G. iron austempered at 380°C for 30 min followg@8FC for 60 min
(c) S.G. iron austempered at 380°C formdi followed by 286C for 60 min
(d) S.G. iron austempered at 380°C for 60 min followg@80FC for 60 min; mixed

mode of ausferrites is visible

The optical and SEM photomicrographs of surfacaetb@&DI and milled ADI are
shown in Fig 4.9 to Fig 4.16.

Fig 4.9 ADI milled for 40 hours reveals Fig 4.10 AICrN coated ADI reveals
martensite in the untransformed austenite desdcausferrite at the surface of
the ball
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Fig 4.11 AICrN coated ADI reveals ighB.12 AICrN coated ADI milled for
minimum distortion of ausferrite at the hOurs reveals distorted ausferrite and

center of the ball precipitation of nitrides

Fig 4.13 TiAIN coated ADI reveals gHl. 14 ADI milled reveals minimum
distorted ausferrite structure distortion of ausferrite at the center
of the ball

Fig.4.15 Microstructure of a forged En31 Fig 4ABI gas nitrided reveals presence
steel ball, 0.9% C quenched and tempered nitides with disturbed ausferrite

steel reveals martensite with retained structure
austenite.
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4.4 XRD RESULTS OF DIFFERENT BALL MATERIALS

The XRD profiles of ADI material austempered withffetent heat treatment
parameters are presented in Fig. 4.17 to 4.30.

4.4.1 Single Step Austempering

Austempered at 280°C for 30 mins
600

BCC (a)

500 -

400 -

INTENSITY
w
=]
=]

200 -

100 +

40 1 4z 43 a4 45 46 a7 18 49 50
20

Fig. 4.17 ADI austempered at 28Dfor 30 min shows low volume fraction of
austenite

Austempered at 280°C for 60 mins.
300
BCC (o)
250
200
>
E 150
v
z
w
FCC (1)
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0
4 5] 2 LE] 44 45 16 47 48 49 5
-50
20

Fig. 4.18 ADI austempered at 280for 60 min indicates increase in volume fraction
of austenite
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Austempered at 280°C for 90 mins
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Fig. 4.19 ADI austempered at 280for 90 min reveals further increase in volume
fraction of austenite as austempering time inciease

Austempered at 380° C for 30 mins.
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Fig. 4.20 High volume fraction of austenite whenlA&Dstempered at 380 for 30
min
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Austempered at 380°C for 60 mins
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Fig. 4.21 Volume fraction of austenite decreasemugsempering time increases when
ADI austempered at 380 for 60 min

Austempered at 380° C for 90 mins,
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Fig. 4.22 Volume fraction of austenite decreasethéun when ADI austempered at
380°C for 90 min
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4.4.2 Two Step Austempering (ATLH)

Austempered at 280°C for 15 mins. & 380°C 60 mins.
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Fig. 4.23 XRD profile of ADI austempered at 280for 15 min and 38T for 60 min

reveals low volume fraction of austenite

Austempered at 280°C for 30 mins. & 380°C 60 mins.

500
450 - BCC (a)

400

350
300 H

250
FCC ()

INTENSITY

200 H
150
100 A
50 4

0

40 41 42 43 44 45 46 47 48 49 50
20

Fig. 4.24 ADI austempered at 280for 30 min and 38T for 60 min indicates

the gradual increase in austenite
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Austempered at 280°C for 45 mins. & 380°C for _6(0 mins.
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Fig. 4.25 XRD profile of ADI austempered at 280for 45 min and 38T for 60

min further increases the volume fraction of augten

Austempered at 280°C for 60 mins. & 380°C for 60 mins.
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Fig. 4.26 XRD profile of ADI austempered a80%C for 60 min and

380°C for 60 min shows the maximum peak of atiten
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4.4.3. Two Step Austempering (ATHL)

Austempered at 3830°C for 15 mins. & 280°C for 60 mins.
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Fig. 4.27 XRD profile of ADI austempered at 380for 15 min and 28T for 60 min

Austempered at 380°C for 30 mins. & 280°C for 60 mins.
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Fig. 4.28 XRD profile of ADI austempered at 380for 30 min and 28T for 60 min

72



Austempered at 380°C for 45 mins. & 280°C for 60 mins.
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Fig. 4.29 XRD profile of ADI austempered at 380for 45 min and 28T for 60 min

380°C for 60 mins & 280°C for 60 mins
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Fig. 4.30 XRD profile of ADI austempered at 380for 60 min and 28T for 60 min

Values of B for peak positions and corresponding intensities aoted and
enumerated in Table 4.5a, 4.5b and 4.5c.
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Table 4.5a Values oftXor peak positions and corresponding intensitfesustenite
and ferrite in the XRD profiles of Fig.4.17 to Fg?2

Austempering Austempering condition vy (Austenite) a (Ferrite)
category Intensity| @ | Intensity| @
A 280°C for 30min 246 43.09 550 44.79
B 280°C for 60 min 66 43.23 253 44.79
C 280°C for 90 min 192 43.54 292 44.81
D 380°C for 30 min 236 43.19 328 44.77
E 380°C for 60 min 172 43.2]1 246 4479
F 380°C for 90 min 69 43.61 110 44.75

Table 4.5b Values oft2for peak positions and corresponding intensitfesugtenite
and ferrite in the XRD profiles of Fig.4.23 to FIQ26

Austempering  Austempering v (Austenite) a (Ferrite)
category condition Intensity | @ | Intensity| B

H 280°C for 15 min & 151 43.15 421 44,79
380°C for 60 min

I 280°C for 30 min & 196 43.19 441 44.7%
380°C for 60 min

J 280°C for45min & 192 43.27 413 44,77
380°C for 60 min

K 280°C for 60 min & 104 43.49 125 44.81
380°C for 60 min

Table 4.5c¢ Values oft2for peak positions and corresponding intensitfesustenite
and ferrite in the XRD profiles of Fig.4.27 to A0

Austempering Austempering v (Austenite) a (Ferrite)
category condition Intensity | @ | Intensity |

P 380°C for 15 min & 192 43.33 447 44.79
280°C for 60 min

Q 380°C for 30 min & 120 43.31 157 4477
280°C for 60 min

R 380°C for 45 min & 136 43.13 443 44.81
280°C for 60 min

S 380°C for 60 min & 115 43.11 470 44.79
280°C for 60 min

Volume fraction of austenite and carbon contenthef same were determined and

results are presented in Table 4.6 to 4.8.
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Table 4.6 Volume fraction of austenite and carboment of retained austenite of the

XRD profiles of Fig.4.17 to Fig.4.22 for single gtaustempering

Austempering Area of Area of ferrite | Volume fraction | Carbon content
category austenite (g region (3) of austenite (X) | of austenite (G

region in % in Wt. %

494 151.5 26 1.90

B 67.23 196.4 27 1.75

86.2 170.65 37 1.19

71.3 106.2 46 1.82

E 50.58 93.3 39 1.78

35.6 87.6 31 1.01

Following inferences can be drawn from the values@nted in Table 4.6:

(i) Volume fraction of austenite is more in the casenaterials austempered at
380°C when compared to those austempered &t280

(i) Among those austempered at 280 the balls austempered for 30 min

registered

lowest fraction of retained austeartd highest weight percent of

carbon content. Further, as the austemperingiticreased to 60 min and 90

min, the fraction of retained austenite also inseek but the weight percent of

carbon content decreased.

(iii) Samples austempered at 380egister decreasing austenite content and

carbon content of the austenite as durati@ustempering increases

Table 4.7 Volume fraction of austenite and carboment of retained austenite of the
XRD profiles of Fig.4.23 to Fig.4.26 for ATLH

Austempering Area of Area of ferrite| Volume fraction| Carbon content of
category austenite (g (a,) region | of austenite () | retained austenite({
region in % in Wt. %
H 48.3 170.65 25 1.92
I 59.62 158.80 29 1.82
J 65.10 148.30 33 1.67
K 82.13 112.50 49 1.28
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Following inferences can be drawn from the values@nted in Table 4.7:
(i) The austenite content is increased with first siegtempering time.
(i) The volume fraction of austenite and carbon contntustenite mainly
depends on the first step austempering time.
(i) The two-step process has resulted in a lakgdame fraction of austenite and
carbon content of austenite in the matrix compavél those of single step

austempering at 280.

Table 4.8 Volume fraction of austenite and carboment of retained austenite of the
XRD profiles of Fig.4.27 to Fig.4.30 for (ATHL)

Austempering  Area of Area of ferrite| Volume fraction of| Carbon content of
category austenite (g region (3) austenite (%) in % | retained austenite
region in Wt. %
P 71.78 136.3 38 1.82
Q 65.4 143.7 34 1.88
R 53.1 154.6 27 1.94
S 49.1 157.3 23 1.98

Following inferences can be drawn from the values@nted in Table 4.8:
(i) Itis observed that the austeniteyfXontent is decreased with increase in first
step austempering time but, the carbon conterfteatistenite increases.
(i) The two step high-low austempering process hadtegsin smaller volume

fraction of austenite and highest weight percentcafbon content in the

matrix.

4.5 GRINDING WEAR RESULTS OF DIFFERENT BALL MATERIALS

4.5.1 Wear Results of ADI and Forged En 31 Steel Ba
Grinding wear behaviour of forged En31 steel andl ABIl material austempered

with different heat treatment parameters are ptesen Table 4.9 to 4.11.
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Table 4.9a Wear behaviour of ADI compared with Erfd@&ged steel balls at low

temperature single step austempering conditiongpahdalues

Austempering | Austempering | pH value of the slurry Wear rate
category condition -8)
Initial pH | Final pH (X 107 cn /rev.
A 280°C for 30min 7.0 6.73 230
8.5 8.35 107
10.5 9.74 174
B 280°C for 60 7.0 6.85 258
min 8.5 8.38 218
10.t 9.6¢ 172
C 280°C for 90 7.0 6.79 286
min 8.5 8.28 246
10.5 9.7¢ 20z

Table 4.9b Wear behaviour of ADI compared with Ef@&ged steel balls at high

temperature single step austempering conditiongp&hdalues

Austempering | Austempering | pH value of the slurry Wear rate
category condition (X 10®) cn /rev.
Initial pH | Final pH

D 380°C for 30 7.0 6.62 304

min 8.5 8.24 265

10.t 9.5¢ 22¢

E 380°C for 60 7.0 6.68 336

min 8.5 8.17 284

10.t 9.6 265

F 380°C for 90 7.0 6.78 368

min 8.5 8.21 314

10.t 9.7¢4 28¢€

Forged En 31 7.0 6.72 965

steel 8.5 7.92 654

10.t 9.8 32¢€

From the Table 4.9a and 4.9b it can be observedithéhe case of single step
austempering wear rate exhibited by the ADI batisreases with increase in

austempering time, both at the austempering temperkevel of 288C and 386C.
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Table 4.10a Wear behaviour of ADI compared with3&rforged steel balls at
different pH values during stepped austempering ATL

Austempering Austempering pH value of the sluri Wear rate
category condition Initial pH Final pH (X 10 crr¥frev
H 280°C for 15 min & 7.0 6.65 568
380°C for 60 min 8.5 8.42 365
10.t 9.64 24¢€
280°C for 30 min & 7.0 6.74 259
380°C for 60 min 8.5 8.38 198
10.5 9.58 108
J 280°C for 45 min & 7.0 6.8 356
380°C for 60 min 8.5 8.32 279
10.5 9.45 162
K 280°C for 60 min & 7.0 6.79 495
380°C for 60 min 8.5 8.43 392
10.5 9.42 271
7.0 6.73 965
Forged En 31 steel 8.5 7.78 654
10.t 9.3¢ 32¢

Table 4.10b Wear behaviour of ADI compared withFErforged steel balls at
different pH values during stepped austempering ATH

Austempering Austempering pH value of the sluri Wear rate

category condition Initial pH Final pH (X 10% crilrev
P 380°C for 15 min & 7.0 6.45 568
280°C for 60 min 8.5 8.12 435
10.5 9.14 286
Q 380°C for 30 min & 7.0 6.64 459
280°C for 60 min 8.5 7.98 346
10.5 9.32 253
R 380°C for 45 min & 7.0 6.56 356
280°C for 60 min 8.5 8.32 279
10.5 9.27 242
S 380°C for 60 min & 7.0 6.35 265
280°C for 60 min 8.5 8.43 178
10.5 9.10 112
7.0 6.73 965
Forged En 31 steel 8.5 7.78 654
10.5 9.35 326
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()

(ii)

(i)

From the wear rate values presented in Table 4d94at0 it can be inferred
that the grinding wear resistance of ADI balls faresuperior to forged En 31
steel balls in all the conditions of grinding

Among the ADI balls ones heat treated in singlg stestempering mode are
found to be possessing better wear resistance cgemhpa those austempered
in other modes. Further, in the case of single stegtempering, ADI balls
austempered at lower temperature of °Z80egister better wear resistance
compared to those carried out at higher temperafu38dC.

In the case of two step austempering, ATLH modersfbetter wear resisting
properties compared to ATHL mode except for onedtt@n. The exceptional
case is austempering at 380for 60 min in first step followed by that at
280°C for 60 min in second step.

(iv) The pH of the slurry influences the wear rate efghinding media ball to the

large extent. From the values presented in TaBladd 4.10 it is found that
the wear rate of balls decreases with increaséliofghe slurry. It is found
true for all the categories of ADI and forged Ers3del balls.

(v) The choice of following heat treatment parameteesfound to offer the

highest wear resistance to ADI balls:

a) in the case of single step austempering, the ballsnging to category
A (austempering at 28G for 30 min) while pH of the slurry is in the
range of 8.35 to 8.5.

b) in the case of ATLH mode of austempering, the bb#tonging to
category | (288C for 30 min in first step and 38D for 60 min in
second step) while pH of the slurry is in the rany8.6 to 10.5.

c) in the case of ATHL mode of austempering, the bh#tonging to
category S (38 for 60 min in first step and 28D for 60 min in
second step) while pH of the slurry is in the rany8.1 to 10.5.

d) Itis noted that pH of the slurry changes duringdjng operation. In
all the cases, the pH values decrease due to tlees® of grinding

which were carried out for one hour.
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It is observed from the values presented in talfeaid 4.10 that the final pH values
are lower than that for the initial values. In tese of grinding of iron ore, as the
grinding progresses, fine silica particles areaséel and silica being acidic in nature,
introduces hydrogen ions in to the slurry. Furthibe corrosion of the ball material
produces a thin layer of Fe(OHhe(OH) which depletes the OHon concentration
of the slurry. These two phenomenons may be redgerfer the decrease of the pH

of the solution as the grinding progresses.

4.5.2 Wear Results of Surface Coated ADI Balls

Wear rate of ADI balls which are coated with TINAIN, AICrN and gas nitrided
were determined for grinding iron ore for a longation of time and their results are
shown in Table 4.11.

4.11 Grinding wear behaviour of surface coatedgasinitrided single step ADI for
different duration of ball milling

Duration of Wear rate ( X 18) cm/rev. of

ball milling | TiN coated TIAIN AICrN Gas nitrided

in hours ADI coated ADIl | ¢,ated ADI ADI
18 78 00 00 00
2nd 78 00 00 00
3™ 78 156 00 00
4" 156 156 82 78
5 156 156 82 78
6" 156 156 82 156
7 156 156 82 156
g 156 156 82 156
o 156 156 82 156
10" 156 156 82 156

It can be seen that the excellent wear resistacegistered by coated balls. TiAIN
and AICrN coated balls show negligible amount oweate, while ones coated with
TiN show the wear rate of 78 X £@c/rev. Even TiN coated balls exhibit far superior
wear resistance compared to ADI selected in it$ bethe category. However, it is

important to note that the above said excellenaathge of coated ADI remains with
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them for short duration of grinding, i.e. for two three hours. Later it degenerates,

yielding a wear resistance of uncoated ADI.

The wear rate of surface treated ADI balls by gasding is presented in Table 4.11.
It is similar to those obtained for surface coatddll balls except for the fact that,
there are some arrest points. This indicates tima¢tallurgical process is operative at

subsurface level and implication of which will bealissed later.

4.5.3 Wear Results of Long Time Grinding of ADI Bak
The ADI balls austempered at 280for 30 min were used for grinding experiments
continuously for 40 hours by changing the ore feerg hour, but not changing the

balls. The wear rate results are shown in Tabl2.4.1

Table 4.12 Grinding wear behaviour of ADI at difat duration of ball milling under

the wet condition at pH of the slurry was 7.5

No. of hours of ball Wear rate ( X 18) cn/rev. of ADI
milling
1st to 18 228 | 188 156 156 156 139 107 107 107 107
11th to 20th 104 104 104 104 87 87 87 B7 70 70
21st to 38 70 70 70 69 69 69 69 69 69 69
31st to 40th 69 52 52 52 52 5P 39 39 39 39

From Table 4.12 it is observed that the wear ratehses as the grinding operation
progresses. However, the continuous nature of tioéilg is disrupted by a few

discontinuities, leading to the minimum wear ratamund 39 X 18 cm*/rev.

4.5.4 Wear Results of Continuous Grinding of ADI Bis

ADI balls austempered at 28D for 30 min were used for grinding experiments
continuously for 8 hours without changing the iame and ADI balls, at different pH
level. Wear rates of ADI balls were determined aathpared with that for forged En

31 steel balls. These results are presented ire#ahB, 4.14 and 4.15.
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Table 4.13 Wear rate of grinding balls for grindwfgron ore unbuffered

Time of milling in| pH of the| ADI Wear rate (| En 31 Wear rate (
hours slurry | X 10%) cnifrev | X 10%) cniirev
End of £ 8.99 134 508
End of 2¢ 9.26 102 377
End of 4" 9.4 80 182
End of 8th 9.8 32 56

Table 4.14 Wear rate of grinding balls for grindwfgron ore buffered with lime

Time of milling | pH ofthe | ADI Wear rate (| En 31 Wear rate (
in hours slurry X 10%) cni/rev | X 10% cnilrev
End of £ 11.64 230 690
End of 2¢ 11.46 183 534
End of 4" 11.33 97 233
End of & 11.28 31 174

Table 4.15 Wear rate of grinding balls for grindwfgron ore buffered with acetic

acid
Time of milling | pH of the | ADI Wear rate (| En 31 Wear rate (
in hours slurry | X 10%) cnffrev| X 10%) cnilrev
End of £ 6.56 276 749
End of 2¢ 6.77 202 521
End of 4" 6,83 121 326
End of & 6.88 37 150

4.5.5 Wear Rate of ADI Balls for Continuous Grindirg of Chalcopyrite and Coal
ADI balls austempered at 28Dfor 30 min were used for grinding chalcopyrite and
coal ore continuously for 8 hours without chandimg ore and ADI balls, at different
pH level. Wear rates of ADI balls were determinad aompared with that for forged
En 31 steel balls. These results are presentedbie®.16 and Table 4.17.
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Table 4.16 Wear rate of grinding balls for grindwfgchalcopyrite ore unbuffered

Time of milling | pH of the | ADI Wear rate (| En 31 Wear rate

in hours slurry | X 10% cnifrev| X 10%) cntirev
End of 1st 8.87 286 746
End of 2nd 9.10 173 562
End of 4th 9.98 97 338
End of 8th 104 38 178

Table 4.17 Wear rate of grinding balls for grindwfgcoal ore unbuffered

Time of milling | pH of the | ADI Wear rate (| En 31 Wear rate

in hours slurry | X 10%) cnffrev| X 10%) cnf/rev
End of 1st 9.10 169 598
End of 2nd 9.42 123 306
End of 4th 9.8 80 196
End of 8th 10.13 25 42

Following inferences can be drawn from the resstiiswn in Table 4.16 and 4.17 for
grinding Chalcopyrite and Coal ore using ADI andyéxd En 31 steel balls as media
material:
1. The pH is found to increase as the time of milimgncreasing.
2. The wear rate also decreases with time of millimghie case of both ADI
and EN 31 forged steel.
3. Wear rate of ADI balls are much lesser than thaENf31 forged steel in

both the cases.

4.6 CORROSIVE WEAR OF ADI AND FORGED EN 31 STEEL BALLS

ADI balls with chosen heat treatment parameter ustempering in single step at
280°C for 30 min are selected for grinding wear experits with kerosene as slurry
medium and they are compared with that for wateslasy medium. Their results are

presented in Table 4.18.
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Table 4.18 Wear rate of ADI balls in iron ore wéthd without corrosion

Time of milling Wear rate ( X 18) cm’/rev
Hours
Iniron ore + water In iron ore + kerosene
End of 1st 134 88
End of 2nd 102 64
End of 4th 80 35
End of 8th 32 23

The wear rate values presented in Table 4.18 slibatsthe corrosion plays an

influencing role in grinding wear behaviour of ADIn the water medium ADI

registered a wear rate of 134 X®6c/rev. while it registered wear rate of 88 X®10

cc/rev. in the kerosene medium during the initiatipd and the wear rate decreases

drastically as the time of milling increases.

4.7 INFLUENCE OF pH ON CORROSION

Table 4.19 shows the results of the corrosionahtained when the Tafel polarisation

test was carried out on the grinding media balisrahilling in slurry with different

pH values at room temperature (Akshay P.R., 2012).

Table 4.19 Corrosion rate of grinding media ballsie slurry

Time of Slurry medium pH Corrosion rate in mpy (mili inch per
milling Material + water year)
ADI Balls En 31 steel balls

End of T Chalcopyrite ore 8.87 1.79 12.00
End of 29| Chalcopyrite ore 9.10 3.90 24.70
End of 4" Chalcopyrite ore 9.98 5.80 28.50
End of & Chalcopyrite ore 10.4 7.30 32.90
End of f' Coal ore 9.10 1.20 8.07
End of 2¢ Coal ore 9.42 2.80 15.89
End of 4" Coal ore 9.8 4.20 21.99
End of & Coal ore 10.13 6.20 24.25
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Table 4.19 shows the influence of pH of the sluory rate of corrosion for the

selected balls which are austempered at’@86r 30 min. For the sake of

comparison, the corrosion rate of forged En 31lssegiven in the same table. The

Table 4.19 reveals that the corrosion resistanc&Difmaterial is superior to forged

En 31 steel material under all the levels of pHsHows that the corrosion behaviour

of both the materials change with the pH in compienner.

4.7.1 Tafel Plots to Determine the Corrosion Rates of ADand Forged En31
Steel Balls under Different Grinding Conditions
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Figure 4.31 Tafel plot for ADI balls in unbuffer@dn ore slurry
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TAFEL PLOT FOR EN31 FORGED STEEL BALL IN UNBUFFREED IRON ORE SLURRY
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Figure 4.32 Tafel plot for EN31 forged steel ballsinbuffered iron ore slurry

TAFEL PLOT FOR ADI BALL IN IRON ORE SLURRY MIXED WITH ACETIC ACID
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Figure 4.33 Tafel plot for ADI balls in iron oreusty buffered with acetic acid
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TAFEL PLOT FOR EN31 FORGED STEEL BALL IN IRON ORE SLURRY MIXED WITH ACETIC ACID
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Figure 4.34 Tafel plot for EN31 forged steel ballsron ore slurry buffered with
acetic acid
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Figure 4.35 Tafel plot for ADI balls in iron oreusty buffered with lime
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TAFEL PLOT FOR EN31 FORGED STEEL BALL IN IRON ORE SLURRY MIXED WITH LIME
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Figure 4.36 Tafel plot for EN31 forged steel batisron ore slurry buffered with lime
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Figure 4.37 Tafel plot for ADI balls in unbufferetdalcopyrite ore slurry
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TAFEL PLOT FOR EN31 FORGED STEEL BALL IN UNBUFFERED CHALCOPYRITE ORE SLURRY
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Figure 4.38 Tafel plot for EN31 forged steel ballsinbuffered chalcopyrite ore

slurry
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Figure 4.39 Tafel plot for ADI balls in unbufferedal ore slurry
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TAFEL PLOT FOR EN31 FORGED STEEL BALL IN UNBUFFREED COAL ORE SLURRY
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Figure 4.40 Tafel plot for EN31 forged steel ballsinbuffered coal ore slurry

4.8 SIEVE ANALYSIS AND GRINDING EFFICIENCY

The sieve analysis results of iron ore productglpeed by ball milling using ADI
media material austempered at single step, two AfdfH and two step ATHL are
given in Table 4.20, 4.21 and 4.22.

Table 4.20 Comparison of sieve analysis valuesngies step ADI with forged En31

steel
Sieve size| Sieve size | Weight retained in g Cumulative wt. % Cumulative wt. %
range | range(Mesh passing retained
(Microns) ADI En3l | ADI | En31 | ADI | En31
+75 +200 5 12 95 88 5 12
-75 +53 -200 +300 27 27 68 61 32 39
-53 -300 68 61 00 00 100 100

Table 4.21 Comparison of sieve analysis valuesepped (ATLH) ADI with forged

En31 steel
Sieve size Sieve size | Weight retained in g/ Cumulative wt. %| Cumulative wt. %
range | range(Mesh) passing retained
(Microns) ADI En31 | ADI | En31 | ADI | En31
+75 +200 8 12 92 88 8 12
-75 +53 | -200 +300 25 27 67 61 33 39
-53 -300 67 61 00 00 100 100
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Table 4.22 Comparison of sieve analysis valuesepped (ATHL) ADI with forged

En31 steel
Sieve size| Sieve size | Weight retained in g Cumulative wt. %| Cumulative wt. %
range | range(Mesh passing retained
(Microns) ADI En3l | ADI | En31 | ADI | En31
+75 +200 10 12 90 88 10 12
-75 +53 -200 +300 26 27 64 61 36 39
-53 -300 64 61 00 00 100 100

Following inferences can be drawn from the valuesented in Table 4.20, 4.21 and

4.22:
(i)

Grinding efficiency is substantially more with Aballs compared to that

with forged En 31 steel balls,
(ilAmong ADI balls ones austempered in single stepde offered marginally
better grinding efficiency compared to those augemed in two step
ATHL mode. Grinding efficiency of two step ATLH meds similar to that

of single step austempering.
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CHAPTER 5

DISCUSSIONS

5.1 MICROSTRUCTURE OF ADI

Superior wear behaviour and other remarkable ptiggesuch as high strength,

ductility and toughness are attributed to uniquerastructure of ADI which consists

of graphite nodules embedded on bainitic matrixe Bainitic structure in ADI is

different from that in the steel material becaus@DI it consists of retained austenite

sandwiched between ferrite lath where as in steebmsists of carbide particles
distributed in and around ferrite laths. That isywlsually bainite in ADI is called
ausferrite. Stabilisation of austenite during tistampering process due to rejection

of carbon atoms from growing ferrite laths resutisformation of untransformed

austenite in the mid region between the graphitdules. Fig 5.1 schematically

explains the mechanism of formation of ausfernt&DI during austempering.

—

Temperature

A

b

Holding for 1-2 hours

Quenching at /sec. to any
predetermined temperature
Heating to X between 220 and 480 and

austenising holding for 1-4 hours in salt
temperéure
900°C Cool to room
temperature
Time

Fig.5.1Heat treatment cycle to obtain ausferrite structuwDI

It is reported that untransformed austenite costliwer amount of carbon compared

to retained austenite. Morphologiclly, untransfodraustenite looks blocky, coarse

93



whereas retained austenite looks like thin sliveig.¢.3). The difference in

morphology has a bearing on their differential oese to externally induced strain.

5.1.1 Single Step Austempering

In the present investigation, broadly, two typeswa$ferrites are identified depending
on the selection of austempering parameters. Theerials austempered at lower
temperature of 28C show acicular ferrite (Fig 4.3a to 4.3c and Figpdto 4.4c) and
those austempered at higher temperature olG38bow feathery type of ferrite (Fig
4.3d to 4.3f and Fig 4.4d to 4.f). The first typenoicrostructures are called lower

bainite and latter the upper ausferrite.

The XRD studies are helpful in quantifying the mimonstituents of ADI. They are
used in assessing the carbon content of retainstbrate too. These details were
explained in previous chapter. It is observed fdORD values presented in Table 4.6
that the fraction of retained austenite is moréhi case of materials austempered at
38(°C when compared to those austempered at@28The microstructural aspects are

controlled by the mechanisms of phase transformatio

It is well known fact that the nucleation and grbwmechanisms control the
microstructure of ADI. From the Fig 4.3 it is cldh@at the nucleation of ferrite lath
which starts around the graphite nodule occur dtigher rate for the samples
austempered at 280 compared to those austempered af@8@urther, the amount
of retained austenite formed during the growth esscis controlled by two
contradicting events:
i) rate of diffusion of carbon atom outside the ferbbundary called as diffusive
event and
i) rate of migration of phase boundary between femitd austenite known as
displasive event.
At higher austempering temperature (X80carbon migrate out of ferrite lath so fast

that they stabilise the austenite in between thatdelaths quickly, denying an
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opportunity for new ferrite lath to nucleate i.@lyogrowth of the existing ferrite laths

are possible, leading to coarse ferrite with higimaount of austenite.

The values presented in Table 4.6 reveal that werncaustempering temperature
(28°C) austenite content increases as austemperingisinrereased as shown in
Fig.5.2.

50
45 -
40 -+
35 A
30
25 -
20 - —&—380C
15 -
10 +
S .
0

—e—280C

0O 10 20 30 40 50 60 70 80 90 100

\Volume fraction of austenite %

Austempering time in Mins

Fig.5.2 Variation of volume fraction of austenitélw austempering time

It is because as austempering progresses in tinoee mnd more untransformed
austenite would get an opportunity to become bain@therwise, at early stages
untransformed austenite could transform to martensiowever, this would not occur
at latter stages as untransformed austenite liselbmes richer in carbon loosing the
opportunity to get transformed to martensite. Dgitimese events the available carbon
gets distributed in increasing amount of auster@gellting in reduced carbon content

of retained austenite as represented graphicalygrb.3.
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Fig.5.3 Variation of carbon content with retainesstenite at different time and

temperature

However, the results are different if material istempered at higher temperature of
38C. The Table 4.6 revels that the volume fractionaabtenite decreases and
carbon content too decreases as austempering psegreat higher austempering
temperature as represented graphically in Fig B2 g 5.3.This happens because
more and more austenite gets transformed to aitefewhich increases the ferrite
content and reduces the austenite content. Addethisp condition for carbide
precipitation becomes favourable which takes awayban from the austenite
resulting in reduced carbon content of the samdadt, fine carbide precipitates in
such materials are discernible in the SEM photoogiaphs presented in Fig 4.4f.
Similar results obtained by many investigators (Bhmagam P et al. 1994, Prasad Rao

P and Susil K Putatunda, 1998) confirm the obsamsatof present investigation.

Difference in the morphology of ferrite between eratls austempered at lower and
higher temperatures is obvious from the photomiapls presented in Fig 4.3 and
Fig 4.4. A high rate of nucleation of ferrite amavirate of diffusion have given rise to
fine acicular morphology of ferrite at lower ausggring while low rate of nucleation

and higher rate of growth have given rise to feathminite at higher austempering

temperatures.
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5.1.2 Two Step Austempering

Stepped austempering results in mixed microstraatonsists both lower bainite and
ausferrite. The phase proportion depends upon ithe spent by the sample in
individual steps (Jianghuai Yang et al.,, 2004)tHa case of two step low to high
temperature austempering (ATLH), as the first die@ was increased, the relative
amount of lower ausferrite increased and that gleu@usferrite decreased. This fact
is illustrated by the optical and SEM photomicrqira presented in Fig 4.5 and Fig
4.6. The mechanism of transformation for this categf two step austempering is

illustrated in the schematic diagram presentedgrbH.

Fi=

Adarite Utrarsaned adentein1 dep
ogtting transformed irto 2 nd step

Fig.5.4 Mechanism of ausferrite formation duringtstep ATLH

Among the samples austempered in ATLH mode thedd tf materials which are
austempered at 280 in first step for 15 min predominately show teatfires of
ausferrite as they spend more time in second stefempering temperature of 380
for 60 min. Where as K type samples which are auseeed at 28{T in first step for
longer duration of 60 min reveals the featuresoafdr bainiite. Accordingly, H type
of material is dominated by coarse feathery ausgemd K type by fine acicular ones.
Corresponding influence of two step austemperingdcbe seen by the presence of

retained austenite and carbon content of retainstbnite in those materials.

Similar mechanism operates but in opposite diredio the materials austempered in
two step by austempering treatment high to low (ATkhode. Among those types of
samples, P type materials show predominately foieukar lower ausferrite and S

type show predominately coarse, feathery ausferfiteese facts are revealed in
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photomicrographs presented in Fig 4.7 and Fig AdB\alues of volume fraction of
retained austenite and carbon content of retainsteaite in Table 4.8. Investigation
carried out (Susil K Putatunda, 2001) on ADI withdd an alloying element by two
step austempering confirms the inferences of thegmt work.

5.2 HARDNESS

Hardness of ADI materials has an important beasimgheir grinding wear behaviour.
But, hardness itself is the result of many microstral features such as:

i) fraction of retained austenite,

i) carbon content of retained austenite,

iii) presence of carbide precipitates,

iv) morphological nature of ausferrite and

v) extent of work hardening.

Consideration of work hardening is relevant only tftose balls which have actively
engaged in grinding action for definite periodioié¢. The above factors influence the
hardness individually or in combination. For exaegtig 5.5 shows the variation of

hardness with volume fraction of retained austanitgngle step ADI materials.

Austenite Vs Hardness
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Fig.5.5 Variation of hardness with volume fractmfraustenite for single step
austempering
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Fig.5.6 Carbon content of the austenite Vs hardfeessingle step austempering

In general, it may be stated that the hardnefiseofnaterial decreases with increasing
volume fraction of retained austenite. However,séheesults are not consistent
indicating that the hardness is influenced by sother factors too. Fig 5.6 shows the
variation of hardness with carbon content of retdimustenite. The observations on
these profiles are quite interesting and suggexdtttie hardness in general increases
with carbon content of retained austenite. Howesample austempered at 280
show better hardness than those austempered &€.38is difference could be
attributed to morphological nature of two kindsnoéterial. Being fine and acicular,
lower bainites are the product of low temperatunst@mpering, register higher
hardness values. On the other hand the ausferié@sy coarse and feathery are the
products of austempering at higher temperature sHower hardness values. Many
investigators (Prasad Rao P and Susil K Putatub@88) have found the similar
results. However, it should be noted that one masha of hardening operates in
conjunction with others. It is further evident hyetfact that ATLH categories of
samples containing low carbon content in retainedtemite behave like ones
austempered at lower temperature. While the sameg@y samples containing high
carbon content in retained austenite behave like aastempered at higher

temperature.
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The hardness values of higher order (BHN 390-580fndhieved by the samples
austempered at lower temperature of %80t is attributed to combination of many
factors. The main reason is the retained austewitt high carbon content
sandwiched between finely distributed acicular iferrlaths. Added to that,
untransformed austenite remaining in the mid regadngraphite nodule would
become unstable and get transformed to martenBites§d Rao P and Susil K
Putatunda, 2003). What portion of untransformedeaite transforms to martensite
when material is cooled from 28D to room temperature is not clear and requires

further investigation.

During two step austempering (ATLH), values in fhable 4.3a indicate that the
hardness of the ADI decreases as the first steiermpgering time increases. This was
mainly due to the carbon content of the austenitkich was decreased as the
austempering time increased. This is graphicallgregented in Fig.5.7 which

indicates that at a longer first step austempetimg the carbon content of retained
austenite is around 1.28% resulting in hardnessevat BHN 341, while at a shorter
first step austempering time the carbon contenet#ined austenite is around 1.9%
resulting in hardness values of BHN 444 (Table ¥.Bince the wear resistance of
stepped austempered ADI was almost same as theemiowal single step

austempering.
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Fig.5.7 Carbon content of retained austenite Vdress for two step ATLH
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Similar dependency of hardness on carbon contergtained austenite could be seen
in the case of two step ADI (ATHL) categories taoiradicated in Table 4.3b and Fig
5.8.
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Fig.5.8 Carbon content of retained austenite Vdress for two step ATHL

The greater amount of retained austenite and the mméer- woven and less-sharp
ferrite needles of the ausferrite matrix may hawatgbuted to these results in the
later case. It is apparent that the more intensgBrwoven ferrite needles (which
served as crack propagation barriers), as wehasets sharp needles (which reduced
the stress-concentration effect) have contributethé high wear resistance and high
hardness of the material. Successive austemperayg ancourage precipitation of
carbide in the upper bainitic ferrite formed durinbe prolonged first step
austempering in ATHL categories of sample. The idarlprecipitation is expected
even in ATLH category of samples if they spend ntore in 389C range relative to

that in 286C during two step austempering.

5.3 FORGED EN31 STEEL

Forged En31 steel is well-known grinding media mate It has found many
applications in grinding many ores including irome chalcopyrite and coal
(Natarajan K.A. 1996). The chemical compositiorballs made out of this material is
presented in Table 4.1c. Fig 4.15 presents the SBbtograph of the material.

Tempered martensite structures with dispersed desbiare discernible in the
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photomicrograph. The ball material has registereldaedness value of BHN 590.
Material with such a combination of microconstitteens expected to possess
excellent properties such as toughness and strefRgtther, it should be noted that
being a forged material it is expected to perfoetidr than the cast ones.

It is interesting to note that in the present iniggdion ADI material which belongs to
cast iron family is studied for its grinding weahaviour comparing it with a choice
of the material like En31 which belongs to steehifg and further forged and heat
treated.

5.4 GRINDING WEAR BEHAVIOUR OF ADI BALLS

The present investigation has proved beyond ddudit the ADI possesses better
grinding wear behaviour compared to forged En 28&lsas grinding media material.
An attempt has been made to understand the beladicADI material in a severe

ore grinding condition in the mill and to suggeshachanism of wear so that further

improvement could be achieved on the same materials

5.4.1 Abuse of Balls in the Ball Mill

There are many reasons why grinding media ballsabused severely in a ball mill.
Fig. 5.9 depicts the trajectory of the grinding med in ball mill and their effect on
changing conditions of working of the mill.

If the mill is not working, stands stationary, tslerry would occupy up to the level
of 14cm from the bottom in the cylindrical shell20 cm diameter. Most of the balls
stand above the slurry up to the level of 2cm. Nduring rotation if the balls fall
from the height of 4cm on other balls, the energynpact per unit ball happens to be
255 kJ. This type of impact, repeatedly taking eldaring the operation is sufficient
to change the metallurgical nature of the matetaihe surface of the balls. These

events happen at the impact zone or tumbling zbtieeaill.
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Zore o falling
tll

Fig 5.9 Trajectory of the grinding medium in balllm

In the grinding zone, the ball layers sliding onerothe other grind the material being
trapped between them. This zone being highly teriubne, each ball is rubbed by
the other and mineral particles. Mineral partictene in between the moving balls
and a situation like three body wear arises. Ball€ontact with each other and
immersed in the mineral slurry move relative toheather with many degrees of

freedom. Some important types of relative movenoégrinding balls are depicted in

oo OO IO e D0

Fig 5.10 Relative movement of the grinding ballshia ball mill

Similar action would take place in the toe or cinghzone, when the balls are re-
entering the charge mass and grinding the materiaigh energy impact. The major

wear event takes place in this zone between mérland rising balls. However, these
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wear events may be neglected in the present worleagrene rubber lining is given
to the experimental mill liner. The cycle would qolete as the balls are raised to
maximum position as decided by the speed of thé andl fall on the other balls

crushing the minerals that are caught in betweemth

As the event of balls impinging on one anothetia iimpact zone, they may rebound,
resulting in more number of impacts with fallingllbaand creating large amount of
vibrations. However, extent to which it takes plaepends on the nature of the ball
material. Since it is wet grinding operation, i thresent work the ball should work
in slurry for a large portion of the cycle. Suchthe situation; the slurry would assert
its chemical influence on the wear behaviour oflials. The mechanism of wear is
made more complicated by the fact that under dyoacoindition, ball will be
immersed in the slurry for certain period of timredahey will be out of slurry and in
contact with the atmosphere for the rest of thetimthe cycle. In addition to this, the
chemical nature of the slurry changes during opmravf grinding because of
comminution and liberation of new constituent.slfproved by the fact that the pH of
the slurry changed (Table 4.9) during the operatiotie mill.

5.4.2 Grinding Wear Mechanisms

In response to the complex grinding conditions texiis the mill, the ADI balls with
complex microstructure have to perform in it andaasult wear out with chain of
mechanisms. The result brought out in Table 4.@akthat grinding wear resistance
of ADI balls is far superior to forged En 31 stéealls. During the operation in the
grinding mill the grinding media materials undergforee types of aggressive
conditions: (i) abrasion, (ii) impact and (iii) cosion. These details are discussed in
the previous section. It is well known fact thategsh conditions do not act
independently, instead, they do so collectivelycéxding to delamination theory the
fracture mechanism plays an important role in weacess. So the material capable
of inhibiting nucleation and growth of microcracise expected to serve as a good
wear resistant material. Other investigators hawend that ADI with fracture
toughness 80 Mp&M could be developed by controlling the austemperireat
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treatment parameter. It is further concluded thahsmaterials exhibit excellent wear

resistance which had been assessed on pin-on-distime.

5.4.2.1 Role of Nodular Graphite

ADI consists of graphite nodules embedded on autgfenatrix. Graphite which acts
as solid lubricant comes out of matrix, stands @ween working interfaces and
improves the wear resistance. Once graphite idestafvay from the interface, naked
material surface come into contact with each oftteusing the wear process to
progress at higher rate. This action in itself gsirmany graphite nodules once again
to the interfaces which were hiding in the substgféevel and once again graphite
would be made available for lubrication. Meanwhdece graphite is scooped out of
the nodule, the spherical shape of it gets disdodige to the impact force. This can
occur at the surface and subsurface levels. The $BMomicrographs shown in
Fig.5.11 captured at the edge regions of the aticgeof ADI balls which have ran

through the mill for 10 hours prove this point.

Distorted
nodule:

Fig.5.11 SEM photomicrograph of ADI ball milled f&® hours

5.4.2.2 Microcracks

This leads to a situation in which sharp cornerd edges of the distorted nodules
become potential centre for nucleation of the crdtkhappens under a repeated
impact force occurring in the toe region of theImithich gives resemblance to
fatigue crack initiation. The growth of the micrack in the ausferrite matrix is
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important since resistance to it decides the waesmistance of the material.
Microcracks may grow in one of the following modg$) over the ferrite region, (ii)

over the retained austenite region , (iii) acrdss interface or along the interface
between ferrite and retained austenite, (iv) alontransformed austenite and (v)
along the interface of carbides and matrix, if @b are present in the material. A

schematic illustration is presented in the Fig.5.12

Ferrlte Grhices
—— }

Retained alstente
D arted nodudes

Fig.5.12 Growth of the microcrack around the digdigraphite nodule

Investigation on metallographic work over the fraet! surfaces of ADI (Ravishankar
et al.,, 2010) has proved that the cracks prefendwe across the phases instead of
along the interfaces. In doing so, fractures gdeeraartensitic phase in the retained

austenite phase in the region around the crack path

Though it is logical to expect carbides (if pregetat provide easy path for the
propagation of the crack, it is difficult to as@entthem metallographically at the edge
of the balls. These microcracks which are nucleasted grown in surface and
subsurface regions are getting connected by sloeee find fall out as debris. The
shear force mainly develops when one ball rubsnsgaanother, particularly in
grinding zone of the mill. Thus, both repeated iot@nd shear force are responsible
for the wear process. So, it could be inferred thatgrinding wear process is not only
surface phenomenon but also subsurface one, tfeeswf which is microstructurally

same as the bulk of the ball.
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5.4.2.3 Strain Induced Martensitic Transformation

The present investigation reveals that the ADIsb@khibit superior wear resistance in
spite of lower hardness compared to forged En &4l &falls. This brings out the fact
that the hardness on the surface is not the ortlrier in deciding the grinding wear
behaviour of the ball material, but equally impattas the microstructure in the
subsurface level. It is obvious that, once cracks geucleated, it grows in to
subsurface level causing formation of fragmentatand fall off as debris. A

schematic model of such a mechanism is depictéueirfrig.5.13.

Microcracks

Debrnig

Fig.5.13 Microcrack formation on the surface ofledl ADI ball

In the case of ADI balls, the ausferrite matrix tire subsurface level resists the
growth of the crack and improves the wear resigtanihe retained austenite
undergoes strain induced martensite transformatidhe tip of the crack resulting in
increased resistance to crack growth. Such behavduretained austenite is
influenced by carbon content of it and if the carlbontent is high then better is the
stability of retained austenite. In the presenestigation, formation of martensite is
seen in the retained austenite phase in the suriagen of the balls. This is

discernible in the SEM photomicrographs presemeeig.4.9.

In short it may be inferred that, in ADI balls, be&se of ausferrite structure, the hard
surface is well held in position by tough subsusfamaterials during grinding

operation; surface resists the abrasion and swdzsurésists the crack growth.
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The microstructure of forged En 31 steel ball issginted in Fig.4.15. It reveals fine
tempered martensite in which fine carbide partiees dispersed. The ball material
has registered the hardness of 590 BHN. Such adratdough material is expected
to resists the wear under severe grinding condititence, these materials are widely
used in ball mills for ore grinding as a media mate in mineral industries. It is

remarkable to note that the present investigatias proved beyond doubt that the

ADI materials resist the wear in grinding mill l@tthan forged En 31 steel.

5.4.2.4 Role of Matrix Microstructure

The above mechanism proposed that the wear istisengd the microstructure of
ADI and hence for the selection of heat treatmemtimeters. The results show that
the ADI balls austempered at 280show better wear resistance compared to other
varieties of ADI. It could be attributed to finegieular ferrite laths, between which
retained austenite is sandwiched as fine slivensog all the materials, the samples
austempered at 280D for 30 min register better grinding wear resistarThis could
be attributed to higher carbon content of retaiaedtenite to the tune of 1.90%
(Table 4.6). It could be conceived that even higfel of untransformed austenite in
the mid region between the nodules may be a canitndp factor. The combination of
the above factors have resulted in registering dsgihardness (497 BHN) by ‘A’
category of ADI which are austempered in single ste288C for 30 min. Hardness
is one of the important factors in deciding weais&nce of the materials. Such an
optimal combination of microstrucrures does notsexor other categories of ADI,

particularly ones austempered at higher temperafus8dC.

Materials belonging to ‘D’, ‘E’ and ‘F’ categoriefhjough having higher amount of
retained austenite and carbon content in retainstieaite, possess lower hardness
(BHN 372 - 313). This could be due to coarser aalHery type of ausferrite present
in the materials. Added to this, carbides are geeaqipitated over the matrix which in
itself expected to reduce the fracture toughnesthefmaterial (Prasad Rao P and
Susil K Putatunda, 1998). After having these disatlyges at its disposal, these

categories of the ADI have shown relatively lowanding wear resistance.
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The situation becomes more complex when materi@saastempered in two steps
such as in ATLH and ATHL modes. In both the casaa@n content of retained
austenite seems to be playing a dominant role adoey hardness of the materials
(Fig 5.7 and 5.8). However, other factors, mostlg precipitation carbides due to
prolonged austempering could have resulted in urésgive wear behaviour
compared to those austempered in single step &C280is well recorded in the

literature that the ADI materials austempered i tstep offer better properties,
including fracture toughness. However, results loé fpresent investigation on
grinding wear behaviour show a marginal deviatioonf cited results. Further

investigation is necessary to ascertain this fact te reveal the complexity of wear

mechanism in a grinding mill which is totally difemt from other testing
environments.

5.4.3 Role of Corrosion and pH of the Slurry
In the present investigation, it is found that wear loss is more at lower pH and less
at higher pH of the slurry as shown in Fig.5.14ig5.17.

pH Vs Wear rate

~ 400
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= 5200 % ——280-30
5 0100 —=—280-60
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0123456789101112
pH of the muneral slurry

Fig.5.14 Variation of the wear rate with pH of e slurry when ADI austempered
at 280C for 30, 60 and 90 min
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pH Vs Wear rate
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Fig.5.15 Variation of the wear rate with pH of e slurry when ADI austempered
at 380C for 30, 60 and 90 min
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Fig.5.16 Variation of the wear rate with pH of e slurry when ADI austempered
in two steps (ATLH)
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Fig.5.17 Variation of the wear rate with pH of e slurry when ADI austempered
in two steps (ATHL)

110



At higher pH range it is very well known fact thtae film is stable that becomes a
weathering protective passive one, which protelets durface of the ball material

during impact at the toe zone and shear force ggi@mallel to the surface of the liner.

Grinding experiment carried out in the presenckesbsene and comparing the wear
rate with that in the presence of water has shdahthe corrosion plays an important
role in the wear process in the ball mill. Furthier, the same reason the grinding
wear rate is found to be sensitive to the pH ofdloery when water is used. From the
results presented in Table 4.18, it is found thatdrinding wear loss decreases with
increase in pH, albeit, it is true for a narrowgarof pH under present experimental

conditions.

5.4.3.1 Wear- Corrosion Interaction

In fact, interaction between wear and corrosioa mplex phenomenon. The wear
process creates a new and fresh surface expostogcibrrosive attack, while the
corrosion products, having lost metallic characbéier lower resistance to the wear.
A similar mechanism is operative at the tip of atbrag micro crack. The tip of the
crack, being a high energy spot undergoes corrasi@xidation at a faster rate, while
corroded tip allows the crack propagation at aefasdte. Further, entry of hydrogen
into the ADI matrix and concentrating around thee ausing hydrogen embrittlement
is an added problem. Further, it is well known féett (Fontana M G and Greene N
D, 1978) the work hardened surface layer readigpoads to corrosive oxidative
atmosphere. Distorted nodules on the surface atigeisubsurface regions are proof
for the plastic deformation and work hardening dgrthe grinding operation (Fig
5.11).

In fact, the influence of pH on the corrosive bebaw of ADI material is complex
one. Fig.5.18a and Fig.5.18b shows such a proéiteated for selected balls which
are austempered at 28 for 30 min for grinding chalcopyrite and coalttre ball
mill. Here, corrosion rates are determined usindelTplot (Fig.4.31 to Fig.4.40).
Such profile is plotted for forged En31 steel alfar, comparison purpose. The
profiles in Fig.5.18a and Fig 5.18b clearly bringt ahe fact that ADI has better
corrosion resistance than En31 steel for all thelteof pH.
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Fig.5.18a Variation of corrosion rate of grindingaa balls in chalcopyrite ore slurry
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Fig. 5.18b Variation of corrosion rate of grindimgedia balls in coal ore slurry

This study brings two important inferences to theus. They are:
i) corrosion plays an important role in the grindingaw process in a complex,
ever changing environment of the mill,
i) pH of the slurry influences the corrosion behaviotithe ball materials in a

very complex way.

The grinding media ball works in a highly compléemical, mechanical and thermal
environment. The situation becomes further comditay the transitory nature of

grinding conditions. It is well known fact thatatigher pH range, an adherent layer
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of corrosion product particularly a sulphite layer the case of grinding of
chalcopyrite forms on the iron balls. This adhettagér at a critical moment acts like
a cushion in between the impacting balls partid¢ylat the toe region protecting it
from continued degradation. Further investigatisnnecessary to understand the

mechanism of corrosion so that its influence cdoddnitigated to certain extent.

5.4.4 Grinding Efficiency

There is no quantitative definition for the gringiefficiency in the form of ratio
between output and input. It is difficult to qudyta crushing operation, since no
universally acceptable definition can be offeredtfat entity (Gaudin A M, 1939). In
view of this an attempt was made to define a negaéfficiency of grinding which
would take care the useful way in which the energjised in the mill. Major portion
of energy in the mill was wasted as sound, vibratioeat, friction and turbulence.
Some portion was utilised in comminution of oretjgée and wear of grinding media
ball and liner. However, the wear of liner is netewant in the present work, as
neoprene rubber is provided in the drum. The enshpuld be utilised for the best
conceived output, i.e. getting maximum ore fractiorthe required size range with
minimum wear rate of grinding media ball. Accordinggrinding efficiency index
(GEl) is defined here, as

Fs (5.1)
WR

na =K

where Fsis the cumulative fraction of ore passing througthigh sieve (BS) standard
mesh number 200. This is equivalent to fractiorihef ore ground to the size range
finer than 75um and WR is the wear rate of grindingdia ball. Further, relative
efficiency index (REI) may be defined as

(lla)ADI - (F75 /WR) ADI (52)
(I7 a) En31 (F75 /WR) En31

Where (17,) .o and (17,) e are efficiency of grinding for ADI and that for rfped

REI =

En31 steel balls. The best performing variety icheaategory of ADI balls are

113



considered for comparison purpose. These values vadculated and recorded in the
Table 5.1. It should be noted that the pH of therglinfluences the wear rate of the
grinding ball, but it has little influence on thi&zes distribution of final comminuted
ore product.

It can be noted from the values presented in th#eTa.1 that the REI for ADI balls
was much higher compared to that for forged En8gldialls and the value of which
happens to be one. The REI value ranges from 3fto ADI balls. Among the ADI
balls, ones austempered at Z8Cfor 30 min and operated in the pH range of 8.5
derives maximum benefit (REI 6.84) over forged Eballs in the grinding operation.

It is also interesting to note that though the wese for ADI at higher pH (10.5) is
low, they exhibit poor REI. It is because even &mtg=n31 steel balls show better

wear resistance at higher pH range.

Table 5.1 REI values of ADI and En31 with best wessults at different pH values

Category| pH F,; ADI WRADI | F /WR (72) a1
range | ¢ £n31 steel| & EN31 steel (72) enar
7.0 68% 230 0.295 4.7
A 8.5 68% 107 0.636 6.84
10.5 68% 174 0.391 2.09
7.0 67% 289 0.259 4.1
8.5 67% 198 0.338 3.63
10.5 67% 108 0.620 3.3
7.0 64% 267 0.240 3.81
S 8.5 64% 178 0.359 3.86
10.5 64% 112 0.571 3.05
7.0 61% 965 0.0632 1
£nal | 85 61% 654 0.0933 1
10.5 61% 326 0.187 1
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ADI is basically belongs to the cast iron familydazast iron is known for its vibration
damping capacity because of the presence of carbfsee graphite form. So, loss of
energy due to the vibration and rebounding afterithpact was less for ADI balls
compared to forged En31 steel balls. As a resutitenenergy was available for
comminution of ore particles in the case of ADII®aThis leads to a situation where
the ball mill records better grinding efficiencytwiADI balls compared to En31 steel

balls.

5.4.5 Continuous Grinding

In the laboratory sized ball mill the experimentswaarried out for one hour. But, in
actual industrial ball mill, the balls are requirem operate continuously for hours
without interruption. To simulate this conditioretigrinding experiment was carried
out continuously for 8 hours, without changing thigial ore feed. The marked balls
were taken out after carrying out the ball millifey every one hour and wear losses
were measured to determine the wear rate of tmeligg media. The interval could
be 1h at regular interval or randomly aftéfy 2" 4" and & hour. The main reason to
select the random interval was the wear rate wgis im the initial stage and reduces
in the later stage as the grinding progresses. rélalts of the experiments are
presented in Fig.5.19 to Fig.5.21. It shows thatwear rate decreases continuously
both for ADI and forged En31 steel balls in suclvay that, at the end of 8 hours
there was no difference between the wear ratesotif the material in all the pH

conditions.

These results are highly illusionary. It suggebtt the selection of material for the
grinding media should not be a question if orersugd continuously; whether one
selects ADI or forged En31 steel material as grnigdnedia ball since, there was no
difference at the end of 8 hours. Further, pH ofrglhas no role to play at the end of
8 hours of grinding. In reality, the process of comution progressively decreases as

the grinding action continues.

115



1000
%00 {—%
800 \\
700 \
600 \

500 L\

400 \\\\ —e— ADI UNBUFFERED

300 \ —8—En31 UNBUFFERED

200

100 i

0 —
e

01 2 3 45 6 7 8 910

Wear rate X 16 cc/rev

Hours of Ball milling

Fig. 5.19 Wear rate of grinding balls for grindiofiron ore unbuffered

1200

1000 \\
800 \
600 A
\\ —o—ADI
400
\\ —s—En31
200

Wear rate X 18 CC/rev

Hours of Ball milling

Fig.5.20 Wear rate of grinding balls for grindingion ore buffered with lime
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Fig. 5.21 Wear rate of grinding balls for grindiofiron ore buffered with acetic acid
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During the continuous grinding, neither the comuiion of ore nor the wear of the
grinding media ball occurs. It was found that, et €nd of 8 hour the slurry becomes
a thick paste. The balls get embedded in the pastk, protected, no contact with
each other and not experiencing the wear to angiderable extent.

5.4.6 Long Time Grinding

The strategy which was explained in the previoudice did not work to assess the
wear behaviour of balls for grinding to a longeration. It was improved by carrying
out the grinding experiment for long duration, chiag the feed of fresh ore for every
one hour, but not changing the balls. Result ohsart experiment is presented in the

form of wear profile in Fig. 5.22.

Hours of milling Vs wear rate of ADI
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Fig.5.22 Variation of wear rate with number of h®of ball milling during long time
grinding of 40 hours

It indicates that the wear rate of ADI balls conbusly decreases up to the end of the
experiment, covering around 40 hours. Improvementhe wear resistance of ADI
balls over the grinding time was more than expecldue ability of ausferrite to
resists microcrcks and work hardening of surfaa subsurface of the balls in insitu
condition is a well known fact. Most probably casian was playing a role in such a

situation. It is well known fact that the work hargd iron base material corrode
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faster because they behave anodically in juxtapése@gion which was not work
hardened. However, in the case of ADI, the surfaben get strained undergoes
martensitic transformation which is slightly catiodtb ferrite/austenite (Fontana et
al. 1978). Fontana and Greene recorded that thiewotked (Plastically deformed)
region might be less corrosion resistant than therimn because of continuous
emergence of slip steps. They further state thas, a dynamic process which could
explain why severely deformed metals do not extsbiticiently high corrosion rate.
Decrease in the corrosion rate reduces the wearasathe grinding progresses since
the two rates are integrally coupled; one suppgttite other. There could be another
reason, albeit minor one, for the balls to showeasing rate of wear during grinding
operation. Continuous grinding may polish the stefaf the ball which would result
in lowering friction between the contact surfagesiucing the overall wear rate.

It is a practical knowledge that the continuousrapen of the mill very badly
damages the grinding media balls. It is reporteat the balls get fractured and
flattened and finally becomes discs as thin asscdthotograph of such a distorted
high chromium steel ball used for grinding iron asepresented in Fig. 5.23a and
5.23b.

Fig.5.23 Distorted high chromium steel ball useddgionding iron ore

Sometimes outer surface of the ball ‘case out’ puits off. Sometimes ball becomes

powdery and gets mixed with ore which can affeetdiality of the ground product.
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In the present work it was observed that the foriged1 steel balls suffer damage in
the form of pits and porosities on the surface whgeed for a long time as shown in
Fig.5.24. The ADI balls are free from distortionsdadamages and their surface
remains smooth even after long time operation géctéd in Fig.5.25 and indicates

the superior nature of ADI as grinding media baditenial.

r

-

b

Fig.5.24 Photograph of the milled forged En 31 Idbadls reveals damage in the form
of porosities on the surface

Fig.5.25 Photograph of the ADI balls remains unatd even after milled for 40

hours in the ball mill

Further investigation is necessary to understarel vilear behaviour of the balls

working in the mill for longer duration.
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5.4.7 Grinding of Chalcopyrite and Coal

Having noted the superior quality of ADI as gringlimedia material in comminution
of iron ore, it was decided to see its veracityhia case of difficult to grind material
like chalcopyrite and coal (Indian). The slurryabfalcopyrite ore contains chemically
aggressive sulphide ions and &i@nd coal apart from sulphides, contains 30%
abrasive ash. As in the case of iron ore, ADI bal$ibit better wear resistance
compared to forged En31 steel balls in grindingla@yrite and coal. (Fig.5.18a,
5.18b, 5.26, 5.27 and Table 4.19).
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Fig. 5.26 Wear rate of ADI balls for grinding ofatbopyrite ore unbuffered

These results bring out the fact that superior vioedwaviour of ADI is not specific to
grinding of iron ore. Further, it was observed tthet wear rate was more in the case

of chalcopyrite, followed by coal compared to imane.
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Fig. 5.27 Wear rate of ADI balls in iron ore withcawithout corrosion

It is obviously because of two reasons:

(1) chalcopyrite contains high level of siliceous miglerand coal contains fine
ash which consists of silica and small amount gfQAl Both are hard and
abrasive in nature. Further, energy required t@albtbe ore particle depends
on the bond energy unless there exists defects fanlls. So, energy
consumed for fracturing the ore particle depends tlom mineralogical
characteristics of the minerals. Fracture of ontigla is related to wear of the
grinding media balls because on impact, if the pagticle fractures, the
damage on the ball would be less, if not, impacrgy will be utilised in
damaging the surface of the ball.

(i)  both chalcopyrite and coal contains sulphide iohsctv are highly corrosive
to iron (Natarajan K A, 1996)

These could be the reasons for chalcopyrite antlrecarding much higher wears

loss of grinding media balls compared to that amiore.

5.4.8 Wear Behaviour of Surface Treated ADI Balls
Advantages of ADI as grinding media ball materia quite evident. However, there
exist scopes for further improvement. An attempaldobe made to improve the

surface hardness and corrosion resistance of ARénmah In order to achieve these
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objectives, the present study explored the pogsilmf coating ADI balls with TiN,
TIAIN and AICrN (Alcrona) by physical vapour deptsn (PVD) process. Another
set of balls were gas nitrided. All these surfaeated balls were subjected to usual
grinding wear test in the laboratory sized balllniil each case grinding experiments
were carried out for 10 hours. Care was taken tothat the feed material was
changed at the end of each experiment of one horatidn. The wear results are

presented in Table 4.11 and profiles in Fig. 5.28.
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Fig.5.28 Wear rate of surface coated ADI at differ@uration of ball milling

The results indicate that, there was drastic im@moent in the wear resistance but
for short duration of two to five hours. Later, thevas sudden change in the wear
resistance to a lower level. It can be seen thatetkcellent wear resistance was
registered by the coated balls. Balls coated withN and AICrN show negligible
amount of wear rate while ones coated with TiN shber wear rate of 78 X 10
cc/rev. Even TiN coated ADI balls exhibit far superwear resistance compared to
ADI balls selected in their best of category. Hoemvthe excellent advantage of
coated ADI balls remains with them for short dwatiof grinding. Later, they
degenerate, yielding wear resistance poorer thaoatad ADI balls. Once coating
wears out, the surface of the ADI exposed and esdjag grinding action shows
poorer wear resistance than the uncoated ADI baksept in the case of AICrN

coated balls. This is because the surface coatirfgMb technique was carried out at
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a temperature level of 200 to 470 which resulted in structural disturbances of
ausferrite at the surface and subsurface level@fl#alls. In order to understand the
effect of reheating of ADI at a low temperature gana few experiments were
conducted by heating ADI balls at a temperatur@@¥C and 408C for different
time duration. It was found that the microstructuwe ADI got disturbed at a
minimum temperature of 380 if heated for two to three hours. Such a distdrbe
microstructure due to reheating ADI is shown in Bigd0 and certain amount of
coarsening and fading of phase boundary could be. seimilar effect would occur
for ADI balls in the subsurface level when they acated by PVD technique. The
wear rate of gas nitrided ADI ball follow the siamiltrend, except there is an arrest
point in the wear profile. It is indicative of a talurgical process which is operative
at the subsurface level during the grinding operatirhe metallurgical process may
be the formation of some nitride phase and subse@ge hardening of the material.
Sudden step-like change in the wear profile irtredl cases indicates that the interface
between the coat and surface of the ball is shadpaaransitory phase does not exist.
Bonding between coating and surface is strong ifpgelffect was not observed) but
elements of the bond might not have diffused i@ subsurface level of the ball.
The above argument fits well for TiN and TiAIN coeaf but not for AICrN coating.
In the latter case, wear rate is almost nil totstéth, but then changes suddenly to 82
X 108 cc/rev. which is far better than that of the otbategories of ADI. It suggests
that once the frontline defense collapses the skdioe defense becomes active,
though not as effective as former one. The mechawissuch a system needs to be
studied further since coating with AICrN is the mpsomising among all the coating

systems explored in the present work.
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CHAPTER 6
SUMMARY AND CONCLUSIONS

. The ADI balls produced by choice of controlled angpering parmeters
perform better than forged En31 steel balls in camuwton of iron ore,

chalcopyrite and coal (Indian).

. Grinding wear behaviour of ADI balls is controlléy fraction of retained
austenite, carbon content of the same and morphadbgausferrite in the

matrix of the materials.

. Even with the moderate hardness ADI balls couldgper better than forged
En31 steel as grinding media material, becauséefptesence of carbon in
free graphite nodular form, ability of austenitibgse to stop the crack
propagation by undergoing strain induced martenditansformation and

occurrence of ausferrite in very fine form.

. Among ADI balls ones austempered at lower tempezanf 286C for
different time duration have exhibited better gnmgd wear resistance
compared to other varieties of ADI balls. Furthie best performance was

shown by materials austempered at’Z8fbr 30 mins.

. High carbon content of retained austenite (1.9% facicular structure of
lower ausferrite, associated with high hardnessNBH¥7) may be attributed

to superior wear resistance of ADI austempered@éi@for 30 mins.
. Two step austempering process, though shown son@ouw@ment in

microstructural features, their improvement in dmng wear resistance does

not commensurate with production difficulties.
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7. Corrosive nature of the slurry highly influences thear behaviour of grinding
media balls. The wear mechanism of grinding balihia mill is conceived to
be the corrosive wear occurring by delaminationnoimeenon. The events of
crack propagation which was supported by impadgdat conditions and
corrosion of crack to support one another. Infadl steps of mechanisms ADI

scores better than forged En31 steel balls.

8. Wear rate of the grinding media balls are sensiiivpH of the slurry; higher
the pH (in the range of 6.5 to 10.5) lower is theawrate of the balls.

9. A term relative efficiency index (REI) was definethich indicates the energy
utilized for the best conceived output i.e. getimgximum ore fraction in the

required size range with minimum wear rate of grigdmedia ball.

10. Relative efficiency index shows that the ADI auspemed at 28U for 30 min
operated at pH range of 8.5 derives maximum bepgét forged En 31 steel

as grinding media material.

11.1t is evident that the performance of ADI as grimglimedia material is
superior to forged En31 steel when assessmentrigdaut on hourly basis.

Further, performance of ADI improves when mill werbn long time basis.

12.Coating the surface of ADI balls with TiN, TiAIN bylasma physical vapour
deposition (PPVD) method and gas nitriding the amefto improve the
grinding wear resistance has yielded only limitesuit. However, coating the
ADI balls with AICrN by PPVD method is found to ke most promising

one.

126



SCOPE FOR FUTURE WORK

1. Encouraging result on grinding behaviour of Aallls in laboratory scale should

be scaled upto pilot plant study in order to reritisunitable to industrial application.

2. Characterisation usin transmission electron esimopy of ADI material needs to be
carried out in order to study the role of carbidegmpitation in the grinding behaviour
of ADI as the, particularly when manganese contérihe material is allowed to be
kept high.

3. Corrosion behaviour of ADI material needs todbedied in the presence of ore

slurry and a method to mitigate the corrosion peobtould be tried.
4. Aluminium chromium nitride (AICrN) coating on Ayrinding media balls has

shown promosing results. Studies could be focusednechanism of wear of such
surface coated ADI so that the advantage couleaksed economywise too
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APPENDIX 1

1. Photographs of ball and ore samples used for grling experiments

Fig 1 TiN coated ADI

niéd

Fig 3 TiAIN coated ADI Fig 4 TiAIN coated ADI

-
Hi T

9 il
Fig 5 AICrN coated ADI Fig 6 AICrN coated ADI milled
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Fig 9 Set of ADI balls Fig 1@h ore sample

2. Photographs of SEM and X-Ray diffractometer

Fig 11 Photograph of SEM ERyPhotograph of X-Ray Diffractometer
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