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ABSTRACT

The wear of materidsisamagor and widely recognised industria problem. The direct
costs of wear falures, i.e., wear part failures and replacemerts, increased work and
time, loss of productivity, as well as indirect losses of energy and the increased
environmenta burden, are rea problemsin everyday work and business.

In this study, the materias of interest are wear-resstant powder metallurgica metal
matrix composites, MMCs. Powder metdlurgical, P/M, production of materid,
involving, for example, hot isostatic pressing (HIPing), offers consderable potentid
for enhanced wear ressance because it has a larger capecity to modify
microstructures than conventiond production technologies. Martensitic- and tool-
steel-based composites were studied with reference to the needs of the minerd
industry, while the wear of austenitic- or duplex-sted -based composites was eva uated
with reference to those of the energy industry. The wear was studied both in
functiond wear tests involving a smal-scale core crusher, as well as in laboratory
tedts, such as the dry sand rubber wheel and erofuge tests.

The correl ation between the wear behaviour and the materia-rel ated parameters of the
steel-based metd matrix composites was investigated. The materia-related
parameters were microstructural parameters, such as the volume fraction of the
reinforcements and hard particles, the size of the reinforcemerts, the true carbide sze
of the hard particles and spacing between the reinforcement particles. These
parameters are evaluated by varying the matrix material of the composite and by
varying the reinforcements in the fixed matrix materid. The significantly important
parameters that have an effect on the materia wear rate were identified. The most
important reinforcement-rel ated parametersin these wear environments were the totd
volume fraction of the hard phase, the spacing between hard particles and the type of
the hard phase.
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contect area

contect area of the particle

contact area of the matrix

the sliding wear coefficient

the squeezing wear coefficient

particle Sze, the carbide/oxide size diameter
hard particlesize

metal matrix powder particle sze

elastic modulus
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INTRODUCTION

1 INTRODUCTION

A progressive loss of materia fromits surfaceis caled wear. It is amateria response
to the externd stimulus and can be mechanica or chemica in nature. Mechanica
abrasive wear is damage of the solid surfece due to reldive motion between a
contacting substance or substances and the solid surface. In this study, industria wear,
i.e., extreme abrasive wear, is examined. It is “multi-mode” wear typica of a specific
industria process such as compressive minera crushing, involving possibly severa
“sub-modes” of gbrasive wear.

Wear is unwanted and the effect of wear on the reliability of industrid componrents is
recognised widely; aso, the cost of abrasive wear has been recognised to be high.
Systematic efforts in wear research were started in the 1960's in industrid countries.
The direct costs of wear falures, i.e., wear part replacements, increased work and
time, loss of productivity, as well as indirect losses of energy and the increased
environmenta burden, ae rea problems in everyday work and business. In
catastrophic failures, there is dso the possihility of human |osses.

Although wear has been extensively studied scientifically, in the 21st century there
are still wear problems present in industria applications. This actudly reveds the
complexity of the wear phenomenon. Wear can be divided into different wear modes.
In the simplest case, only one wear mode is present. In multi-mode wear, more
aspects have to be taken into consideration regarding the materids than in single
mode wear. However, these circumstances are more difficult to investigate from the
scientific poirnt of view.

In this study, materials of interest are wear-resistant powder metalurgical meta
matrix composites, MMCs. Important in composite materia design is the relaionship
between externd dorasive wear parameters and the microstructurd factors of the
wearing materid, i.e., the spacing between hard particles or hard particle sze of the
wear surfaces. The use of tallored material microstructures in specific industria
environments could sill be more common; however, knowledge of how to design a
multi-phase composite for a specific wear system is needed. Powder metalurgica
(P/M) production of materid, for example, by hot isostatic pressing (HIPing), offers
consderable potentid for enhanced wear resistance because it has alarger capacity to
modify microstructures than conventiona production technologies. The multiphase
microstructure can consist of severad phases, their talored orientations, volume
fractions, shapes, sizes, spacing etc., i.e., the typica design parameters of composite
materids.

The benefits of wear-resistant composite material structures have been recognised,
and the so-caled “double dispersion” type structure in metal matrix composites and
hardmetas has been introduced by some research groups [Berns95a, Berns97a,
Bern©8a, Berns98b, Berns98c, Bernsd9a, Bernsd9b, Berns03a][DengOla,
Deng02a] [ KuluO2a][ TheisenOla, Theisen04a] .

Besides the relaionship between wear environment and materid structure, there are
aways other aspects — mechanica reliability of the condruction, geometry of the
design or the machine, the costs etc. — that are equaly important in a wear situation.
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INTRODUCTION

Furthermore, when changing the materia in a wear environment, other wear-related
factors dso should be re-evaluated and possibly changed. In many cases, wear-
resistant materiad's may be used as coatings or functiondly graded materias (surfaces)
because of the cost or unreligbility of mechanica properties other than wear
resigance. As a conclusion, by combining in materia design the medhanical,
chemical and thermal demands, improved, or possibly optimum, wear resstance
could be achieved.



INTRODUCTION

1.1 Abrasvewear phenomenon

According to the ASM handbook [Blau92a], wear can be “1) damage to a solid
surface, generally involving progressive loss of material, which is due to relative
motion between that surface and a contacting substance or substances. 2) The
progressive loss of substance from the operating surface of a body occurring as a
result of relative motion at the surface.” In the first definition, surface materid may be
displaced but not removed. In the second definition, the substance is required to be
removed in order to be corsidered as wear. Surface damage is referred to as “a solid
surface resulting from mechanica contact with another substance, surfece, or surfaces
moving relatively to it and involving the displacement or remova of materia”
[Blau92a] .

The nomenclaure of generd wear modes differs in the literaue. Wear modes
recognised as fundamenta and mgor are adhesive wear, abrasive wear, fatigue wear
and corrosive wear/tribochemicad reaction [ KatoOla, ZumGahr87a]. Sub-modes of
wear have been introduced, and, in the case of the possible wear phenomenon, the
classification into four modes seems to be quite limited, remembering the large
variety of different wear environmentsin redity.

For example, the termirnology relaled to earthmoving, mining and minerds
processing, which are al subjects close to this study, has many forms. The dominant
wear mode/mechanism is sad to be dirasion. In this field, the abrasive wear
classifications usudly cited include the following sub-modes [ Hawk01a] :
- gouging abrasion (the removd of large volumes of materid per event from the
wear surface),
high-stress grinding abrasion (i .., the aorasive particle is crushed during the wear
interaction),
low-stress scratching abrasion (i.e., the abrasive particle remains intact asit moves
freely acrossthe wear surface),
eroson (low-gress scratching),
eros on-corrosion (low-stress scratching aorasion in acorrosve environment).

According to the ASM Handbook [ Blau92a] , dorasive wear/aorasion is either

1) wear by displacement of materid caused by hard particles or hard protuberances
or

2) wear due to hard particles or hard protuberances forced against and moving aong
asolid surface.

Abrasive wear is divided sometimes into two-body and three-body abrasive wear, as

illugrated in Figure 1. Two-body abrasive wear is caused by hard protuberances on

the counter face. In three-body abrasive wear, particles are free to roll and slide

between two sliding surfaces [ Hutchings92a] .

Erosve wear/erosonis either [ Blau92a]

1) lossof materia from a solid surfece due to relative motion in contact with afluid
that contains solid particles, or

2) progressive loss of origind materia from a solid surface due to mechanica
interection between that surface and a fluid, a multi-comporent fluid, and
impinging liquid, or solid particles.
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Erosve wear in which the relative motion of particles is nearly pardld to the solid
surface is caled dorasive erosion. Additiondly, erosive wear in which the relative
motion of the solid particles is nearly norma to the solid surface is cdled
impingement erosion or impact eroson [ Blau92a] . Erosive wear isin many contexts a
sub-mode of abrasive wear. The term inpact wear has dso been used in specific
applications where materia is under dynamic loading conditions. Wear in the minerd
industry case in the present study, i.e., in acone crusher, is referred to here as multi-
mode wear contai ning the sub-modes of abrasive wear.

/ Z A/ Q @
CREP CAOA'Y Q__®

(a) two-body abrasion (b) three-body abrasion (c) ercsion

Figure 1 lllustrations of the differences between () two-body abrasion, (b) three-body abrasion and (c)
erosion, after [ Hutchings924] .

The first question in wear research is dways how to gpproach the wear phenomenon.
Often wear isconsidered as a system property [ KatoOla]. This is because even slight
changes in wear environments (loads, particle size, shape, velocity etc.) may cause
changes in the wear rate of a materid. In this study, the behaviour of the different
materids is eva uated in the particular wear environments, i.e., the wear rate or wear
resistance of the material is considered here to be amaterid-rel ated property.

The definitionof abrasive wear is based on the existence of the system with particles
and the surface(s); it does not represent wear mechanisms in the scientific way.
Mechanisms of abrasive wear on ameateria surface have been observed to be

microploughing,

mi crocutting,

mi crocracking or

microfatigue
when considering the physica interaction between arasive particles and surface
materia [ ZumGahr87a] . Principaly the same four mechanisms of abrasive wear have
been presented by Jacobson and Hogmark [Jacobson96a]: microploughing,
microcutting, microflaking and microfatigue. (In Swedish, microplogning,
mi crospanbildning, microflagning, microutmattning.) The first two mechanisms are
the results of ductile materid behaviour, while cracking is typica for brittle materia
behaviour. In microscde, fundamenta mechanisms of plastic deformation, crack
initiation and crack propagation in materias are widely studied in thefield of materia
science.

Firstly, drasive wear by plagic deformation may involve in principle the first two
mechanisms. In ploughing mode, “aridge of deformed materid is pushed adong ahead
of the particle and no materid is removed from the surface.” [Hutchings92a] In
cutting mode, materid is “deflected through a shear zone and flows up the front face
of the (abrasive) particle to form achip” and dl the materia is removed in the chip
[ Hutchings92a] . In the case of ploughing, materid is said to flow down the front face

4
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of the (abrasive) particle, while, in the case of cutting, materid is said to flow up the
front face of the particle. Maerid may dso behave in intermediate mode, caled
wedge formation [ Hutchings92a], where “limited dip, or even complete adhesion,
occurs between the front face of the particle and a raised prow of materid.” This
mode leads to the remova of the materidl.

Secondly, thereis the idedised concept of abrasive wear that involves brittle fracture
(no plastic flow present), brought about through the mechanism of microcracking.
Different crack types are formed under different load contacts on the surface. Hertzian
conica cracks are formed under blunt, spherica bodies when contact stresses remain
elastic. Under point load, high stresses will occur and the indenter generates an
elastic-plastic stress fidd. Under the point load, a median vent crack will form in the
brittle material; following this lateral vent crack formation may be observed during
unloading. These laterd cracks can directly lead to wear [ Hutchings92a] . The angular
particlesin abrasive or erosive wear will probably result in point loads on the surface
of the materid.

In surface fatigue, material falure can be “characterised by crack formation and
flaking of materid caused by repeated dternating loading of solid surfaces’
[ZumGahr87a], while the single wear event is expected to cause materid loss in
microploughing, microcutting or microcracking. In abrasive or erosive wear, the
repeated sliding or impacting contects are always present, so the environment for
surface fatigue i's gpparent.

In erosve wear, three basic materid-remova mechanisms are classified by Jacobson
and Hogmark [ Jacobson96a] . These mechanisms can be referred to as follows:

cutting or chipping erosion (Swedi sh spanavskiljande erosion),

fatigue erosion (Swedish utmattningserosion) and

flaking erosion (Swedi sh avflagningserosion).
The first two reflect ductile materid behaviour, while flaking is a result of brittle
materia behaviour. In erosve wear by plastic deformation, the dominant wear mode
depends on the atack angle and on the shear strength of the interface between the
particle and the surface. Differences between ploughing and cutting after Hutchings
[ Hutchings92a] are shownintheillustrations of erosive wear in Figure 2.

_—
(&) Ploughing (b) Typel cutting (c) Type Il cutting

Figure 2 Sections through impact sites formed by hard particles on a ductile meta show typical shapes
in erosive wear: (a) ploughing deformation by a sphere, (b) type | cutting by an angular particle
rotating forwards during impact and (c) type Il cutting by angular particle rotating backwards during
impact. The impact direction is from left toright, ater [ Hutchings79a] .

Parameters influencing materid wear performance can basicdly be divided into two
groups: external parameters, such as type of motion, aborasive velocity, abrasive size,
abrasive shape, temperature, aimosphere, externd load conditions of the materid etc.

5
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and internal materia properties, i.e., microstructure, hardness, toughness etc. of the
wearing materid. The materia response on the external simulus, wear, depends on
both groups of influencing factors, externd and internd, shown in Figure 3.
Influencing parameters of abrasive wear are discussed in more detail in the next
Section, 1.2.

External parameters

Energy Environment

transfer

Material
Internal parameters

Figure 3 Wear phenomenon with externa and interna parameters. The materid response on the
externa stimulus, wear, depends on both groups of influencing factors.

Fundamentaly, materia can be removed from a solid surface in only three ways: by
melting, by chemical dissolution, or by physica separationof atoms from the surface.
In mechanica wear, the final degeneration of materia and loss of materia aways
invol ves the fracture of atomic bonds on the surface area. These lead inevitably to the
structura evaluation of the materias. The structure and the type of materid have a
fundamenta influence on the deformation and fracture behaviour. Dependence of the
tendency for brittle fracture on the e ectron bond, crysta structure and degree of order
isshownin Table 1.

Table 1 Relation between basic structure of solids and brittle behaviour after [ Hertzberg 96a)].

Basic characterigtic Increasingtendency for brittle fracure

Electron bond Metallic lonic Covalent

Crystal gructure Close-packed crystals Low-symmetry crystals

Degree of order Random solid solution Short-range order Long-range order

The influence of internal parameters on material wear performance is discussed later
inSection1.3.
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1.2 Evaluation of the abrasive wear rateor resistance of the material

The evauation of materid wear rate or res sance is a demanding task because of the
endless number of possible wear environments, materids, influencing parameters and
variaions of them. The materiad performance may be evauated through wear tests,
which can be categorised as follows:

single wear event tests, and

wear tests —for evauation of steady-state wear behaviour.
Wear teds can be classfied as model tests, smplified component tests, component
teds, sub-system tests, bench testsor field tests [ Jacobson96a] . The degree of redism
and the costs of thetests increase from asingle wear event tes towards field tests and
red operationsinindustry.

Single wear event tests are important in order to understand the materia behaviour
and basic wear mechanismsinvolved inthe wear system, but they can seldom predict
the s0-cd led steady-state wear rate. Wear rates and mechanisms can be very different
on the virgin surface as compared to those on the worn surface, depending on the
materids and their characteristics, for example, work hardening rate. Wear tests, i.e.,
steady-dtate wear tests do have a higher degree of redism in order to estimate
materia behaviour in awear environment.

A number of wear tests have been standardised in order to obtain reiable or
comparable wear results. Nevertheless, slight changes in testing parameters can still
have an effect on wear raes and the scatter of them; therefore, results of even
standardised tests from different testing laboratories have to be compared with care. A
natura sand abrasive having different shapes and compositionsis one possilde source
of the wear test result variation. In apractica wear situation, the applied load might
be unknown and various wear modes or sub-modes may act simultaneoudy with
severa wear mechanisms present, the relaive importance of which cannot be
evduated. Then a practicd solution may be simulative wear testing. The find
reliability of the materias may be foundinfield tests or in the actua wear part usage;
however, the costs (and time) increase with the degree of realism and therefore dl the
wear test levels serve their own purposes. Both wear test types, 9ngle wear event tests
and steady-state wear tests, are important from the scientific point of view in order to
gan a fundamenta understanding of wear mechanisms of materids, as well as
practicd information about the materia’s performance.

Beside the |aboratory abrasive and erosive wear tests, materiad wear resistance under a
cone crusher wear environment is evduated in this study. A cone crusher can be
classified as a compressve crusher type of jaw and gyratory crushers. The basic
principle of the corne crusher is presented in Figure 4. The principle of crushing
relates to more of a kind of compressve crushing motion than that of impactors,
where the crushing occurs through impact action. The impact wear of selected
materias (including similar types of MMCs than in this study) has been studied by
Osara[ Osara0Ola, Osara03a] earlier with animpact hammer device.
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Rocks

D

Mantle Concave

/(/

|

|

| . .

i Mantle in nutaing and
rotaing motion

Figure 4 Principle of the cone crusher.

In the cone crusher, the rocks (also cdled feed) are crushed into the required size
fractions by compression in the cavity between the concave and mantle, which is in
eccentric rotating motion. Typicaly, cone crushers are secondary crushers (feed size
100-400 mm) or tertiary/fine crushers (feed size 10-100 mm) in the crushing process,
while jaws and gyratories are typica primary crushers with feed sze 500-2000 mm
[Eloranta95a] .

Concerning rock processng, crushing chamber performance is influenced by the
following factors [ Eloranta95a]:

shape of the crushing cavity,

stroke,

cone shaft speed,

crusher setting, close sde setting CSS,

crushing force and ratio, and

feed gradation and moisture.

Evidently, these operating factors, external parameters, will affect the wear of the
linings besde the used feed/irock. The exact individual particle movement in the
cavity is unknown, and the particles have variation in sizes and shapes. However, the
movement and crushing of the feed is characterised well by the crusher
manufacturers. Load patterns in the crushing chamber can be characterised by a load
wave rotating around the crushing cavity due to the eccentric rotation [ Eloranta95a] .
In the present study, the velocities of mantle in the stroke vary between 10 mmy/s to
100 mm/sin the laboratory cone crusher, as estimated by the crusher manufacturer.

The geometry of the liners or wear parts (mantle and concave) has been optimised in
relation to thefind product, crushed stone. When liners are worn and the geometry is
changed, the shape of the cavity is dso changed. There have been extensive studies
and predictions of the worn geometry of wear parts in crushing environments by
Lindgvist [ Lindgvist 03a, LindgvistO3b, LindgvistO5a] . The materia in the liner was
manganese seel (1,2% C, 12,5% Mn, 06% S and 1,5% Cr) [LindgqvistO3b] and the
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work hardening of the wear surface occurred. Also, Ruuskanen [Ruuskanen06a]
studied in his doctora thess the influence of operating parameters of the cone crusher
on the chamber performance and liner wear. The crusher liner materids were
manganese seels.

The composite materids studied in this study are new in the present gpplication; it
must be remembered that it does take time to launch new materids into the field.
According to Berns [ Berns3a], the change from ductile manganese steel to white
cast iron (WCI) required more than a decade and was accompanied by numerous
fallures in production and service. A similar period is expected with metal matrix
composites (MMCs). Inindustrid crushing applications other than the cone crusher,
the powder metdlurgicad composte materiads have achieved greater resigance to
wear than conventiona materids[ TheisenOla] . The wear protection concept is cdled
HEXADUR®, and designed for rock grinding, where abrasive (sliding) and
indentation movement of the crusher feed is detected.

According to generd classification, the wear system is three-body abrasive wear in a
conre crusher. In earlier studies, the wear situation is defined as squeezing wear in a
cone crusher situation, with small sliding motion [ LindgvistO3b] . In the cone crusher
wear system, many externd (parameters) load directions and load va ues exist on the
wearing materid surfece caused by the type of rock bed motion. Both sliding and
indentation/compression (sgueezing) movement of the rocks are expected to occur.
Beside the resigance of materid to load inputs by indentation/compression,
optimisation of the diding/scratiching abrasive wear is important. The wear
mechanisms present can be al forms of aorasive wear, i.e., microploughing,
mi crocutting, microcracking and microfatigue, depending on the materid.

Influencing paranetersin abrasive wear

Severd independent parameters related to aorasive particles, wearing environment
and target material have an effect on dorasive and erosive wear phenomena. The
generd factors affecting dorasive wear are summarised in Tables 2 and 3, based on
[HawkOla] and [ZumGahr87a], respectively. The effect of separate (influencing)
parameters listed in the tables may not be independent of each other. For instance, the
change in values of the microstructure-related parameters would change the vaues of
mechanicd propertiesof materids.

External parameters

The external parameters have been quite extersively investigated in the field of wear.
The wear rate of the materid has been observed to be sensitive to the abrasive
contect-re ated, design-relaed, operating-related and environment-rel ated parameters,
classified in Tables2 and 3. The classfication of these parameters differs, but dl are
externa parameters from the materid point of view. All these parameters describe the
transfer of load to the materia surface in acertain environment. Notable is that aso
chemica components are present in so caled mechanicd wear in red life, e.g.,
moisture, rain and frog.
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Table 2 Thefactors that influencewear behaviour ater [Hawk01a].

Abrasive Propetties Contect Conditions Wear Maeial Properties

Particle size Forcelimpact level Hardness

Particle shgpe Velocity Yield strength

Hardness Impact/impingement angle Elastic modulus

Yield strength Siding/rolling Ductility

Fractureproperties Temperature Toughness

Concentraion Wet/dry Work-hardening chaacterigics
pH Fracturetoughness

Microstructure
Corrosion resistance

Table 3 Factors o tribologicd systemwhich influence abrasive wear after [ ZumGahr87a].

Design propaties Operaing conditions Typeof abrasve Material Properties
Transmission of load Contect area Hardness Alloy composition
Typeof motion Contect pressure Acuteness Alloy micogructure
Shape of thestructural pats Surface condition of the Shape Surface hardening
Degree of lubrication sructural parts Sze Coating
Temperatureand Degree of lubrication Ductility
environmant Temperatureand Wear resistance

environment

Many “classicd” corrdations or trends between externd parameters and materia
wear rate have been formed. Abrasive particles with hardness |ower than the wearing
surface cause much less wear than harder particles, for example. Above a certan
hardness ratio, Ha/Hg (Ha is hardness of the dbrasive and Hs is hardness of the test
surface), the particle can cause plastic deformation. When the observed vdue is
Ha/Hs>~1.2, this situation is cadled hard abrasion, and when Ha/H<~1.2, the
situation iscadled soft abrasion. The wear rate dso depends strongly on the shapes of
the abrasive particles. Angular particles generdly cause more wear than round ones,
for example [ Hutchings92a] . In solid particle erosion, the response of the materid is
traditionally characterised by the impact angle of the particles; materid response
divides materias into ductile and brittle. Ductile materials commonly show a peak of
eroson rate a small impact angles, while the brittle materials often show maximum
wear behaviour for norma incidence [ Finnie95a] .

Internal parameters

Concerning internal parameters, wear performance of a materid has been widely
explaned through basic maerid parameters such as strength and toughness or
directly through the structurd characteristics of the materid. Three materid
properties, the elastic modulus E, the yield strength sy and the fracture toughness K,
are most important in low-temperature mechanical design [ CourtneyOOa]. Materid
properties have been widely corrdated with wear [ Tylchak92a] and properties like
elastic modulus E, hardness H and the fracture toughness K, are generaly present in
the wear models discussed later in Section 1.4.

In abrasive wear of metds, a good correlation between hardness and wear rate has
been reported with many metals, but this may not be the case in dl wear modes or
even sub-modes of abrasive wear, for example, in erosve wear. The mechanicd
properties of materid s are commonly tested in standard tensile testing machines a the
quasi-static strain rate regime [ Nemat-NasserOla] , while the wear of materid in some
cases happens in high strain rate regimes. The materia behaviour and the mechanica
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properties do change with the strain rate (s%), because of the differences in dislocation
motion at different strain rates based on thermd effects, increasng the dislocation
density, re-arrangement of the dislocation structure etc. or phase transformations and
twinning. In some wear modes or sub-modes, for example, erosive or impact wear,
materias can deform locdly under high strain rates. At those the mechanica
behaviour of the materid has been observed to differ considerably from the Stuation
in quasi-static strain rate regimes [CourtneyOOa]. The estimated strain raes of
materias in erosion of mild steels can be over 10° s, depending on the impacting
particle Sze and velocity [Hutchings92a]. Materia (wear) behaviour a high strain
rates has been investigated with, among others, dynamic impact experiments
[ Tirupataiah91a] [ Sundararajan91la], or, more recently, with dynamic single scraich
events [ KuokkalaO4a] [ Hokka04, Hokka04b] .

Inthe case of composites, the materid itself isinhomogeneous. There can be severd
types of second phases with varying properties (size, shape, hardness toughness etc.),
and they may aso vary in volume fraction and distribution. The microstructurd
characteristics become exceptionaly important as compared to those of conventiona
materids. This is because the genera materid properties of the surface, such as
hardness, are only “average” vaues of the surface, while the sngle wear events are
adways locd. This dso means that, in the materid’s surface, the loca materia
response to the externd wear event differslocaly. Some of the phases may behave in
the brittle way, some can be ductile during the wear process, while the totd materid
response isthe combined effect of the whole microstructure.

Combining external and internal parameters

The materid performance depends on the wear conditions, as well as on the internd
structure of materias. The homogeneity of the materid is highly dependent on the
perspective of the viewpoint. In wear, the contect area of the aorasive particle largdy
defines the homogeneity of the materia. A contact areathat is large compared to the
scde of the materid microstructure defines materid as homogeneous and vice versa;
acontact area of the aorasive that is small as compared to the scae of the materid
microstructure leads to inhomogeneous behaviour of the materid concerning wear.
Same materia can be defined as homogeneous or inhomogeneous depending on the
scde of the wear atack, Figure 5.

R =

Figure 5 Composite microstructurein relation to abrasive particle size.

In the case of sliding aorasive or erosive wear of a heterogeneous composite, when
the abrasive particle is smal enough as compared to the scae of composite
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microstructure, the binder phase will wear, and eventualy the hard particles will fal
out of the matrix. In the case of ahomogeneous composite, overdl abrasion or erosion
of the hard phase and binder will occur [ Hutchings92a] . However, dl the wear cases
are unique and the wear circumstances, as well as the multiphase materias, may
differ. Numerous parameters may influence the wear situation, so the comparison of
different wear performances inthe literature is unfortunately extremely difficult.
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1.3 Improving wear resistance by strengthening and toughening

In many circumstances, wear resistance of materid is combined with both optimum
materid strength (hardness) and toughness properties. The increasing strength (in
meta lic materias with sufficient toughness) has generaly been observed to increase
wear resistance in many wear environments. However, increasing strength generaly
resultsin loss of toughness. In order to achieve the higher strength and toughness of
metdlic materid, refinement of the microstructure or composite structure is
suggested, Figure 6.

Deformation
Solid solution
Hard phase
Grain refinement (Hall-Petch)
Composite structure
Hardness
Pure
state
>
Toughness

Figure 6 The general hardness vs. toughness relationship of metdlic materids, and the effect of the
commonly used strengthening mechanisms on this relationship, after [ Hogmark014] .

The strength of materid is, in practise, resstance to plastic flow. Also, hardness of
metals and dloys is inherently related to plastic flow resistance. Frsly, strength
depends mainly on both the atomic structure and microstructure of the dloy. In Table
4, the influence of atomic bonding type on the yield strength and ease of didocation
motion in the material is illugtrated. Secondly, there are several microstructural ways
to improve strength, toughness and wear res stance of materids:
- work hardening,

boundary strengthening,

solid-sol ution strengthening,

particle hardening (precipitation, dispersion, reinforcements),

two phase aggregetes,

ductile binder phase,

double disperson dgructures in “Deutsche Zweistufiges Disperiongefige”

[Berns98a] , and a'so

extrinsic crack-tip shielding mechanism (deflection and meandering, zone and

contect shielding).
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The efficiency of these strengthening methods in improving the wear resistance
depends on the externa wear conditions.

Table 4 Influence of bonding type on yield strength after [Roberts04a] .
Increasing directionality of bonding: increasing yield stress and hardness

>

Cl ose-padked metals

Other metals

lonic compounds

Intermetallic
compounds

Covalent bonds

Nearly non-directional
bonding

Dislocation motion
easy

Copper, aluminium

Some directionality in
bonding

Dislocation motion
fairly easy (vaieswith
temperaure)

Iron, tungsten

Bonding by
electrostatic atracion:
not directional but dip
moves grongly
charged ions pag each
other

Dislocation motion
fairly difficult

NaCl, MgO

Ordered structures
with fairly directional
bonding.

Dislocation motion
difficult

CuAly, TiAl, NizAl

Ceramics. very
strongly directional
bonding.

Didlocation motion
very difficult.

Diamond, 9C, Al.O3

Hardness of the materia has been shown experimentally and theoreticaly to correl ate
with abrason rate in pure metds. It is generally thought that the surfece of a materia
iswork hardened during abrasion and it has been found that the wear resistance of the
metd is proportiond to the hardness of the worn surface. However, there are aso
cases where an increase of the materia strength (hardness) does not improve the wear
resisance, i.e., there might be alack of materiad toughness.

Toughness is resistance of a materid against the propagation of a crack. It shows
inherently how plastic flow is easy near cracks [ Roberts04a]. The area under the
stress-strain curve can define toughness. It would be highest, when an optimum
combination of strength and ductility is developed [Hertzberg96a]. Toughening
mechanisms can be intrinsic (basic differences in materia ductility and ease of plastic
flow) or extringc (focus in the wake of the crack or ahead of the advancing crack
front) [ Hertzberg96a] .

Improving wear resistance with composite structure

Generdly, metdlic materias for wear applications have been work-hardening
materiads or materias with hard phases or particles. manganese seels, white cast
irors, steds with precipitated carbides. Other classes of materids, ceramics and
polymers are aso used. Multiphase materia s or composites have been widely noticed
to be bereficid in improving wear ressance. The materials combining metalic and
ceramic materid classes are caled metd matrix composites, hardmetas (cemented
carbides) or cermets. Different coatings dso follow these principles of hard/ductile
phase mixtures. The wear resstance of composites and other multiphase materids is
generdly consdered to depend both on strength and toughness.

The microstructure of a composite basicaly consss of matrix materids and
reinforcement(s) in the form of continuous fibre, short fibre, particle or particulae,
and the interfaces between the matrix and reinforcements. The variaions of the
structures consising of two phases are diverse, Figure 7. The composite (dispersion
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of two materials) itself can be brittle or ductile. More complicated structures, for
instance, those conssting of severd types of homogeneous particles or “composite”
particles, are caled hybrid composites, dud dispersions or double dispersions, for
example.

The wear mechanisms and behaviour of the composte structure depend on the
combination of the matrix, reinforcing particles or “composite” particles and
interfaces. The relationship between structure, matrix and hard particles, and wear
environment is highly sensitive. In the present thess, the matrix is metdlic (higher
toughness) and reinforcements are ceramic or cermets (higher strength). Basicdly, the
materiad performance can depend on the weakest link of the structure. Depending on
the wear situation and the materid, the wear performance can depend mostly on one
of the three factors: matrix, reinforcements or interfaces, i.e., which one is the
“weakest link” in the structure concerning wear. The possible structures of two
phases, ductile metd and brittle hard particles, are presented in Figure 7.

volume rafio logl w/e)
a

T

- 0 1
size ralio  10g(die/ Gy

Figure 7 Schematic representation of microstructure of MMC derived from mixtures of near-globular
hard particles (HP) and metal matrix (MM) powders of volume content f and size d. | and |1 are brittle
dispersions of MM in HP. 111 and IV areductile dispersions of HP in MM. [ Berns03a]

Reprinted from an article in WEAR, Vol. number 254 (2003), Hans Berns, Comparison of wear
resistant MMC and white cast iron, Pages 47-54, Year 2003, with permission from Elsevier.

In case of matrix or reinforcements, the materia selection, hard phase distribution or
other properties can be caried out so that, a the point of wear, this part of the
structure will fail first; this point is then critical concerning wear. The same parameter
can both increase or decrease wear resistance of the materid. The structure is in the
present case acombinationof hard and tough phases. A structure thet is too hard will
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|ead to brittle behaviour, and if it istoo soft it will lack wear resistance in certain wear
environment.

Interfaces represent discontinuities in elastic modulus and thermodynamic
parameters, i.e., chemical potentiad and the coefficient of the therma expansion.
Discontinuity in chemica potentid leads to the chemica interection, i.e., the inter-
diffusion zone or achemica compound formation. When there is atherma mismatch
between the phases in the composite, there will be biaxia or triaxiad stress fields
present. The role of the bonding between matrix and the interface has been reported to
be important. If the interface is weak enough, e.g., if the brittle phases are formed a
the interfeces, the reinforcements will “drop” rapidly during wear. The role of the
interface may be crucid inthat case.

The design of the composite structure is possible with powder metdlurgica
production technol ogy, which widens and opens new possi bilities to design cortrolled
multiphase structures, impossble with conventional technologies. Another practica
advantage of the powder metalurgy approach is near net shape manufacturing,
especidly in the case of wear-ressant materias, which can be very difficult to
machine. In areported gpplication, the composite structure of aroller surface inahigh
compressive wear system has been shown to have afive to ten times longer service
life than traditiond surface systems [TheisenOla]. This structure is powder
metallurg cal multi-materid with multi-phase structures of hard and soft components
[ Theisen04a] , having both hard structura groove barriers and ductile environment for
cracksto stop.

Powder metdlurgicd techniques generaly are
sintering,
powder forging,
cold isogtatic pressing (CIP),
hot isostatic pressing (HIP),
spray forming,
plasmatransferred arc (PTA) welding and
different coating technologies.

Concerning abrasive wear, hard partides have for along time been known to impede
the wear that occurs by grooving or indenting, while metallic matrix has provided
sufficient toughness. The addition of hard particles means an increase in materid
hardness and/or addition of diding barriers. In the case of composite materids, wear
resistanceisoften influenced by the microstructure-rel ated factors, such as the volume
fraction, the size and the orientation of the particle reinforcements.

One of the widely used parameters in determining the effect of the microstructure on
the wear behaviour is the volume fraction of the hard phase, v, (or binder content).
The use of this parameter in case of multiphase materids, metd matrix composites,
hardmetals or cermets with material wear behaviour is reported in severa studies of
arasive wear [Axen94a, Axen95a] [Colaco03a] [ZumGahr87a] [Lee02a]
[ Pagounis96a] [DoganOla] [Pirso04a] [KubarseppOla] and in erosive wear
[ Hovis86a] [ Hussainova03a] [ KuluO4a] [Levin00a] [Stack97a, Sack99a] [Shin87a] .

16



INTRODUCTION

The importance of hard particle size, d, as well as spacing, sp, is concerned in wear.
The improvement of wear resistance against grooving requires that the hard particles
ae a least as large as the grooving width. In rough abrasion, the metd matrix
compostes with 50 to 100 pm reinforcement particle sizz have shown good
performance [Berns95a]. In addition to the erosve wear dependence on materid
characteristics, the erosive wear of materia is strongly dependent on the direction of
applied force, which may be oblique (smal or medium angle) or norma. The
vaiation of impacting angles of dorasive particlesforce leads to different
micromechanisms of wear, verified with MM Cs recently by Veintha [ Veinthal 05a] .

One important parameter in the wear of composite materids is the scde of the
individua contacts, which can be expressed either asthe ratio between the area of the
contact zone that the abrasve partice makes with the wearing surface and the
reinforcement/hard particle size or the spacing between the reinforcement/hard
particles. This ratio aso takes into consideration to some extent the impact angle of
eros ve particles, supposing that the particles make different contact zones at different
impeact angles.

The mechanica properties of composte materids are highly dependent on hard
particle size and spacing. Mechanical failure of meta matrix composites has been
investigated e.g. by Broeckmann [Broeckmann96a]. Hard phase cleavage and
decoheson are the primary falure mechanisms observed under externd load.
Theoreticaly, bending strength, R,, decreases with the increasng mean hard particle
size, dyp [ Berns98b], Figure 8a. The ease of cracking increases with the hard particle
diameter, thus lowering the fracture strength.

The toughness properties of the composites are also highly dependent on the structure
of the materids. The toughness of metad matrix composites depends on, anong other
properties, the size, the amount and the distribution of the hard particles [ Berns98c].
Earlier studies of microstructures of MMCs in wear environments [ Berns 97a] have
reveded that contacts between hard particles in duplex or net-like distribution lower
the fracture toughness. It is assumed that, if hard particle spacing is larger than the
size of the stressed zone at the crack tip, the fracture toughness is improved, Figure
8b. The fracture toughness increases with the reinforcement sze in a particulae
reinforced composite. This will lead to double dispersion microstructure discussed
later (the berefit of the larger reinforcements, however, keeping the actual/true hard
particle sze smal, without the loss of the fracture toughness and bending strength
vaues). [ Berns03a]
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Figure 8 Schematic presentation of bending strength R, and fracture toughness K. in dependence on
the HP size and specing at agiven HP content. [ Berns03a]

Reprinted from aticle in WEAR, Vol. number 254 (2003), Hans Berns, Comparison of wear resistant
MMC and white cast iron, Pages No. 47-54, year 2003, with permission from Elsevier.

One of the most interesting parameter-related microstructural factorsis a distribution
of the phases, visudised in Figure 9. Modification of the distribution has certain
advantages in wear environments where, besides the grooving, toughness is needed.
With the modification of distribution, keeping the volume fraction of the harder phase
congant, the properties and performance of the materid can be changed. The
properties, microstructure and wear of steel matrix composites, especialy so-cdled
double disperson have been investigated systematicaly by Berns et d. [Berns95a,
Berns97a, Berns98a, Berns98b, Berns98c, Berns99a, Berns99b, Berns03a]. Kulu et
d. [KuluO2a] have studied similar double dispersion structures of the cermets,
hardmeta's, composite aloys and coatings. Double disperson structure of WC/Co,
called duad composite, hybrid composite or double cemented, DC, has been studied by
Deng et d. [DengOla][Deng02a]. It is pointed out by Jacobson and Hogmark
[ Jacobson96a] that double dispersion type digtribution of the smal hard particles
behaves similarly to bigger reinforcements in aorasive grooving action, while evenly
distributed smal particleswill not hinder bigger abrasive particles. In the structure of
clusered smdl hard particles, the catastrophic brittle fracture is not as easy as in the
structure of the large solid reinforcements in the matrix. Osara [ OsaraOla,] among
others, studied the wear behaviour of materids of atype similar to those in the present
study in severd environments: abrasive, impact abrasive and impact. In pure gbrasion,
double disperson type composite behaved well among the other compostes. In
impact type tests, the wear behaviour was highly dependent on &brasi ve minerd, type
of minerd and size.
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Figure 9 Schematic presentation for optimising the structure of the composites for specific wear
environment. The example deals with combined compressive and sliding wear.

The structura idea of double disperson dructure of metal matrix composite was
proposed by Berns [ Berns98b, Bernsd8c, Berns03a] for increased toughness in, for
example, meta forming tools. This structure has aso been proposed to be beneficia
for certain gpplications in the crushing industry [TheisenOla, Theisen04a] and in
earth-boring applications [Fang0la]. In these applicaions, both an increase in
strength and toughness is achieved. Hardmetas are known as wear (dbrasion and
eroson) resistant materias consisting of the smal hard particles in the soft metdlic
binder phase. Concerning hardmetals, the dependence of the impact angle on wear in
eroson has been studied by Kulu et d. [ KuluO2a] . In the case of impact eroson a an
oblique angle, the hard phase should exceed 50% (in cermet coatings). At norma
(90°) impact angles, the microcracking, or fatigue, may dominate, and here the role of
toughness becomes more important. For these situations, the hard phase content
should be less than 50%, after Kulu [ KuluO2a]. In the case of a mixed direction of
gpplied force, the structures of double dispersion type are profitable, and therefore, in
the erosion with mixed wear mode, double cemented coaings are suggested
[KuluO2a]. Generdly, “the optima” composite reinforcement content relating to
material wear res sance depends on the wear conditions.

In this study, the tool-sted-based WC-Co hardmetd composites are examples of
materials with a double dispersion type of microstructure. The principle of these
materias is described in a patent “Method for making tool steel with high therma
fatigue resstance” in 1994 by Runkle [ Runkle94a] . The composites of tool seels and
WC cermets or WC ceramics fdl into the intermediate region in the hardness and
toughness properties of the comporents in the composite.
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1.4 Abrasve wear nodels and maps

In the case of the compostes, the effect of the microstructure on materid wear
behaviour is important. The volume frection, shape, size and distribution of the
reinforcement, as well as the spacing between the reinforcement particles or mean
free path, have considerable importance. The type and art of the matrix/binder
combination, interfaces and hard phases affect the materid wear resigance, not to
mention the interna dress state of the composite. The materia response depends on
the wear system of concern; aorasive particle size and red contact area, for example,
are parameters defining the wear system. It seems to be impossible to find “generd
microstructure-related law” applicable in dl the wear sysems, because of large
variaionsin maerias and systems.

A survey of macroscopic wear modd s and equations show the trend of handling wear
as a system property in the past, but, more recently, the materia characteristics have
gained amore important role in the eva uation of the wear of materials. Wea modds
and predictive equations are summarised by Meng and Ludema [Meng95a]: The
number of different wear equations is large; over 300 equations for friction and wear
can be found. Empirical equations were common before 1970. Contact-mechanics-
based equations were common in the years 1970-1980 and the famous Archard
equation was introduced into the books on wear phenomena After contact-
mechani cs-based equations, fail ure-medhanism-based theories were devel oped.

Materid properties (hardness and toughness) are classicdly related to wear. For
example, the Archard equation (1953) (aso known as the Rabinowicz equation) for
adhesive and abrasive wear is an old and widely accepted, referred and modified
equation. It combines externa applied load and hardness of the materid. The totd
volume removed per unit sliding distance Q is

Q= ) (D

where Fy is total applied normad load, H is the indentation hardness of the wearing
materid and K is a congant. In practise, better correlation is found between wear
resistance and hardness of the surface (after work hardening) than the hardness of the
bulk. Models of the materids with more brittle behaviour take the fracture toughness
and elastic modulus into consideration. The following model for the dorasive wear is
based on the lateral cracking [Hutchings92a]: volume wear rate per unit diding
distance Q dueto dl particlesinvolvedis

(E/H)F?®

Q = a3N K1/2H 5/8
C

, (2)

where as is a materid-independent constant, N is the number of particles each
carryingload F and E is elastic (Young) modulus. K¢ is the fracture toughness of the
materid. In another approach, volume wear rate per unit sliding distance is
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5/4
F

Q:a4N K3/4H1/2 !
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3

where a, is aconstant.

The rel ati onshi p between structure and wear resistance has been eva uated by severd
researchers in the case of composite materias. The knowledge of the properties of the
pure phases can be taken into account. For example, according to [ ZumGahr87a],
wear resistance W, in the pin abrasion test with garnet can be related to the carbide
sized, carbide volume fraction v, and mean free path / in the matrix as follows. The
dataobtained for andysis was from white cast irons.

3/2

Wi (4
Erosve wear, classified as a sub-mode of aorasive wear, involves a stress system of
complex nature, large locd plastic deformations and high strain rates. This makes
erosve wear difficult to study; no universaly accepted overal modd exists. Bingley
et d. [Bingley04a] have examined and compared the erodve wear models (for metds)
of Hutchings and Sundarargan in order to test their predictive capabilities. In the
Sundarargan model, the erosion rate is dependent on the depth of the plastic zone
produced [Sundararajan9la], while the modd of Hutchings [Hutchings92a] is
devel oped by solving the equations of motion for a particle impacting atarget surface.
None of the tested models was completely satisfectory in predicting wear rates
[ BingleyO4a] , perhaps because of the limiting factors in the modd and the selection of
experimental materials and angular eros ve particles used.

Models of abrasive wear for two phase or multiphase materias have been devel oped
by using the inverse rule of mixtures or by using the linear rule of mixtures. The
parameter influencing the wear resistanceis generdly the volume fraction of the hard
phase. The wear models for composites can be found for adrasives in the literature
[LeeO2a, Axen94a, Axen95a, Colacn03a, ZumGahr87a]. Recertly erosive wear of
composites has been characterised and modelled by Veinthd [ Veinthal05a] .

A model of abrasive wear res sance of multiphase materias by Axen et d. [ Axen94a,
Axen95a] estimates the upper and lower limits for the wear resistance of the
composites using linear and inverse rules of mixtures. Their modd defines two modes
of abrasive wear, differing in the distribution of the load of the two phases. The two
modes, equa wear rate, EW, of the phases and equa pressure of the phases, EP, both
start from Archard's equation Eq. (1) and follow with rules of mixtures. According to
Axen [ Axen94a], EW assumes that the linear wear rates of each phase in a composite,
and of the composite as a whole, is/are equa. In EW mode, the reinforcing phase
carries the maximum possible fraction of the load. When the reinforcing phase is
carrying the minimum part of the possible load, the load is uniformly distributed. This
follows to the EP condition, equa pressure on the phases. Concerning wear
resigance, the specific wear res sance under EWis
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where A, is the area frection of the particle and Ay, is the area frection of the matrix,
i.e. Aisthetota contact area. The specific wear resistance of the particles is W," and

of the matrix is W,.!. Wear modes EW and EP are plotted in terms of volume loss in
Figure 37 in Section 4.2.1.

Mart Lindgvist [LindgvistO5a] has developed core crusher wear models that can
predict the worn geometry of manganese sted liners and crusher performance. His
models are based on the Archard equation (1) with modifications. Both sliding and
squeezing wear have been taken into account based on the wear mechanism anadysis
of manganese steel liner. The wear rate per crushing stroke isexpressed asin (7).

1" P
Dw=— cyvdt+ 2 |
o Pt v

2

where p is the pressure, v is the sliding vel ocity, C; is the sliding wear coefficient and
C, is the squeezing wear coefficient. The vaues found for wear coefficients using
quartzite were C,;=208 KN/mnY for the sliding wear, and C,=274 kN/mm® for
squeezing wear [ LindqgvistO5a]. While in a cone crusher the sliding wear component
was andysed to be minima, the wear equation is reduced to contain only the
squeezing wear component. In addition, shear forces were taken into account in
further mode modifications. A strong relationship between particle size (and shape)
and wear rate in compressive crushing was found in the third modification of the
model.

Wear maps can express wear resistance or behaviour of materids. Wear map research
was devel oped origindly in order to get awear classification system for ceramics and
to provide a database sufficient for wear modds. The chalenge and the difficulty is
the selection of the parameters presented in the map. They have to be the most
important and limited in number. It seems unredlistic that asingle universa parameter
fitsdl the wear data presented [ BlauO4a, HsuOla, Lim98a, Williams 99a] .

For MMCs, the wear mapping a elevated temperatures and in corrosive conditions
has been done extensively by Stack et d. [ Stack97a, StackOla]. In these maps, the
externd and interna parameters related to wear are combined in a visud form; they
may serve well the materia selection in the specific industria gpplications. Studies on
cemented carbides have reveded that the dominant mechanism of eroson (and
abrasion) depends on the scde of individud contacts discussed earlier
[ Hutchings924] .
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The general criticism of wear modelsis that they can take into account only alimited
number of influencing factors. As there are no universd mechanisms of wear,
quantitative models are applicable to restricted sysems and materids [ Williams29a] .
The danger of overamplifications as well as (interpolation and) extrapolation of the
wear datacan arise [ BlauO4a] . The chdlenge is to find the most important parameters
with acceptance of limiting the influencing factors in wear research. For complex
structures incomplex wear system, this is ademanding task.
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1.5 Aimof the study

Abrasive wear is a common wear type in industrid applications. In this work, the
wear of metal matrix compositesis studied, for example, in demanding rock-crushing
wear environments. In crushing gpplications, the currently used materid for wear
parts isthe well-known Hadfield manganese steel . However, metal matrix composites
are considered as potentid new materials for these gpplications. Composite structures
have been commonly noticed to improve the wear resistance. The am of the
composte structure is to reach performance that cannot be obtained with
homogeneous structure or with single components of the structure.

The experimentd materids in the study are powder metdlurgicd dseel-based
composite materids reinforced with ceramic or hardmetd particles. Wear in a cone
crusher environment is under eva uation with selected martensitic and tool-steel-based
composites for minera industry needs. Wear of austenitic- or duplex-sted-based
composites is evaluated in dry sand rubber wheel dbrasive and erofuge tests. These
stanless- or duplex-gteel-based composites are designed for energy industry
applications and they were devel oped during the “Materids for Energy Technology in
Finnish, KESTO Technology Programme” of Tekes, The Nationd Technology
Agency of Finland.

The purpose of this study is to investigate the correl ation between wear behaviour and
the materia-relaed parameters of the steel-based metd matrix composites. The
materia-related parameters are microstructura parameters, such as volume fraction of
the reinforcements or hard particles, dze digtribution of the hard particles and spacing
between hard particles. The am is to define and evaluate the important parameters
that have asignificant influence on the materia wear rate, and adso the quantitative
laws between wear rates and internd parameters, if possible. These parameters are
evduated by varying the matrix materia of the composite and by varying the
reinforcements in the fixed-matrix materia. The externd wear conditions were kept
fixed in order to define the effects of the materid-related parameters on wear rates.
The internd parameters are supposed to be extremey important for the composte
materia wear performance. One of the most important parameters is expected to be
the volume fraction of the hard phase.

Furthermore, comparisons between cone crusher wear data obtained with granite
stone and other available wear data (split Hopkinson pressure bar test and surface
fatigue wear test) have been made in order to find out whether these laboratory tests
could “estimate” the materid ranking order in the cone crusher wear test.

24



EXPERIMENTAL MATERIALS AND METHODS

2 EXPERIMENTAL MATERIALSAND METHODS

2.1 Materials

The meta matrix composites, MMCs, studied here are powder metdlurgicd, P/M,
materias. The materia stested in laboratory abrasive and erosive wear testers (SET1)
were austenitic and duplex steel-based composite materids reinforced with Al,Os or
Cr3C, ceramics. The composites tested in the laboratory-scae cone crusher (rock
crushing) were divided into two sets (SET2 and SET3). In SET2, the sted matrices
varied, but the composites were mainly reinforced with recycled WC/Co hardmetd. In
SET3, the steedd matrix used was tool steel, containing vanadium carbides to increase
wear resistance. Reinforcements were WC and TiC ceramics and WC/Co hardmetals.
The nomenclature of steel-based composites with WC/Co hardmeta reinforcements is
established as composites with double dispersion, differing from the composites of a
simple structure.

The production of P/M materiads was carried out by hot isodtatic pressing, HIP,
consolidation. Different powders have been mixed together usng dry mixing or wet
mixing. In wet mixing, easily evaporating liquid additive is used to ease the particle
mixing. After mixing, the powder is filled in capsules, which are evacuated and closed
by welding. The capsule is consolidated at high pressure and temperature by the hot
isostatic pressing (HIPing) technique. The typica HIP cyclefor steel-based composite
materiasis caried out a 1150 °C, a apressure of 100 MPaand for a holding time of
three hours. The structure of the materid and the thickness of the diffusion layer can
be affected by HIP cycle sdection. The HIPed product will normally offer distinctive
advantages in terms of finer grain size and homogeneous microstructure with less
segregation and no porosity as compared to conventiond casting technology. On the
other hand, HIPed products can be easily talored by microstructure, ie., by
manufacturing evenly distributed double dispersions, or tailored by macrostructure as
gradient or multi-metal constructions. HIPing and heat treatment are carefully
designed by the manufacturer in order to achieve the optimum interna structure.
Composite heat treatments are shown in Table 5. The composite materids are
described in more detail in Tables 6, 7 and 8.

Table 5 Heat treatments of materids in SET1, SET2 and SET 3 in the studied wear experiments.

Materials Annealing Quench T emper

Tool-geel-based composites  Hold 1080 °C 1 h N gas quenching Double tempeing
2 h 570 °C air cooling

9980-d eel-based composites  Hold 1010 °C 2 h Air cooling Hold 3 h580 °C air cooling
2218-geel-based Hold 900°C 2 h Air cooling Hold 3 h 580 °C air cooling
Manganese-st eel-based Hold 1040 °C 2 h Air cooling
MM 15 composite Hold 1080 °C 2 h Water quench
AlS 316L-based- Hold 1040 °C 1 h Air cooling
composites
Duplex 27-based-composte ~ Nominal 1050-1100 °C/ Water quench

1 hour/25 mm
APM 9935-based-composite 1075 °C 0,5 h (Al.Os) Water quench

1180 °C 0,5 h (CrsCy)
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2.1.1 Tested metd matrix composite sets

Three different sets of materias were selected for this work. Materids in SET1 are
austenitic- or duplex-steel-based P/M composites. The only conventiona materia in
this SET1 was the commercid reference materid 253MA. It is an austenitic high-
temperature steel delivered as a cold-rolled bar. Composite matrix materials were
AlSl 316L austenitic stainless steel, super-duplex stainless steel Duplok 27 (ferrite
and austenite content was not measured, it is usualy around 50%:50%) and heat-
resisant stainless seel APM 9935 (the chemica compositions are given in Table 9).
The reinforcements were angular Al,O3 and Cr3C; particles. In composite structures,
the Al,O; reinforcements kept their origina angular shapes and no visible reaction
layers between reinforced particles and matrix materid were present in optica
micrographs. Between Al,Os and austenitic matrix no interfacid reactions have been
observed by TEM investigations in earlier studies [ Pagounis98a] . However, in earlier
studies, CrsC, has been reported to change during HIPing, probably to Cr3Cs and
Cr;Cs phases [Heinonen00a]. The distribution of the Al,Os; reirforcements wes
homogeneous, but some networking was observed in the case of Cr;C,. Symbols and
compositionsof the SET1 compodites are givenin Table6.

Table 6 Symbols and compasitions of the materials in SET 1.

Symbds Matrix materid Matrix Rei nforcement Rei nforcement Rei nforcement
Vol .% materid Size (mm) Vol.%

316L AlS 316L 100 - - -
316LA AlS 316L 65 Al203 105-149 35
D27 Duplok 27 100 - - -
D27C3F Duplok 27 70 CraC; 10-45 30
253MA 253 MA 100 - - -
APM APM 9935 100 - - -
APM2A APM 9935 80 Al203 105-149 20
APM4A APM 9935 60 Al203 105-149 40
APMC1F APM 9935 90 CraC; 10-45 10
APMC2F APM 9935 80 CraC; 1045 20
APMC3F APM 9935 70 CraC; 1045 30
APMC1C APM 9935 90 CraC; 45-106 10
APMC2C APM 9935 80 CraC; 45-106 20
APMC3C APM 9935 70 CrsC; 45-106 30
APMCAC! APM 9935 60 CrsC; 45-106 40

“HIPing cycle was snorter, 1h indead of 3h.

In SET2, tool steels (WR4, WR6 and WRY7), martensitic steels (Raloy 9980 and
2218) and manganese steel (Hadec) were used as matrices. Their nomind

composition is presented in Table 9. Recycled tungsten carbide/cobat hardmeta was
used as aparticulae reinforcement. Normaly the matrix is softer, and reinforcements
harder materias in these testing sets. However, in the composite MM15 manganese
steel was the reinforcement, which is a softer component as compared to the matrix
materia, high vanadium tool stedl. All the WC/Co reinforced metal matrix composites
in SET2 were doubl e disperson type. This set was designed to evaluate the role of the
matrix in the compoasite structure, while the reinforcing particles were kept fixed. The
composgitesin SET2 for the cone crusher test are introduced in Table 7.

In SET3, the matrix meta was a high-vanadium tool steel and the role of the
reinforcement was the focus of interest. Different reinforcements were used: tungsten
carbide cast particles (WCS), recycled and crushed WC/Co hardmetd, WC/Co dense-
coated (WC particle with cobdt) reinforcements and TiC particles. Symbols of the
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composgitesin testing program SET3 are presented in Table 8. The nomina chemica
compositionsof dl the matrix seelsin SET1, SET2 and SET3 are presented in Table
9. The interfaces between tool steel and WC/Co particles has been studied by Lou et
d. [Lou02a] [Lou03a] and the materiad microstructuresin SET2 and SET3 has been
studied in the present sudy and by Ala-Kleme [ Ala-KlemeO4a] . Gererdly, the shapes
of the reinforcements vary from the flat and long to the more round or square,
depending ontheir prior shape and quality. Some defects, fracturesor clustering of the
reinforcements have been observed in the prepared samples of the same materids as
actua conre parts. The prior powder particle boundaries were visible in many of the
tool seels with recycled hardmeta, as well as in other steel-based composites.
Besides the size, the shape (from angular to more round) and the structure (from
hardmetd to completely monolithic) of particle reinforcements varied. A closer
description of these materidswill be givenin Section 2.1.2.

Table 7 Symbols and compasitions of the materials in the cone crusher tests, SET2. SET2 was designed
for testing therole of the matrix.

Symbols Matrix Matrix Reinforcement Reinforcement Reinforcement HV matrix
Wt.% Wt.% dze (nm) Nominal
WR6WC WR6* 75 W C/Co® (10%) 25 200-400 695
WRAWC WR4* 75 WC/Co® (10%) 25 200-400 575
9980aWC 9980° 75 WC/Co® (10%) 25 200-400 320
9980bWC 9980° 65 WC/Co® (10%) 35 200-400 320
2218WC 2218° 75 WC/Co® (10%) 25 200-400 170
HadacWC Hadac® 75 WC/Co® (10%) 25 200-400 Work harden
MM15 WR7* 65 Hadac® 35 63-177 790
WR6 WR6" 100 - - - 695

“Ralloyad WR6 and WR4 by Metso Powdermet Oy,

BRalloya 9980, 2218 and
Hadac 120 by M e so Powdermet Oy,
®Recycled hardmetal by Tikomet Oy .

Table 8 Symbols and compasition of the materials in SET3, designed for testing therole of the particle
and particulate reinforcemernts.

Symbol Matrix Matrix Reinforcement Reinforcement Reinforcement Reinforcement
Vol.% type after Vol.% Sze
manufacturer (mm)
30WCY WR6" 70 wcP WCScast 30 4590
20WCS WR6" 80 wcP WCScast 20 4590
30WCE  WR6* 70 wcP WCScast 30 250-425
20WC:  WR6" 80 wcP WCScast 20 250-425
30WCt WR6* 70 WC/Co® (10%) recycled 30 100-200
30522dcf  WR6" 70 WC/CoP dense coated 30 4590
30522dcc  WR6" 70 WC/CoP dense coated 30 200-300
30TiCf WR6" 70 Tic? 30 75-250

ARalloya WR6 by Metso Powdermet Oy,
®Recycled hardmetal by Tikomet Oy,
PCeramicsby H.C. Sarck GmbH.
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Table 9 Chemical contents of the matrices presented as nomina compositions given by manufacturer.

Symbol C Cr \% Mo Mn Ni Co S Fe Othe
Wt.% Wt.% Wt%  Wt%  Wt%  Wt% Wt% Wt% Wt% Wt.%
WR4A 1,8 5,25 9,0 1,3 <0,5 0,9 Bal
WR6" 2,90 5,25 115 1,3 <1,0 <1,0 Bal
WR7A 3,40 5,00 1450 1,3 Bal
99808 0,03 153 0,15 0.9 0,75 53 0,1 0,45 Bal W 0,1; Cu
0,40
22188 0,1 2,3 1,0 0,7 Bal
Hadac 120° 1,113 2030 0405 <20 10,0- <1,0 <1,0 Bal P <0,050;
120 S0,040;
Cu<0,20
316L 0,02 172 2,8 1,3 138 0,2 0,7 Bal Cu0,3
Duplok 27° 0,02 261 3,3 11 6,6 0,1 0,4 Bal
APM 9935¢ 0,00 2119 0,19 0,61 111 0,15 1,73 Bal Cu, Al, Ti,
W, N
253 MAP 0,00 20,78 0,20 0,6 10,96 1,7 N, Ce

"Ralloya WR6, WR4, WR7 by Meso Powdermet Oy,
BRalloya 9980, 2218 and Hadac 120 by Metso Powdermet Oy,
€ by Meso Powdermet Oy,

P by AvestaSheffield, now Outukumpu Sainless

2.1.2 Charecteristics of selected meta matrix composite materias

One purpose of the study is to evauate the role of the reinforcement particles on
materiad wear behaviour. Compostes in SET1 have only a few varying internd
parameters. Most of the matrices are austenitic, however with different compasitions.
Few volume fractions of the specific reinforcement type and size are sudied in these
matrices. Additiondly, two types of reinforcements and three differently szed
fractions are used. As a contrast to SET1, materids in SET3 have severd varying
parameters, i.e., reinforcement type, shape, structure, size and volume fraction. Four
compostes — 30WCSf, 20WCS, 30WCSc, 20WCSc - have WC patide
reinforcements with cast structure. Other WC-based rei nforcements have more or less
composite structure. Recycled WC/Co hardmeta powder is used as reinforcement in
most of the composites (SET2 and 3). Recycled (WC/Co with nominad 10% Co)
hardmeta powder was produced through a zinc process, where recycled hardmeta
scrap is pulverized, by the company Tikomet Oy of the Tikka Group [ TikometO6a] .
The recycled hardmetd gppeared to have a porous or lamellae, as well as a normd,
hardmeta structure, Figure 11 and 12. Other WC/Co powders are dso used, where
WC particleis densely coated with cobat. This grade is having a rounder shape in the
find structure; however, porosty in the carbides is observed. Titanium carbide
reinforcement with 30 vol.% was used in one composite, 30TiCf. The shape of the
most ceramic reinforcement particles is irregular, but mostly angular. The man
microstructura parameters related to the sructurd variaion of the composites in
SET1 are given in Table 10. The nomind reinforcement size, d, is used, i.e., the
particle diameters were in the range 105-149 mm in the case of duminium oxide, 10-
45 mm and 45-106 mm in the case of chromium carbide, respectively. Spacing, sp,
between reinforced particles is caculated based on the assumption of evenly
distributed reinforcements taking into account the volume fraction and size of the
reinforcements.
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Table 10 Themicrostructura parameters of the composite materials, SET 1.

Composite material Reinforcement Reinforcement Spacing between Spacing between
Szemin Sze max reinforcements min reinforcements max

(nm) (nm) (nm) (nm)
316LA 105 149 52 74
D27C3F 10 45 6 28
APM2A 105 149 103 146
APM4A 105 149 42 60
APMC1F 10 45 18 81
APMC2F 10 45 10 44
APMC3F 10 45 6 28
APMC1C 45 106 81 191
APMC2C 45 106 44 104
APMC3C 45 106 28 65
APMCAC 45 106 18 42

Some cabide characteristics of the tool steel-based matrix materid and
reinforcements are depicted in Tables 11 and 12 for compositesin SET2 and SET3. In
the case of SET2, the fraction of the reinforcements was given in weight percents by
the manufacturer. The area fractions of the reinforcement particles and the true
carbide dzes were evduaed through image andysis techniques. Materid
characterisation was carried out from materids made in the same production batch as
the actud wear-testing components. The microstructure was expected to be similar in
al samplesin the batch. The optica and scanning el ectron microscope, SEM, pictures
from the samples were andysed by the image analysing program UTHSCSA Image
Tool [UTHSCSAO44a] . The image anaysing was performed by manua and automatic
operations of the program. The threshold operation of the pictures was made
manually. (The Threshold command is used to create abinary image from agrey scae
image. [UTHSCSAD4a]) In case of automatic operations, i.e., object andysis, the
pictures were dways checked visudly so that the andysing tool made the right
choices in the case of matrix and hard particle areas in defining area frection of the
objects. The areafractionsof the different phases are consdered here to represent the
volume fractions of the carbides. However, there is an error in the area fraction
andysis related to the true volume fraction of the materia. The procedures, accuracy
and error sources inthe image anaysis are discussed elsewhere, in Section4.1.2.

The microstructure of the testing mantle, in the case of materid WR6EWC, was
compared with the analysed materid samples using the image andysing program. The
average WC/Co content of mantle WR6WC is 18% in area. Since the average WC
content of the WC/Co is90%, the estimated WC content in the composite is near 16%
in area. The same WC content was found for the material samples from the same
batch too. The VC carbide area fraction in WR6 is gpproximately 18 to 20%
according to the image anaysis. The value of 18,2% is in a good agreement with of
the VC content found in the literature in the case of a similar type of PPM materids
with the same nomina composition [ Dixon04a] . The size of the VC carbidesis afew
micronsin the HIPed products.

In SET3, the volume fraction of the reinforcements was given by the manufacturer,
therefore the nomind volume fractions were used in characterisng the compostes,
Table 12. The effect of particle or particulae reinforcements on wear rae was
evauated for SET3 (the matrix was WR6 tool steel in dl materids). In SET3 besides

29



EXPERIMENTAL MATERIALS AND METHODS

the volume fraction of the reinforcements, Table 12, other characteristics of
reinforcements varied too. The reinforcement particle szes, theoretica spacing
between reinforcements (depending on the volume frection and sizes of evenly
distributed reinforcements) and the true hard-particle szes of the particulae
reinforcements are presented in Table 13.

Table 11 Volume fractions, hard particle sizes and visua charecters of reinforcements in SET2.

Materials VC carbides wcC Total VC wcC Reinforcement Cobalt  Reinforcement shgpe
Vol.% Vol.%  Vol.% Sze Sze Sze Visual
(rm) (rm) ()
WR6WC 150 159 309 ltofew 3+05 200-400 InWC Porous, angular
WR4AWC 122 140 26,2 ltofew 3+05 200-400 InwWC Porous, angular
9980awC - 111 111 ltofew 3+05 200-400 InwC Porous, angular
9980bWC - 152 152 ltofew 3+05 200-400 InwC Porous, angular
2218WC - 132 132 ltofew 3+05 200-400 InwC Porous, angular
HadacWC - 137 137 - 3+05 200-400 InWC Porous, angular
WR6 182 0 182 ltofew - - - -
MM15 148 0 148 ltofew - - - -

Table 12 Volume fractions, and visua characters of reinforcements in SET 3.

Materials VC carbides wcC Total carbide Cobalt Reinforcament Shape
Vol.% Vol.% Vol.% Visual
Nominal Nominal Nominal
30WCY 12,74 30 42,74 No Solid, angular
20WCe 1456 20 34,56 No Solid, angular
30WC 12,74 30 42,74 No Solid, angular
20wCs 1456 20 34,56 No Solid, angular
30WCft 12,74 27 39,74 InWC Porous, angular
30522dcf 12,74 264 39,14 Around WC Porous, round
30522dcc 12,74 264 39,14 Around WC Extremely porous, round
30TiCf 12,74 TiC 42,74 No wC Solid, angular
30

Table 13 WR6-based composites, numerical values for the characteristics of thecompasite structure.

Material Reinforcament Reinforcement  Sacing between Spacing between True True
Sze min Sze max reinforcementsmin reinforcementsmax ~ carbide carbide
(bm) (bm) (bm) (bm) Szemin  9zemax
(bm) (bm)
WR6WC 200 400 2177 4353 1 7*
30WCYH 45 90 278 556 45 90
20WCe 45 90 442 883 45 90
30WCx 250 425 154,4 2625 250 425
20wCs 250 425 2453 417,0 250 425
30WCF 100 200 61,8 1235 1 7
30522dcf 45 90 278 556 ~5* ~20-25*
30522dcc 200 300 1235 1853 ~5* ~20-25*
30TiCf 75 250 46,3 154,4 75 250
FESimaed vistaly

Based on the image andysis, the particle reinforcements are sometimes unevenly
distributed. Especidly the shape of recycled WC/Co particles was irregular, Figure
10. In this optical micrograph, the boundaries between round prior powder particles
arevisible.
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Figure 10 Optical micrascope picture of tool-sted-WR4 (dark)-based composite with recycled WC/Co
(light) reinforcements. Theround prior powde particle boundaries areclearly seen in the image. In the
left side 200 um line segment.

InFigures1l1a and b recycled WC/Co reinforcement particle intool steel WR6 and in
martendtic 9980 sted matrix can be seen. Round and evenly distributed vanadium
carbides of afew micrometers in 9ze are seen in the tool steel matrix (dark) Figure
11a. The actud WC particles (lightest areas) of the reinforcements are seen in the
cobalt binder. The prior powder boundaries, (seen in the Figure 10), appear as oxide
necklaces in the SEM pictures, as in Figure 11.b on the right-hand side of the dark
9980 matrix area. This means that powder particle surfaces have been oxidised prior
to the HIP consolidation, which actudly is not the wanted situation. Also, porosity of
reinforcement was observed in materias with hardmetda or carbide reinforcements in
these test materids. The wearing parts are large in area, and macroscopicaly the
reinforcement distribution of the materids is considered homogeneous in the sca e of
wear-inducing particles (stones), which were, in the presert case, 10 to 20 mminsize.
The interfacid reaction zones between particulae reinforcements (light area) and the
matrix (dark area) can be observed in both pictures. In Figure 11b, the reaction zone
between matrix and reinforcement is over 5 um of thickness. The interfacid reaction
zones were relaively thin between tool steel and recycled WC/Co, asin Figure 11a.

The distribution and variations in structure of the reinforcement particles in the tool
steel matrix is seenin Figures 12a and b.
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Figure 11 SEM-micrographs of the steel based composites: a) Recycled WC/Co reinforcement in WR6
tool steel and b) Recycled WC/Co reinforcement in 9980 martensitic stedl composite. The differences
in the thickness of the interfacia reaction zone can be seen. Note the different magnification in the
black text bar.

b
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Figure 12 SEM-micrographs of the tool-sted based composites: @ Recycled WC/Co reinforcements in
tool sted, WR6WC. Thelight areas are recycled WC/Co and dark the matrix, b) same materia with
higher magnification. The variations in the reinforcement particle structure (light areas) can be seen.
The recycled hardmetal appeared to have a porous or lamellag, as well as anormal, hardmeta structure,
as seen in figure b.

Reinforced tungsten carbide particle coated with cobat in tool sted matrix is
presented in Figure 13. The prior shape of thistype of carbide particles was rounder
than that in recycled WC/Co. However, this carbide grade seemed to be extremdy
porous. In these compoasites, there is a relatively large vanadium carbide-free zone
(over 20 micrometers in thickness) around the reinforcement particles, represented as
the lighter areain Figure 13.
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Figure 13 SEM-micrograph of thecomposite with tool steel matrix and WC particles dense coated with
cobalt.

Cast WC and TiC reinforcements in SET3 were pore-free and uniform by the
structure differing from the dispersion-type WC/Co carbides. In Figure 14 a, tungsten
carbide is partly present (light area), and the solidfication structure is seen faintly
inside the carbide, as well asthick interfacia reaction layers around the carbide. After
mechanica grinding and polishing, cracked carbides can be seen on the surface.
When looked at closely, cracks seem to start near the boundary between interfece
layer and matrix. The cracks continue in both directions, both into carbide and into
matrix. However, cracks are shorter in the matrix. Composite 30TiCf was reinforced
with angular titanium carbides, in the Figure 14 b. In the picture, it can be seen that
materia is removed from the carbide surfaces in a brittle manner during mechanica
grinding and polishing.

SATO0 10,060 18 2 s 00k SEL) 1R04

Figure 14 SEM-micrograph of compasites in SET3 &) cast WC particle (light area) with some cracks on
the ground and mechanicdly polished surface and b) titanium carbide reinforcements (dark areas).
Some material is removed in grinding from the TiC. Matrix is high-vanadium tool stedl in both cases.

The distribution of the reinforcements was visudly homogenous in the large scae,
athough locdly uneven distributions coud be found in the samples. Larger
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reinforcement particles of 250-425 mm in size are not connected with each other inthe
composte structure, Figure 15. From the manufacturing point of view, the
relationship between reinforcement powder particle size and matrix powder particle
size is important. Clustering of hard particles or networking of the whole carbide
structure can appear if the matrix powder particle sze is large compared to
reinforcement particle size.

Figure 15 SEM-micrographs of the relative large 250-425 nm cast WC reinforcement particles in tool
sted matrix of the compaosite 30WCSc. Reinforcements are not connected to ech other.
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2.2 Experimental methods

2.2.1 Dry sand rubber wheel test and erofuge test

Abrasive wear tests were carried out for sdected materids in SET1 a Helsinki
University of Technology with a dry sand rubber wheel, DSRW, tedter. Tests were
carried out basicaly according to ASTM G65-91 standard [ASTMG65-91]. The
testing parameters were the following: force 130 N, rotation speed 266 rpm without
load, sand flow 138 g/min, test duration about 10 min and wheel diameter 180 mm.
Quartz sand used was of irregular shape (99,5% SO, 0,23% Al,O3 and 0,04% Fe,Os)
and having a particle size distribution between 100 and 600 mm. Sand is not in
accordance with standard practice ASTM G65-91. The sample sizes were (25* 55* 15)
mm® The results are presented as weight loss (g), volume loss (mm®) and wear rates
(mg/g), i.e. (the weight loss of the test specimen)/(gbrasive sand used).

Erodve wear tests were carried out for composites in SET1 a Tampere University of
Technology. An erosive wear tester based on a centrifuga accelerator [ GOST23.201-
78] described in [KleisO05a] and similar to that used by, for example, Kiibarsepp et d.
[ Kiibarsepp0la], was employed. Erosive particles were fed into the centre of the
rotor, then particles were accelerated through the rotor channels, and findly the
erosive particles hit the specimens at a certain angle. Impacting particles were quartz
sand (S O,) of 100-600 nm particle diameter and irregular particle shape. The impact
angles used were 30° and 60° and the velocity of the particles was 40 nvs. Fifteen
samples (15x25x4) mm® (surfaces ground with 1200 grit emery paper) could be
exposed to eroson a each run. Most of the materials were tested repetitively four
times a aspecific angle. Results are cdculated from the measured mass loss (mg) by
dividing it with the mass of erosive particles supposed to impact one specimen (i.e.,
amount of the sand used (30 kg) multiplied by relative amount of used sand hitting
one test sample (8,5°/360° = 0,023611, one sample covers 8,5° of the periphery of the
circle)).

2.2.2 Cone crusher test

The smadl-scae Nordberg laboratory core crusher, caled B90, is used in order to
obtain information on the wear rates of the mantle. The stones are crushed in
compression in the cavity between the concave and mantle. Principle of the cone
crusher was presented in the Figure 4 in Section 1.2. The loss of materid in the liners
(concave and mantle) affects the product (rock) quality and the crusher efficiency.
The codes of testing practise with B90 have been developed & Metso Minerds Oy
and tests were carried out in the Metso Minerd’ stesting laboratory in Tampere by the
tesing technician. The cone crusher is presented in Figure 16 a and b. True
dimensions of the B0 are: length 765 mm, width 765 mm, height 720 mm, and the
tota weight of the equipment is 260 kg. The tested samples, mantles, were 130/240
mm in diameter with height of 85 mm.
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a) )
Figure 16 @) The forklift truck is filling the feeder of B90 conecrusher, b) open B90 equipment, and
the upper part of the mantle is seen in the figure.

The stones used in the cone crusher wear tests were mica-gneiss for SET2 and granite
for both materia sets, SET2 and SET3. The stone properties for Finland Sorila granite
and Finland Lakada va mica-gneiss are presented € sewhere [ Ruuskanen06a). Both
stones are multi-mireras by composition. According to Metso Minerds and
[ Ruuskanen06a], the UCS' of the used Sorila granite is 193,9 MPa and UCS of
Lakdavamica-gneissis63,7 MPa, Young's modulus for Sorilais 70,9 GPa, and for
Lakdavait is 72,4 GPa The abrasive was dried for every test and tests were not
conducted when raining. The granite rocks used as abrasive materid (feed) in the tests
areshowninFigure17.

ARt LA L L L I )0 L i
Figure 17 Rock used as abrasive material in the tests is slightly red granite.

The operating parameters of B90 are fixed according to the standardised testing
procedure by Metso Mineras and controlled in order to confirm the test repeatability
and reliability. The close side setting, CSS, was 5 mm, stroke 40 mm and abrasi ve
materid (feed) size was 10-20 mm in every test. Both stones, granite and mica-gneiss,
were sieved out into the standardised size fraction and dried before the wear tests. The

! Ultimate Compressive Strength
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power consumption kWh, flow rate (capecity) ton/h (taken 8 times during the test) and
abrasive consumption kg were reported; the feed materid and end product were
checked by sieve andysis. About 2500 to 4500 kg abrasives were used for each test
materid; the wear rates were measured for three to six times per materid. In a few
cases, only two measurements were carried out for SET3 materids if an acceptably
smdl variation exised between the two results. With the composite WR6WC,
atogether twel ve measurements were taken, in order to evauate the test repeatability
and reliability. With this materia the coefficient of variation was 8%. Variation
caused by B90 test configurations has been estimated to be +8% dso by Metso
Minerds.

The wear rate measurements were made from the mantles, one of which is shown in
Figure 18. Results are caculated as mass loss (g) of the tested wear part divided by
the mass of abrasive particles (kg) flown through the cavity.

Figure 18 Laboratory cone crusher wear part, mantle and measuring stick of 20 cm are shown in the
picture.
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2.2.3 Other experimenta methods

After the wear tests, dimensiona measurements of the mantle wear geometry and
surface roughness measurements of the worn surfaces were carried out a Metso
Mineras | aboratory by technicians. The surface roughness of the SET2 materids after
wear tests was measured with Mitutoyo SJ.201 equipment. Wear surfaces were
studied visudly with a stereo microscope and scanning electron microscopes. SEM
equipments used were LEO SEM 1450 with INCA EDS, Philips SEM XL30 with
EDAX EDSand Hitachi FE-SEM S-4700 with INCA EDS.

The wear mechanisms of the materids in the laboratory cone crusher were evd uated
by surface replicas. This was done because the real wear parts were retained for
further wear teds. The replicas of the mantle wear surfaces were made by Repliset3,
whichisareplicating system by Struers. The resol ution of replicas is 0,1 micrometer
according to the manufacturer.

Hardness test (Rockwell) equipment was Albert Gnehm 160. Hardness measurements
were carried out on test material samples.
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3 RESULTS
3.1 Abrasveand erosive wear of steel-based composites

3.1.1 Abrasive wear raes

Abrasive rubber wheel test results of the austenitic, duplex and heat-resistant steel-
based composite materids reinforced with Al,Oz and Cr3C, ceramics are shown in
Table 14 and Figure 19. The results are average vaues, AVEs, of two teds. The
average coefficient of variaion, COV, was 9,3%. In order to meet ASTM
specification, the COV must not exceed 7% [ ASTMG65-91][ Hawk99a] . Symbols and
compositionsof the compositesof SET1 materids have been given earlier in Table 6
in Chapter 2.1.1. However, some of the SET1 materids were left out of DSRW ted.

Table 14 Rubber whed test results of the austenitic and duplex stedl-based composites. The letter A or
C are abbreviations referring to Al,Os or CrsC, reinforcements, respectively; the number indicates
volume fraction of reinforcement (x 10) and thelast letter F or C stands for fine and coarse particle size
of thereinforcements of the tested materials.

Material Weight loss (g) STDEV (g) Densty (g/lcm”3) Volume3I053 Wear rate (mg/g)
(mnT)

APM 1,357 0,098 7,71 176 1,030

D27 1,222 0,286 7,8 157 0,927
D27C3F 0,136 - 7,464 18 0,103
APMA2 0,727 0,009 6,962 104 0,551
APMC1C 0,815 0,063 7,607 107 0,618
APMC3C 0,349 0,022 7,401 47 0,264
APMCL1F 0,584 0,017 7,607 77 0,443
APMC2F 0,347 0,034 7,504 46 0,263
APMC3F 0,227 0,035 7,401 31 0,172
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Figure 19 Weight losses of the materias in the rubber whedl abrasion tests. The first two columns on
the left are plain matrix materias. The eror bar according to the average coefficient of variation, COV,
was 9,3% in the test.
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3.1.2 Erodvewear raes

The wear raes of the erofuge test change in the present case after the firg
measurement of test specimens, which is seen in cumulaive weight loss plotting,
shown in Figure 20. Reliability of the data and error sources are discussed in Section
4.1.

Erosve wear test results are given in Table 15 and Figure 21. Symbols and
compositionsof the composites were specified earlier in Table 6 in Section 2.1.1. The
erosve wear tests were carried out in 1999 and 2001. In the supposed steady-state
region, wear rates were gained & a 30 degree impact angle. The coefficient of
variaion, COV, was 6,4%, while, a a 60-degree impact angle, the average COV was
5,5%. The results of eroson tests carried out in 1999 a a 60° impact angle using in
total 30 kgs of aorasive in the wear test are dso presented in Liu's doctora thesis
[Liu03a] on eght maerids 253MA, APM, APMA2, APMCI1F, APMC3F,
APMC1C, APMC2C and APMC3C. Wear tests were carried out during and after the
TEKES project (Eroson and erosion-corrosion resistant powder metdlurgica
materids for the application of energy technology ERCOM AT). The author worked in
the project and the part of the erof uge tests were aso done by author.
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Table 15 Erosive wear rates obtained in erofuge test, when 30 kg per test abrasive was used and
particle velocity was 40 nvs. The letters A and C are abbreviations referring to Al,Os or CrzC;,
reinforcements. Respectively, the number indicates volume fraction of reinforcement (x 10) and the last
letter F or C stands for fine and coarse particle size of the reinforcements of thetested materials.

Material  30°impact  30°impact  30°impact  60°impact  60° impact  60° impact

angle angle angle angle angle angle
AVE 2001 1999 AVE 2001 1999
(mg/g) (mg/g) (mg'9) (mg/g) (mg/g) (mg/g)
253MA 0,075 0,075 - 0,088 0,081 0,094
APM 0,075 0,071 0,078 0,079 0,072 0,087
APMA2 0,081 0,084 0,078 0,087 0,085 0,088
APMA4 0,088 0,088 - 0,102 0,102
APMCLF 0,076 0,074 0,077 0,088 0,087 0,090
APMC2F 0,084 0,084 - 0,080 0,080
APMC3F 0,066 0,062 0,070 0,090 0,085 0,095
APMC1C 0,078 0,078 0,078 0,081 0,076 0,086
APMC2C 0,078 0,083 0,074 0,085 0,081 0,089
APMC3C 0,059 0,053 0,065 0,088 0,088 0,088
APMC4AC 0,108 0,108 - 0,126 0,126 -
316L 0,072 0,072 - 0,064 0,064 -
316LA 0,071 0,071 - 0,095 0,095 -
D27 0,071 0,071 - 0,071 0,071 -
D27C3F 0,064 0,064 - 0,098 0,098 -
014
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Figure 21 Ercsivewear rates obtained in erofuge tests of the SET1 materials. Impact angles 30-and 60-
degrees, particle velocity 40 m/s.
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3.1.3 Hardness vdues

Rockwell hardness values, HRC, of the SET1 materids tested in rubber wheel
equipment, are presented in Figure 22. The HRC vaues could not be measured for
APM matrix materia and APMA2 composite, because of the softness of the
materias. The proper hardness vaue in these cases is HRB: the HRB hardness of
AMP matrix was 90,4 HRB and that of the APM2A composite was 964 HRB.
Increasing reinforcement volume fraction increases the hardness values. The average
CQOV was 2,6% in hardness measurements.
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Figure 22 HRC hardness for the SET 1 materias. Matrix material APM and composite APM2A were
too soft for this type of hardness measurement.
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3.1.4 Worn sufaces after erosive wear |aboratory tests

The following SEM images show typica wear surfaces after erosive wear tests. The
eroded surface of austenitic-Seel-based composite containing auminium oxide,
composite APM4A, eroded with 60-degree impact angle is presented in Figure 23
with two magnifications. Respectively, duplex-sted-based composite with chromium
carbides, composite D27C, is presented in Figure 24 with two magnifications. The
sizes of the hard phase particles varied in both cases. The ceramic particles showed
brittle behaviour, while dl the matrices seemed to be deformed. Erosive wear of seel-
based composites a 60-degree impact angle has been evduated earlier by Liu
[LiuO3a]; the matrices were deformed and oxides and carbides seemed be prore to
cracking. Thisis aso observed inthe following Figure 23.

Figure 23 @) and b): examples of worn surfaces of the austenitic-steg-based composites containing
auminium oxide, composite APMA4. The aluminium oxide is light element and shown as dark the
matrix is white. Erosive wear test at a 60-degree impact angle with particle velocity of 40 m/s. SEM
BSE images, two magnifications.
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Figure 24 &) and b): examples of theworn surfece of the duplex-stee-based compaosite with chromium
carbides, composite D27C, eroded at a 60-degree impact angle and 40 m/s particle velocity. SEM BSE
images, two magnifications.
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Comparisons of the wear surfaces after erosion tests a impact angles of 30 degrees
and 60 degrees of AISI 316 stainless-sted-based composite materia with Al,O3
reinforcement are shownin Figures 25 and 26. Eroding particle vel ocity was 40 m/s.
It seems that at a 30-degree impact angle, more apparent slidng scars are present in
the matrix surface than & a 60-degree impact angle. At both angles, reinforcement
Al,O3; seems to behave in a brittle manner, e.g. Figure 23b. At a 60-degree impact
angle, the marix area of the composites seems to have more ploughing and
di splacement type of wear scars.

a)
Figure 25 &) and b): worn surfaces of the composite AISI 316L with Al,O; tested in erofuge tests at a
30-degree impact angle with the particle velocity of 40 m/s. SEM BSE images, two magnifications.

a)
Figure 26 @) and b): worn surfaces of the composite AlSI 316L with Al,Os tested in erofugetest a a
60-degree impact angle with the particle velocity of 40 m/s. SEM BSE images, two magnifications.
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3.2 Laboratory-scale cone crusher wear tests

3.2.1 Wear of the composites with different matrices

The SET2 materias can be divided into three groups tool-steel-based composites
(WR6WC and WR4AWC) martersitic-steel-based composites (9980aWC, 9980bWC,
2218WC) and composites with manganese steel (HadacWC, MM15). The measured
wear rates of the materials of SET2 are obtained with two store types, i.e., mica
gneiss and granite; these are presented in Table 16. The same results are presented in
graphica formin Figure 27. Average COV in SET2 was 11,7%.

Some tedt results are omitted in Table 16 because the test parameters did not remain
stable. These tests were 9980aWC and HadacWC tested with mica-gneiss stone and
2218WC tegted with granite stone. Additionally, the results marked with ( )* were
clearly not steady-state wear rates, i.e., the first wear result (and dso the second) of
the set of Sx tests were very different from the others. The cumulative wear |osses of
selected materid sof SET2 are presented in Figure 28.

Table 16 Thewea rates obtained in cone crusher wear test with mica-gneiss and granite stone on the
steady-state region of wear, SET2

Symbol Wear rate average (g/ton) Wear rate Wear rate average (g/ton) Wear rate
Mica-gneiss (Mica-gneiss) Granite (Granite)
STDEV STDEV
WR6WC 1,5 0,1 2,0 0,2
WR4AWC 3,8 0,3 5,6 0,2
9980awWC - - (18,2) 16,2 (59* 1,6
9980bWC 7,8 0,4 (19,2) 16,9 (4,97* 1,6
2218WC 9,0 1,0 - -
HadacWC - - (116)* 96 B32*1,1
MM15 2,2 0,2 3,3 0,5
WR6 31 0,4 4,7 0,2

*Initial gae of wear isincluded.
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Figure 27 Wear rates of materias in the cone crusher wear tests of SET2 materias using mica-gneiss
and granite stonewear media. The error bar is according to the average coefficient of variation, COV.
Iltwas 11,7 % in thetest.
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3]
—— WRBWC/granite 1 WRMO granite
—*— WR6WC/granite 2 WREgrarite
D1 = WRBWCmicagne s 4
) -+ WRb/granite micaangSs
8 - WRBIM agnd s w g .
215 1~ WRWC/mica sy MMLSgraite
§’ —— WRIC/grarite WRE/micagnsiss
o — MM15ganite
1 +—1— MM15nicageiss | MM 15/ nica-goeiss |
glo mica-gneiss WROMO grarite
§ V\/RGNC]g nite
5 /n/m'dmmageiss
0 T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000 450 5000
Cumulati ve abrasive mess (kg)

Figure 28 Cumulative weight losses as a function of the amount of used abrasive, obtained in cone
crusher wear tests of selected materials of SET2. Thegranite 1 and 2 tests aretwo identical testing
rounds.

In SET2, the tota carbide content of the composites differs and the reinforcements
cons s of two types of carbides, VC and WC. The VC and the WC carbide contents
of different materids are presented in Figure 29. The volume fractions of the carbides
are presented in Table 11 in Section 2.1.2.

35

V C carhide vol.%
B WC carbideva%
Totd carbide vol.%

WR6WC WR6 MM15  WR4AWC 9980aWC 9980bWC 2218WC HadacWC

carbide vol.%

Figure 29 Tata carbide content of the materias in SET2 and the content of the separate tungsten and
vanadium carbides in steel matrices. The measurements are donewith image analysis program.

46



RESULTS

3.2.2 Wea of thecomposites with different particle reinforcements

The materids in SET3 were designed on the basis of knowledge obtained from the
results of SET2. Considerably hard tool steel WR6 was selected for the matrix of al
these composites. Particle reinforcements of different kinds were included in the
teing program. Reinforcements differed by the structure (solid reinforcement
particles and hardmeta reinforcements with dispersed smal hard particles in the
metallic binder), or by the hard phase (WC, TiC). Average COV in the wear tes
results of SET3 was 14,9. Thisis higher than in SET2, but the wear rates were aso
congderably lower.

Table 17 SET3 wear rates in cone crusher wear test with granite stone

Symbol Wear rate average (g/ton) Wear rate (Granite)
Granite STDEV

30WCYH 3,6 1,3
20WCe 55 0,8
30WCs 4,2 0,4
20weCs 2,4 0,2
30WCF 2,8 0,5
30522dcf 3,6 0,4
30522dcc 3,6 0,7
30TiCf 3,6 0,4
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Figure 30 Wear rate results of tool-steed WR6-based compoasites (SET 3) with particle
reinforcements, in conecrusher tests with granite stone.
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3.2.3 Wear surfaces after |aboratory cone crusher tests

Wear surfaces were eva uated by SEM and stereomicroscope using surface replicas.
The mantle wear parts were aso evauated visually and by stereomicroscope. The
surfaces were rel atively large, so only asmall area of each materia could be eva uated
in SEM. Under stereomicroscopy, no differences in the wear surfeces were noticed a
different partsof the laboratory crusher mantle (from top to bottom). The geometrica
dimensions of the mantles were not changed during the wearing time in this study, but
it isobserved that liners can wear differently a different parts [ Lindgvis03b]. Thisis
expected to happen in larger scale crushers, and therefore the | aboratory-sca e crusher
does not present the "rea " full-scal e case completely.

The materids in SET2 had a larger variaion in the absolute wear rates than the
materias in SET3. In SET2, the lowest surface roughness (and wear rate) after wear
tests was associated with WR6WC, WR6 and MM 15 materid's; Ra () va ues of worn
surfaces were near 4 with dl these materias (WR6 3,08...4,77m MM15 2,74...4,23m)
WR6WC 2,98...4,71m). Other materids have rougher surfeces in SET2, with Ra ()
vaues of nea 6 after wear tet (WRAWC 4,06...6,61m 9980aWC 4,56...6,67m
9980bWC 446...7,53m 221825WC 458...6,32, Hadac25WC 4,38...6,13). Under
stereomi croscopy, the macro-scal e roughness of the surfaces and the rock indentation
scars are clearly seen on mogt of the materias in both sets. Both “upraised hard
particle hills” aswell as “valeys” were seeninthe surfaces of composites.

Different matrices of the materias in SET2 tolerate wear differently. The number of
sliding scars seems to be smaler in composites with the tool-steel matrices, as
compared to those with martensitic-stedl or manganese-steel matrix. However, it is
expected that in every materia sliding scars can be found when the magnification is
high enough, athough they may not be observed in the replicas. The direction of the
scars existing in the upper part (of the mantle) tends to be around 45° from the
horizonta on both directions as observed in Figure 31 a. This behaviour is observed
in severd materids. The direction of scars may reved the typica feed particle
movement in the cavity. The width of the scars varies considerably, and can be around

100 mm Figure 31 b.

e ! ot BT .u.m '
Flgure 31 SEM mlcrographs of the wear surface repllca of the WR6-based composite after cone
crusher wear test with granite stone. Sliding scars in the matrix surface. Two magnifications.
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Wear surfaces of the WR6-based materids after cone crusher wear tests with granite
and micagneiss wear media resemble each other. Only few sliding scars were
observed in the replica samples and the surface was relative smooth as compared to
other test materids. It seems that reinforcement particles are “upraised’, i.e., the wear
rate of the matrix materid is higher and reinforcement wear rate lower. This was
confirmed visudly by stereomicroscopic study of the red wear parts. Typicd SEM
micrographs of the replicas of the WR6-based composites of SETS 2 and 3 are shown
in Figures 32 and 33. The composite structure is seen in thesefigures; valeys (in true
surface hills) are the marks of the less worn reinforcements. In Figure 33, the rougher
surface of the coarse carbide reinforced composite 3S0WCSc is compared to the finer
composite structure in 30522dcf.

AccV  SpotMagn Det WD ————] 500 jm ~F CAccv  Spot Magn “Det WD —— 500 um
1.00kV 5.0 80x SE 99 HWSS Tz 100KV 50 30x _SE_102

Figure 32 SEM mlcrogrhsof thewea surface repllca of WREWC a after crushlng granite stoneb)
after crushing mica-gneissstone.

AccV  SpotMagn WD F————— AccY  Spot Magn
lOOkV44 30)( 100 33 “ lOOkV44 30)(

Flgure 33 SEM mlcrographs of theWRG-based composneﬁwnh a SO|Id remforcements |n30WCSc
and b) smaller (45-90 um) dense coated reinforcements in 30522dcf after crushing granite stone.

It seems that the WR4-based composite has the same type of wear behaviour as the
WR6-based composites: the reinforcement particles are “upraised” from the matrix
materia, and the wear rate of the matrix materid is faster. In Figure 34, the diding
scars of the abrasive particles in the WR4-based composite are shown, and, in Figure
35, typicd examples of the wear surfaces of the martendtic deel-based and
manganese seel-based composites are seen.
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£ AccV  Spot Magn i - AccV  Spot Magn Det WD |—| 200 pm
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Figure 34 SEM mlcrraphs of thewear surface replicas of WR4-based composne a) after crushlng
granite stone and b) after crushing mica-gneiss stone Two magnifications.
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Flgure 35 SEM mlcrogrhs oftyplcd suface repllcas of composn&s W|tha) martensmcsteel matrlx
b) manganese stedl-based composite, WC/Co reinforcements, &ter crushing granite stone.
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4 DISCUSSION

The wear performance of the materids is highly dependent on the structure of the
materia/composite and on the wear environment. The present chapter discusses the
relations between wear rate and materid structure in the studied wear environments.
The role of hardness is adso consdered and the wear rates in the simulative cone
crusher wear experiment are compared to other test resuts. At the end of the chapter
comparisons between cone crusher wear tests data and other available wear data, the
split Hopkinson pressure bar test data and surface fatigue test data, are made.

4.1 Thereliability of data

41.1 Thereliability of the wear experiments

Dry sand rubber wheel abrasive wear

It can be argued that the dry sand rubber wheel abrasive wear experiments, performed
according to ASTM G65-91, actudly do not present any real wear situation. However,
DSRW is a standard wear test and it is widely used to measure the abrasive wear
resisance in order to rank the materias, but not for determining the absolute wear
rates of the materids [ Hawk99a] . Another critica point about this test is that the area
of the contact changes as the test proceeds and this makes the comparison between
specimens impossble [ Hawk99a] . Abrasive stone is one reason for the scatter in
rubber wheel test results between different |aboratories. The test results of the same
materia can be very different with different stone. In the present study, differing from
the standard procedure, the abrasive used is arock from Nilsiain Finland.

According to [ Hawk99a], the experiment reproducibility is a best when the volume
losses of the specimens are between 20 to 100 mm?®. In the present experiments, a
large variation from 18 to 176 mm® of volume losses was observed. Average
coefficient of variation, COV, is 9,3%, which is relatively high. High average vaues
of COV, from 7,15% to 10,96%, were aso found elsewhere [Osara0la] with the
steel-based composite materid s of atype similar to that in the present sudy. In order
to meet the ASTM specification, the COV must not exceed 7% [Hawk99a]. In the
case of the present composite materiads, the loca uneven distribution of the
reinforcements in the different test specimens can increase the scater of wear test
results, as the testing area of the sampleis smal and the loca variation of the rative
coarse reinforcement particles is present. This gpplies to al wear experiments on
composite materid s where specimen sizes arerelatively smal and the variation in the
composite structure is caused by an unsuccessful process of mixing the sarting
material powders.

However, rubber wheel wear test is awell-known and relaive simple experiment. It
has therefore taken its place in agood and profitable ranking test of materials.

Erofuge eros ve wear

In erofuge experiments, the ordinary way of presenting the wear results is the mass
(mg) or volume losses (mm°) divided by the weight of abrasive used (in g or kg)
[ HussainovaOlb] [ Soderberg8la]. However, the operaing parameters (stone-related
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parameters, impact angles, and velocities) can vary considerably in different studies.
This makes comparison of the different wear research results found in the literature
difficult, especialy when small changes in operation parameters cause high changes
in erosive wear rates of materids. The advantage of the erofuge test is that severd
specimers, including a standard reference specimen, can be tested under the same
conditions and a same time, therefore giving results that are truly comparable to each
other. The detailed description of the testing device is given by Kleisin [Kleis05a] .

The role of the compodte dructure is important in the erosion phenomenon
[Kosd92a]. The loca uneven distribution of the reinforcement particles may cause
scatter between the test specimens. The COV va ues of the erosive wear rates reported
inthis study were from 5,5% to 6,4%, which is consdered as acceptable. Other more
crucid pointsin defining the religbility of the wear test results are as foll ows:
- It was observed in this sudy that the abrasives will stick to the deformed metallic
matrices, aso reported earlier by Liu [Liu03].
The composites with higher volume fraction of reinforcements usudly have more
reinforcement-rel ated defects, which will be discussed in the next Section, 4.1.2:
The scatter and defects of the composite structure.

Wear in laboratory cone crusher

The nature of the laboraory cone crusher, caled here B90, wear test is completely
different as compared to prior laboratory dry sand rubber wheel or erofuge tests. In
this smulative wear test, the degree of reaism is supposed to be higher than in any
pure one-wear-mode laboratory test, concerning the materiad wear performance
estimation in the actua cone crusher gpplication. The B90 experiment simulates the
rea wear environment in many ways. The movement of the sore particles and the
crusher geometry are assumed to be similar to those of the red scae equipment.
However, it aso lacks severd aspectsincluded inrea full-scale crusher fecilities. The
B90 is much smaler than actud cone crushers. This means that, a least the Sze
distribution of the minerd particles and the forces present differ from the red
gpplication. As compared to many other [aboratory wear tests, the exact single particle
rea movement is not known in the B9O equipment. The amount of the sliding wear
compared to the wear controlled by rock particle indentations is also not knowninthis
experiment.

Inthe present |aboratory cone crusher wear experiments the externd parameters were
fixed and the performance of the wearing materid was the main interest. Mica-gneiss
stone (used with SET2) and granite stone (used with SET2 and SET3) were the only
“varying” externa parameters. Granite and micagneiss are naturd stores, and
therefore multi-mineras with inevitably some variation in structure. The granite, from
the nearby city Tampere, Finland, was selected for the experiments based on the
advice of rock specidigts. This was because it has arelatively homogeneous quaity as
compared with many other stones. The deposit in the ground is large and therefore the
availability of the rock was good for tests. The granite store is considered as a very
abrasive stone. Mica-gneiss stone was used only in the SET2 wear experiments; and it
is softer than granite. The idea of using so-called medium &orasive stone was to
evaluate how much effect the different stones have on wear rates and the ranking
order of the materids.
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Inthese tests, the “natural” variaion of the operation parameters (stone, weather etc.)
has to be accepted. The shape of the stone particles was irregular, which results in
variaions in the true contact areas of the stone particles (and wear volumes of the
liners), even with similar nomind particle sizes of abrasive stone. The stone particle
sizes were fixed by a screening process. All the tests that faled in the stabilisation of
the external testing parameters were eliminated. The reasons for this rejection were,
for example:

unfinished wear part surfacesor the wrong surface geometry,

false operating parameters, for exampl e, close side setting, and

initia state of wear (steady state of wear not achieved).

An important advantage of the B90 cone crusher |aboratory experiment as compared
to many other laboratory tests is that the wearing surface is large as compared to the
scae of the unevenly distributed reinforcements of the composites. The loca scatter
and unevenly distributed reinforcements of the composite materials will not affect the
results, as they can in the case of small specimens and testing areas. However, the
whole mantle as wear specimen increases the expenses of the experiments. Also, the
time needed for the experiments (starting from meta powder compaction of the test
materia and finishing when the experiments were completed) was considerably long.
This type of simuldive wear test is very vauable in every sense; however, the time
spent to obtain the few tested va ues often resultsin the use of simpler laboratory tests
with simple test specimens. For example, small plates can be used instead of HIPed
cone crusher wear parts.

The average coefficient of variation, COV, of the wear test results was 11,7% in SET2
and 14,9% in SET3; however, with some materias, the COV was about 2% and, a
the highest, over 40% with low-wear-rate materids. When the wear rate is low, the
“normd” scatter of this cone crusher wear test will be high as compared to the
absolute wear rates of the tested materids. As aresult of this testing, the configuration
(set of externa parameters) will not be adequate if the wear rates decrease further due
to the size of the measurement error compared to the test result. The laboratory cone
crusher wear experiment was originaly designed for the standard materia, manganese
steel, which has generally higher wear rates in these tests than the best of the tested
HIPed P/M tool steds. Comparing the |aboratory-scae smulative wear test with the
impact jaw crusher wear test, scatter up to 20% or more has been found in some cases
inthese circumstances [ Hawk99a] .

The wear rate results are expressed in the form of (g/ton) materia weight loss per
used abrasive in the wear test. The most of the materids studied in this work were
materias with tungsten carbide reinforcements. However, as compared to the lighter
non-tungsten materials MM15, WR6 and materias with titanium, the volume loss of
these “light” materias will be higher and a shift in wear rates will occur in these
cases, if presented in term of volume losses instead of weight losses. However, the
results representing true measuring values are what is wanted, because the volume
loss dready is a cdculated value in the case of these composites. The density is a
measured vaue, which means that, if presenting the results in volumes, there would
be error sources of two tests (wear test and density test) in the wear-rate values.
Another source of the result dfting and the source of scatter is the wear of the
concave. It was made of wear-resistant materia, but still, through the progress of
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time, the wear of the concave will have an effect on the “setting parameters” and
indirectly on the wear of the mantle. The wear of the concave will increase the cavity
volume in the crusher slightly; however, in these experiments, this point is considered
to influence the overall scatter of the experiments.

4.1.2 The scatter and defects of the composite structure

In redlity, there is scater in the reinforcement sizes, shapes, digribution and matrix
powder particle szes in this study, Figure 36. (However, the homogeneity is
dependent on the observation area)) The particle sizes and shapes of the raw powders
and the mixing process of the powders affect the final distribution of the
reinforcements. Locd inhomogeneous areas in the composite structure have to be
accepted to an extent defined by the manufacturing process and raw materids.
Clusters and networks of reinforcements may aso occur to some extent. In Figure 36
a and b, coarse duminium oxide reinforcements and fine chromium carbide
reinforcements in the stee matrices of the SET1 composites can be seen in the same
magnification.

Figure 36 Thesize scale, uneven shape and networking of the reinforcements are seen g in AlSI 316L
austenitic stainless sted with relative coarse Al,Oz reinforcements and b) in duplex stainless sted
Duplok 27 with fine Cr3C, reinforcements. Optical microscope pictures, with the same magnification.

Design of the compostes is a chalenge because severd phases show different
physical properties, such as the thermd expansion coefficient, solubility of aloying
elements etc. In the HIPing process, the compatibility of the powders in production,
control of the diffuson zones and the formation of the secondary phases, as well as
formation of internal stresses etc., are aspects to be considered. Dilemmas in the
materia production can arise. For example, austenitic- and duplex-steel-based
composites in SET1 in this study need a rapid cooling rate after heat treatment, in
order to avwoid unwanted secondary phases. On the other hand, generdly rapid
temperature changes or deformation can causeinterna stresses. The quality of the raw
materialsis aso directly reflected in the final materid sructures. Defects observed in
the composite structures during the current are:

oxide necklaces in the prior powder particle boundaries, caused by oxidised

powder prior to consolidation,
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porosity inthe metallic matrix or inrecycled hardmeta reinforcements,
porosity or cracks ininterfaces between matrix and reinforcements and
relatively large, visible interfacial reaction layers.

One critica point in the present wear tests was the MM C sample preparation. As the
materia contained ductile and brittle phases, the sample suface might have been
deformed or defects/cracks might have been formed during the sample preparation.
Especidly in the laboratory tests, DSRW and erofuge test, the sampl e preparation was
made up with specid care in order to avoid the deformation or defect formation (spark
machining, manua grinding). The cone surfaces in the cone crusher wear test were
machined conventiondly. As machining is a “rough” surface treatment, it was
important to continue the wear tests as long as the steady-state wear rate was obtained
in the cone crusher tests.

Data from composite microstructures collected from images of materia surfeces, as
well as the nomind vaues of materids, were used. Automatic and manua functions
of the image analysing program were combined. The criticd point in these andyses
seems to be threshold operation, the definition of the borderline between black and
white in order to further analyse the size and area fraction of the hard phases or the
impact scars. In this study, the areafractions have been considered to estimate volume
fractions, thought to result in only a smdl error as compared to overal scater.
Considerably large pixel numbers have been used to visudise the boundaries more
accurately and to get more-accurate measures. Cond dering the scatter and "non-idea "
character of the composite structure, the collected numerica characterigtics of the
structure can be considered as trend-setting average values. The image anaysing
results were in this study observed to largdy depend on the manuad operations in the
threshold phase, after many trias of the image andysis of the microstructure.
Therefore, values given by manufacturer were consdered as rdiable as image
andysis results of the present composites.
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4.2 Abrasve and erosive wear performance of steel -based conposites

4.2.1 Dependence of abrasive wear on reinforcement-re ated parameters

Volume fraction of the hard phase is awidely recognised microstructura parameter of
the compoasites. The dependence of the wear rate on the volume fraction of the hard
phase is discussed in the case of the materias presented in Table 6 (Section 2.1.1).
The dry sand rubber wheel (DSRW) abrasive wear rates under discussion are
presented in Table 14 (Section 3.1.1). The volume losses in DSRW tests are presented
in Figure 37 as afunction of the nominad oxide/carbide volume fraction. It is shown
that the abrasion resgance of the studied matrix materids (APM and Duploc) is
improved when either the CrsC; or Al,Os content of the compoasites isincreased. The
wear rate is decreased by over 80%, when the reinforcement volume percent increases
from O to 30. The austenitic and duplex steel matrices are reatively soft and not
particularly wear resistant. When comparing the relative wear resistance of the
matrices and composites (Table 14), the plain duplex sted and duplex steel with 30
vol.% fine Cr3G, reinforcements have a slightly lower volume loss compared to plain
APM or APM with 30 vol.% fine Cr3C,, respectively.
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Figure 37 Volume loss of the compasites in DSRW test. Loss of materia due to wear is presented as a
function of reinforcement volume percent. Compoasites with two matrix materials APM and Duploc
have been plotted here. The linear trend line (EP wear mode) shows the upper limit of the wear. The
lower limit of wear is shown by EW wear mode according to [Axen94a]. Both EP and EW are
calculated theoreticaly by setting the carbide volume loss as 1 mm?® and then calculating linear (EP)
and inverse (EW) rules of mixturefor the APM-matrix-based composites.

The reinforcements (Figure 37) seem to have a clear effect on the wear resistance of
composites with chromium carbides, and a uminium oxides. The increase of the hard
phase volume fraction has also been reported to decrease the wear rate (in rubber
wheel tests) in earlier sudies, i.e.,, with P/M-iron-based composites with ceramic
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reinforcements [ Pagounis98a]. When studying the magnitude of the reinforcement
effect, the modd of abrasive wear resistance of multiphase materids of Axen et d.
[ Axen 94a] , explained in Section 1.4, can be utilised. The basic ideaof the Equations
(5) and (6) have beenimplemented in Figure 37. Two modes, equa wear rate, EW, of
the phases and equa pressures of the phases, EP, both start from Archard's equation
(Eg. (1) in Section 1.4) and continue with rules of mixtures. The linear trend line
shows the upper limit of the wear, according to the EP (equal pressure) wear mode,
while the lower limit of wear is shown by the EW (equa wear rate) wear mode. As
the bulk carbide or oxide wear is considered to be extremely low, both EP and EW are
caculaed theoreticaly by setting the carbide volume loss as 1 mm® and then
cal culating the volume losses from linear (EP) and inverse (EW) rues of mixture for
the APM matrix composites. It should be noticed that, in Equations (5) and (6), the
wear phenomenon is presented as wear resistance and in Figure 37 as volume loss.
The volume losses of the dl four tested composites seems to be considerably
decreased when compared to plain matrix materid; this is the case especidly with
composite reinforced with finer chromium carbides. This means that composites seem
to follow either a near EW or mixed mode wear (Figure 37). Equa wear rate of
phases, EW, means that both phases are worn down pardlel; this mode corresponds to
the idea Sate and a composite is taking full advantage of its reinforcements
[Axen94a]. Axen et d. have verified the modd with severd materids. The SC-
particle-reinforced auminium was worn in EP mode under conditions that promote
large abrasive grooves (high loads and coarse abrasves), while under milder
condition the compoasites were worn under the mixed mode (in pin-on-drum two-body
abrasion tests). Rubber- and bakelite-matrix-based composites followed EW mode
lines.

Because of the consderable beneficia influence of the reinforcement particles on the
wear rae, it can be concluded that bonding between matrix and reinforcement
particles is strong enough under the present wear conditions to prevent reinforcement
to fal out too easly from the matrix. The “coarse” reinforcements are upraised on the
wear surfaces, which means that the matrix materia has at least a slightly higher wear
rae than the reinforcement particles. In the case of “fine” reinforcements in
composites, the aorasive sand will not have so much space to peretrate between the
reinforcement particles.

The question of the influence of other microstructurd parameters of the composites,
such as the sze of the reinforcement particles and spacing between the particles on
the dorasive wear rate is then addressed. The effect of the size of the reinforcements
on wear rates in DSRW within SET1 materias (materias Table 6, Section 2.1.1 and
sizes Table 10, Section 2.1.2, wear results Table 14, Section 3.1.1) is shown in Figure
38. It can be seenin Figure 38 that size of the reinforcements aso has a considerably
strong effect on the volume losses. In the case of chromium carbides in the austenitic
matrix, fine chromium carbides perform better a the same volume frections than
coarse carbides. (Trend linesfor each volume fractions (tested values 10/100, 20/100
and 30/100) are added to Figure 38.) The wear rate decreases by aout 30 percent
with the finer carbide reinforced composites as compared to coarse carbides of the
same type.
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Figure 38 Thevolume losses vs. the average size of reinforcements of thetested composite materias in
the dry sand rubber wheel tests. It can be noted that with the same volume fractions (tested values
10/100, 20/100 and 30/100), the composites with smaller reinforcement sizes have lover wear rates.
Bulk matrix wear rates are not on the scale of thefigure (APM volume losswas 176 mm?®, D27 volume
loss was 157 mm?).

When concerning the influence of the spacing between the reinforcement particles on
volume losses in DSRW within SET1 materias in Figure 39, the trend of smaler
spacing with a smaler volume loss can be seen. (Materids are presented in Table 6,
Section2.1.1 and spacings in Table 10, Section 2.1.2 and wear resuts in Table 14,
Section 3.1.1.) The spacing between particles is smaler with finer carbide sizes as
well as with higher volume fractions of reinforcements (and therefore the overal
hardness is dso higher inthese composites, see results in Figure 22 in Section 3.1.2).
It is noteworthy that spacing between reinforcement particlesis anot an independent
interna parameter, as the spacing depends both on the volume fraction of the
reinforcements and on the size of the reinforcements. The spacing between particles
has an important role fromthe physica point of view: it determines the free paths for
grooving the matrix by abrasive particles. In the present case, the aorasive particles
were angular and with the size from 100 to 600 nm; however, sharp grooving edges of
the abrasive particles are much smdler.
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Figure 39 The volume loss vs. the average specing between reinforcements of the tested composite
materials as measured in dry sand rubber wheel abrasion test. Higher volume fractions of
reinforcements and their smaller size decrease the spacing between reinforcements.

In the pin abrasion test with garnet, it has been found that the wear rate is relaed to
carbide size, volume fraction and the mean free path by Equation (4), presented earlier
[ZumGahr87a]. With the present results from SET1, such relationship cannot be
found. However, as shown in Figure 40, the correation can be found between wear
rate and the ratio of two internal parameters, reinforcement volume percent and
spacing between reinforcements (wear rate u spacing/volume percent). This can be
rationdised as follows. The coarse reinforcement sizes (Al,03 105-149 mm and Cr3C;
45-106 mm) are relaively close to abrasive particle sizes (100-600 nmm). In the
composites with coarse reinforcements, the reinforcing particles dso have the highest
spacing Table 10 in Section 2.1.2. This means that in abrasive wear situations, the
materia is more heterogeneous, i €., finer abrasive stone particles will fit between the
coarse reinforcement particles and may groove the matrix materid. Besdes the
volume percent of the hard particles, the spacing between particles seems to be more
crucid than the size of the particles. The observations of the wear surfaces adso
support this idea On the wear surfaces of composgtes, hard reirforcements are
upraised on the surfaces and the matrix around the particles has been worn out. This
implies that the more homogeneous the composite is, the more wear resgant it is, i.e.,
the smallest spacing gives the best wear resistance. Consequently, the logarithmic
fitting in Figure 40 may not be “red”, i.e., the reason for the sharp change in the slope
may be the “boundary” between a heterogeneoudy behaving composite and a
homogeneoudy behaving composite in this specific wear environment.

In wear, the contact area of the abrasive particle defines the homogeneity of the
material, as discussed earlier in Section 1.2. The importance of therelative sizes of the
particle contact zone and the hard phase regions in the gbrasive wear of a composite
materia has been pointed out by Hutchings [ Hutchings92a] . Only when the gbrasive
particle type is fixed and the particle size is constant can the interna materia
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parameters be evduaed separatdy as in the present case. The spacing between
particles is commonly characterised by the mean free path. It is used, e.g. for the
characterisation of hardmetds. Concerning polymer composites, the distribution of
the reinforcing phase, represented by the mean free path, is noticed as an additiond
factor for describing the abrasive wear resistance besides the volume fraction of the
reinforcing phase [ ZumGahr87a] .
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Figure 40 Thevolume losses vs. theratio of the internal microstructura parameters (the spacing and
volume fraction) as measured in DSRW test.

Hardness is one of the most recognised parameters in the wear of metdlic materids.
The DSRW volume losses have been presented as afunction of inverse HRC hardness
vaues of the compoasites, in Figure 41, (wear results in Table 14 in Section 3.1.1,
hardness results in Figure 22, in Section 3.1.3). The HRC vdue of the plain matrix
materid D27 isshown, but the HRC vdue for the APM matrix is not, because it could
not be measured reliably due to the softness of the materid. Composites with the same
volume fraction of hard particles have higher vaues of hardness (Figure 22, in
Section 3.1.3), when the hard particle Sze is decreased. In the tested cases, the best
performing particle sze range is 10 to 45 um, with volume fraction 30%. Finer
structures with homogeneously dispersed carbides are aso generaly considered as
wear-resistant materia sin abrasive wear. Such materids are, for example, tool seels,
white cast irons or hardmetals. They aso have significantly higher HRC vaues, as
compared to the stainless steel matrix in the present composites.

Hardness is one of the centra parameters in the widely referred Archard equation for
wear, Eg. (1). In the present case, increasing composite hardness correl ates aso well
with decreasing abrasive volume loss, as can be seen in Figure 41. The relationship

between hardness (H) and wear rate is in our case found to be W, »axH *+b,
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where a 5550 (mm?°) and b is—81 (mm?®) by using Microsoft Exce to fit the equation
congants. This relationship predicts zero wear at the hardness of ~67 HRC.
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Figure 41 Volume losses vs. composite hardness in dry sand rubber wheel tests. Hardness value of
APM-matrix material could not be measured in HRC units due to the saftness of the material.

The materids seem to follow the modified Archard wear equétion, i.e., the wear
resigance is increased with the hardness (and volume fraction of the hard particles).
The materiad wear aso fits between the upper and lower limits defined by Axen et d.
[ Axen94a] . Besdes the volume fraction of the hard particles, the spacing between
hard particles seems to be more crucia than the size of the hard particles. Spacing
between particles implies that the more homogeneous the composite is in relation to
the wear environment, the more wear resgan it is, i.e., the smalest spacing between
hard particles gives the best results. When the abrasive particle type is fixed and the
Size is constant, only then can internd materia parameters be correlated separately
with wear as in the present case. Otherwise, the internd and externd wear-related
parameters should be combined.
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4.2.2 Dependence of erosive wear rate on reinforcement-rel ated parameters

In eros ve wear, the influence of the reinforcements on wear rétes is very different as
compared to rubber wheel aorasive wear. The effect of the reinforcement is highly
influenced by the wear environment, especidly by the impact angle of the erosive
particle flow. In the present study, the wear behaviour of materias was evauated a
two impact angles, i.e., angles of 30 and 60 degrees (v=40m/s, erodent quartz sand
with particlesize in the range of 100-600 nm) Table 15 (Section 3.1.2).

At a 30-degree impact angle, more sliding scars are present in the matrix surfece than
a 60-degree impact angles. These differences are shown in Figures 25, 26 in the case
of AISI 316/Al,05 composite. The matrix areas are highly deformed at both impact
angles and auminium oxide particles have shown brittle behaviour in both cases. In
these composites, the surface is “living” with the wear processes. Reinforcement
particles are crushed and removed to some extent, and the erodent particles are
attached and embedded in the soft and ductile matrix. The eroded surfaces a a 60-
degree impact angle, studied by Liu, contained embedded particles over the entire
surface [Liu03a]. It was aso discovered tha the mgor wear mechanisms of matrix
were ploughing and type-1 cutting, Figure 2. Furthermore, “the topographic features
indicate that the erosion losses of the composites were controlled mainly by the
damage patterns of the ceramic reinforcements” [LiuO3a]. The breakage of the
ceramics in a purely brittle manner and the weakness of the particle bonding were
observed in the case of Al,Os; In composites with CrsC, reinforcement, plastic
deformation was observed and, according to Liu [Liu03a], this played arole in the
course of the materid removd.

The influence of the reinforcement volume fraction on erosive wear rete can be seen
inFFigures42,43 and 44 at tested impact angles. In the whole set, the increase of the
wear rate a a 60-degree impact angle can be seen at the higher volume fractions,
Figures 43 and 44. At a 30-degree impact angle, the reationship between volume
fraction of the reinforcement and wear rate is weak and non-linear in SET1 materials,
Figure 42. Erosive wear rates were more or less a the same level regardiess of
whether plain matrix materia or acomposite was tested. When studying the influence
of the chromium carbide volume frection on the wear rate, it seems that wear rate
decreases at 30-degree impact angles, Figure 42. In the case of a composite with 40
vol.% coarse Cr3C; and Al,Os, the wear rateisincreased in comparison to compoasites
with lower reinforcement content. As a conclusion, it could be said that no red
improvement of wear resistance caused by the reinforcement addition was observed.
Thisisin agreement with [ Kosel92a], where it is noticed that erosve wear resistance
of the rdative coarse composite structure rarely increases “due to the synergidtic
increase of eroson rate of hard, brittle phase by its presence as a dispersed phase in a
relative soft matrix.”

In many materids, wear rates at both angles were close to each other and, when taking
into account the scatter of results (d scussed in Section 4.1.1), the differences between
impact angles are not S0 evident. In Figures 42 and 43, a slight increase of the wear
rate (30 vol.% composites) a a 60-degree impact angle has been noticed, compared to
a 30-degree impact angle. This behaviour can dso be seen in Figure 44. Veintha
[ Veinthal05a] has studied the eroson performance of steel-based composites with
TiC, WC and NbC reinforcements. In al composites, the erosion rate increased with
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the erodent impact angle from 30- to 90-degree (v=50 m/s and erodent quartz sand
with particle size in the range of 100 to 300 mm). With lower erodent velocity (20
m/s), the differences between impact angles of 30- and 60-degrees were not
significant, but they increased between 60- to 90-degree impact angles. The generd
trend [ Finnie95a, Kleis05a] is that the brittle materias have a higher erosion rate at
higher impact angles as compared to ductile materias. This trend aso applies here as
the composites with higher hard-particle content are more brittle on average. The
evduation of the impact angle effect becomes more complicated theoreticdly in
composites cong gting of severa materids, both inherently ductile and brittle.
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Figure 42 Erosive wear rate vs. volume percent of reinforcements at 30-degree impact angle with
APM-sted-based compasites (v=40 m/s). Composite APMCr is with Cr3G, tested with 10, 20, 30
vol.%, and composite APMA is with Al,Ostested with 20 and 40 vol.%.

63



DISCUSSION

—&— A PM Crcoarce 60 deg /}
0,12 T—1~" APMCrfine 60 deg T
—* APMA 60degy
0,1 /}
c)
g 1
% 0,08 T 1
o
S
2 0,06
‘o
o
o
0,04
0,02
0 T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Reinforcement content (Vol.%)
Figure 43 Erosive wear rates vs. volume percent of reinforcements at 60-degree impact angle with
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Figure 44 Erosivewear rates at 30-degree impact angle and 60-degree impact angle of austenitic- and
duplex-stedl-based composites (v=40 m/s).

In erosve wear, comparisons between different studies support the view that the
influence of the reinforcement/hard particle volume fraction is highly dependent on
the wear conditions. The “scae of individua contacts’ [Hutchings92a] has a mgor
effect on the erosion behaviour of the meta matrix composites. In wear, the contact
area of the abrasive particle in relation to the scae of the microstructure defines the
homogereity of the materid. As discussed earlier in Section 1.2, alarge contact area
compared to the sca e of the materid microstructure defines materid as homogeneous
and vice versa, asmall contact area of the abrasive particles as compared to the scae
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of the materid microstructure leads to heterogeneous wear behaviour of the materid.
When studying Figures 23, 25 and 26 represerting compostes with coarser
reinforcements, the scae of wear marks seems to be much smadler than the scae of
the structure, while in Figure 24 the wear marks tend to be of equd size with the scde
of the structure. In the following, the effects of the particle size and the spacing of the
reinforcement particlesin SET1 are evauated in order to find out whether any genera
trends exist. When considering the effect of the size of the reinforcement particles,
Figure 45, the average reinforcement size does not seem to have any significant effect
onthe erosive wear ratesif al the composites are collected in the same presentation.
The reason for this is that, when presenting the wear rates of al composites as the
function of the reinforcement size, the composites with specific renforcement sze
have different volume fractions of hard phase, and therefore are plotted as horizonta
lines. Separating the specific volume fractions with their own tested impact angles and
connecting them with lines, we will discover that the composites containing higher
volume fractions of hard particles have aslightly decreased wear rate with an increase
in hard particle Sze. The exception to this are composites with 20 vol.% hard phase at
both impact angles and 10 vol.% composites at a 30-degree impact angle.

When studying the effect of reinforcement spacing, the biggest differences between
wear rates of the studied composites existed a the smalest spacing vaues (Figure
46). Larger spacing improved wear resistance of the composites with the highest
volume fractions of hard phase a both impact angles. With the smalest volume
fractions, no significant differences in wear rates were observed.
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Figure 45 Erosivewear rate vs. the average size of thereinforcements at 30-degree and 60-degree
impact angles of SET1 composites.
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As conclus onon the effects of the reinforcement g ze and spacing on the eros ve wear
resisance at afixed volume fraction, the wear resistance is noticed to improve with
increase of average reinforcement size. While the particle spacing depends on the
volume fraction and size of the hard particles, larger reinforcement particle size
resultsin larger spacing between reinforcement particles at the fixed volume fraction.
Hence, an improvement of the wear resistance was a so observed with the increase of
the nominal spacing in case of composites with the higher volume fraction of the hard
phase. The increase of the hard particle spacing has been noticed to increase fracture
toughness of the composite according to [BernsO3a] and thus lower the bending
strength. On the other hand, large hard particles will crack easly as illustrated earlier
in Figure 8. In materia selection for eroson conditions, toughness is consdered an
important parameter, since fracturing determines the wear resistance, especidly at
norma and high (>60) impact angles. At lower impact angles, the hardness of the
eroding material will play a more important role [Kleig05a]. At a 30-degree impact
angle, slight improvement of the wear resistance with the increase of the hard particle
content (Fig. 42) was noticed up to 30 vol .% of the hard phase dsointhis study.
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4.3 Dependence of cone crusher wear rate on internal material parameters of
composite materials

In a cone crusher wear environment, several wear micromechanisms of wear has been
found to be present smultaneously, e.g. Lindgvist [Lindgvis03a] has detected
squeezing and sliding. Different wear marks were found aso in this study, in Figures
31 and 34. In the case of pure diding, cutting and ploughing of soft metalic matrix
are dominant, while ceramic reinforcements are only ground. In the case of pure
compression/indentation, microcracking of ceramic reinforcement is the crucid
phenomenon, while the matrix will be plasticaly deformed. The resistance to the
fatigue, i.e., the repeated wearing actions, may aso be important materia property.
Relationships between wearing motion and wear mechanisms are affected by
reinforcement-related parameters and mairix materid. This network of the
relationships is unique to the wear environment and materias. The importance of
internal microstructura parametersin composite wear has been noticed, e.g., by Berns
et d. [ Berns95a] [ Berns98Db] [ Berns98c| [ Berns97a] [ Berns03a] .

Inthis chapter, the role of the matrix materia and the different reinforcements of the
present composite materids (SET2 and SET3) in the wear rate development are
discussed based on the laboratory cone crusher tests. The role of the interfaces
between the matrix and the reinforcementsin wear rate devel opment is not eva uated
here. In the successful production of the composites, the interface between matrix and
reinforcements should not be the weakest link in wear: bonding should be strong and
ductile enough to hinder the pull-out of the reinforcements too ealy in wear
situations.

Ingenerd, after the experience and attempts to andyse the tested materids, it can be
stated that the trends concerning the interaction between microstructure parameters
and wear can only be found within similar types of materias. When trying to compare
highly different materias having different wear mechanisms, too many variables are
invol ved to enable any sound conclusions.

4.3.1 Dependence of wear rate on the materia carbide type and content

One of the widely used parameters in determining the influence of the microstructure
on the wear behaviour is the volume fraction of the hard phase. In SET2, the trend of
decreasing wear rate with increasing hard particle contert can be seen in Figure 47
with both the stone types, i.e.,, micagness and granite (wear rates in Table 16 and
hard particle content in Figure 29 in Section 3.2.1). Reinforcement contents were
orignaly determined and produced in weight % in this set and an image anaysis was
carried out for the converson of the reinforcement content into area %, which is
presented here as vol.%. For the tota carbide content, both VC carbides (dispersed
evenly in the matrix) and reinforced WC/Co (hardmetas, where carbides are in
clugers) were counted together. The average hard particle content vaues are trend
setting, as the sandard deviation vaue of the hard particle content were relative high.
This is seen by andysing the numerica vaues from the images discussed earlier.
However, the following aspects can be brought into discusson:
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Matrix VC content seems to affect beneficidly the composite wear rate. In Figure
47, the materids WR6, MM15, WRAWC and WR6WC contain VC and have the
lowest wear rates as compared to other tested steels. With softer matrices, the
gliding is observed on the wear surfaces. Vanadium carbides are increasing the
macrohardness of the matrix materias and harder matrices are capable of resisting
indentation and groove formation.

It also seems that 35 wt.% addition of softer manganese seel into the matrix with
high VC content shows good performance, i.e., materid MM15 (in Figure 47).
The matrix materiad WR?7 has the highest VC content of dl the tested materials,
while the manganese stedl as a soft materid brings to the composite the increased
toughness. The wear rate is much lower than that of other materials with the same
volume fraction of hard phase.

Mogt of the composites were WC/Co-reinforced (with the exception of MM15),
but their wear rates seem to vary widely, athough WC/Co contents in different
materids vary only between 10 and 15 vol.% according to image anaysis. This
implies aso that matrix dominates the wear-rate level of the composites and the
matrix VC content seems to have a greater effect on the wear rate than WC
content in SET2.

For SET2 materids, the wear rate and the volume fraction of the hard phase seems to
obey the power-law relationship, y = a x” (Figure 47). By anadysing further five
SET2 materids exposed to two stone types, Figure 48, it can be noted that, when
weighted the WC volume percent with 0.36 and the vanadium carbides with 1, a
linear correlaion between wear rate and the volume percent of the carbides is
obtained. The types and volume percents of different carbides in SET2 are presented
in Figure 29 in Section 3.2.1. By this modification, alinear fit between the wear rate
and the adjusted carbide volume percent has the best R? value, 1, in the tested range. It
is obvious that the dependence between wear rate and adjusted volume percent cannot
actualy be extrapolated very far; however, this type of numerica exercise reveds the
minor effect of WC/Co reinforcement on the wear rate ascompared to the VC carbide
effect inthetested range. In order to estimate the effect of the different carbides (VC
and WC) on wear rae, the correl aion between wear rate and volume fraction of each
individud carbide type is assumed to be linear in the following discussion. Actudly, it
is not always linear, as Axen et a. [Axen94a, Axen95a] have pointed out. The
dependence between wear rate and carbide or reinforcement volume frection is
expected to follow an equation of the type w, 1 / / @?n,) according to equation (4)
[ ZumGahr87a] presented in Section 1.4.

The basic characterigtics of the composites combining WC and VC are the following:
vanadium carbide particles are evenly distributed in the matrix materia and therefore
increase the overal matrix HRC hardness, while WC particles are clustered, having a
more locdised effect on wear. However, the reason for the small effect of WC/CO on
the wear rate may be the easy pull-out of the reinforcements in wear, in spite of the
fact that it was not observed from wear-surface replicas. In conclusion, the role of the
wear-resistance level of the matrix is more crucid than the role of the reinforcements
in the formation of wear ratesin SET2. In other words, the total hard particle/carbide
content of composites is more important than reinforcement content when concerning
wear performance of materias. Materials in SET2 have been tested using two kinds of
rocks, granite and mica-gneiss. The effects of the stones are discussed in Section
4.33.
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plot.
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The dependence of the wear rate on carbide content in the SET3 materids differs
congderably from materias in SET2. In SET3, the matrix material of the composite
was tool seel. In WR6-based materids, the differences in wear raies are expected to
reved the effects of different reinforcements. In most of the cases, the addition of
reinforcements was found to increase the wear red sance as compared to plan WR6
matrix, Figure 49. However, larger differences in wear rates were obtained with the
variation of the matricesin SET2.
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afixed matrix.

In tool steel (WR6)-based composites, the wear rates actualy seem to increase with
increasing tota carbide content, athough there is consderable scatter in the results
(Figure 49) and the hard reinforcements have varying characteristics. This behaviour
is the oppodite of that observed in SET2. In WR6-based compoasites, different types of
carbides, solid and doubl e dispersion, were used with varying shapes and sizes. There
seems to be a minimum wear rate within this set of materias; however, composite
with fine cast carbides, 20WCS, does not fit the trend. Results with higher volume
fractions generdly were around 4 g/ton, independent on whether the reinforcement
types were fine or coarse, dense coated or cast type. However, the reason for the
behaviour may be the reinforcement type rather than the volume fraction. Therefore,
the discusson of the SET3 results will be based on the behaviour of the particular
reinforcement types (Figure51).

Results from SET2 and SET3 are plotted together in terms of wear rates versus totd
carbide content in order to find the scale of the wearing rates in both sets, Figure 50.
It can be noticed that the selection of the matrix materias causes high differences in
wear rates (SET2 materids), while the different reinforcements caused considerably
small variation in wear rates (SET3 WR6-based materias). This means that the role of
the total carbide content and wear resistance level of the matrix is more crucid than
the role of the reinforcements in the formation of wear raes in cone crusher-type
|aboratory wear test, as discussed on the basis of Figure48.
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Figure 50 Wear rates of al tested materials as afunction of total carbide content in the cone crusher
B90 wear test. Wear mediais granite stone.

Borderlines for minimum and maximum va ues of the wear rate have been sketched
on Figure 50, based on SET2 and SET3 results. The presence of “wear minimum” as
a function of volume fraction is somewhat questionable, because the reinforcement
characteristics are varying and the volume fraction is only one varying parameter
among others, e.g., the types of reinforcements. The range of volume fractions is
limited and the scatter of results within the range is noticeable. Theoretically, the
presence of minimum is possible with the composites, when the relative quantities of
the active wear mechanisms change. The presence of minimum in the plot of wear
rate as afunction of carbide content in composites has been observed in other wear
environments, for example, in some cases in diding contects and in eroson
[ ZumGahr87a][ Sack97a] .

The wear rates of the individual materialsin SET3 are presented in Figure 51 as a
function of nomina reinforcement volume fraction. Here each composte type is
shown by its own line: composites with cast WC fine (45-95) particles, cast WC
coarse (250-425) particles, recycled WC/Co fine (100-200) particles and recycled
WC/Co coarse (200-400) partides. These reinforcements have differences in szes,
shapes and clustering. The partticles may contribute to different wear
mi cromechani sms during the stone contect on the surface. Based on Figure 51, it can
be staed a smaler volume frections coarse partices, both recycled hardmetd
reinforcement and cast WC carbide, seem to perform better than finer particles of the
same reinforcements. Wear resistance of the composites with finer reinforcements is
increasing with the increase of hard particle content in the tested range. On the other
hand, the wear rate increases in coarse solid cast WC reinforced composite with an
increase of WC cortent from 20 to 30 vol.%. However, alimited number of different
volume fractions was tested. For further studies, it would be very interesting to find
out the behaviour of the larger range of volume fraction, at least up to 40 vol.% WC
contents on each rei nforcement type.
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The replicaobservations did not reved any systematic reinforcement particle drops or
pull-outs due to the wear; commonly, reinforcement particles were upraised on the
cone-wearing surface, hindering the wear rates as compared to pure matrix materid,
e.g. Figure 32. As the width of the grooves was relatively large, this resulted in that
the large reinforcements were more effective, on the basis of their larger potentiaity
to hinder the grooving. When comparing WC/Co and cast WC, hardmetd is tougher
than pure ceramic, i.e., the posshbility of cracking is higher with cast WC particles.
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Figure 51 Wear rate in cone crusher B90 wear test as a function of tungsten carbide content of the
compoasites in SET3. Granite stone as awear medium.

Based on the analysis of the experiments, it is shown clearly that each individua
composite has to be evduated separady. Different types of reinforcement have

different effects on composte wear rate as a function of reinforcement volume
fraction.
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4.3.2 Dependence of wear rate on the sizes of thereinforcement particles and hard
particles

Inthis section, the effects of reinforcement particle and true hard particle sizes (inside
reinforcements) on the wear resistance are discussed in case of the WRG6-based
composites.

The wear rates of the SET3 materids are shown as afunction of average size of the
carbides of the reinforcement particles and the average size of the reinforcement
particles, Figures 52 and 53. Characterigics and sizes of the presert re nforcement
particles are presented in Tables 12-13 in Section 2.1.1; they are aso investigated
elsawhere [ Sipilehto04a] . Although these microstructura values show considerable
scatter, i.e., structures are locally inhomogeneous and clustering of the carbides exists,
the reinforcements are characterised by the true carbide sizes (e.g., in hardmetds).
Wear rae versus true carbide size is presented in Figure 52; among the materias in
SET3, the composites with intermediate Szes of the carbides were the worst with
respect to wear. However, volume fraction of the carbides has a strong effect on the
wear rate; the study of composites with different volume fractions may therefore
disguise the possible trends caused by the true carbide sze. When consdering the
materias with 30 vol.% (in material symbols vaue 30 in the plot), there may be a
shdlow gradient for increasng wear rate with true carbide size.

The relationship between wear rate and average reinforcement particle dze is
presented in Figure 53. The reinforcement S ze isconsidered to be the average size of
the reinforcement particles, i.e., solid carbide sze or hardmeta sze (carbide cluster).
After dranming in the figure the minimum and maximum wear rate borderlires, it
seems that generdly larger reinforcements perform better than the smalest ores. In
pure abrasive wear, the size of the reinforcement particles should be equa to the sizes
of the grooves. For example, materid that behaves well for grinding rollers contains
round-shaped hard particles with no contect between hard particles, and the size of the
hard reinforcements is relaive large, around 150 pm in diameter [ Theisen 04a] .

Comparison of the wear results with the results giveninthe literature is difficult, since
similar tests have not been carried out for these types of composites. However, some
generd trends have been observed for good wear resstance in multi-mode wear
systemsor inwear systems where acombination of hardness and toughness properties
is needed [ TheisenO1a, 04a] [ Berns98a , 98b, 98¢, 00a] . Rd aive large reinforcement
particle szes are favourabl e, since on rough abrasion meta matrix composites with 50
to 100 um reinforcement size have shown good performance [ Berns95a]. However,
smal true particle sizes are ds0 beneficid, as it is known that the increase in hard
particle sze will decrease bending strength, Ry. [Berns98b]. Also, an increase in
spacing will increase fracture toughness, K¢, & outlined earlier in the introduction
(Section 1.3) [Berns98b], which leads to double disperson sructures. The actud
crack initiation has been investigated earlier [Broekmann96a] with MMCs. The
fallure mechanism under externa loads as identified, as hard phase cleavage, but
crack initiation in the matrix was not observed by Broekmann et d. It seems that large
solid reinforcement particles should be avoided in such wear systems where frecture
of reinforcements occurs and this can lead to rapid decrease of wear res gance.
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The influence of the nomina spacing between reinforcement particles on wear rae
can be seen in Figure 54. Nomina spacing between reinforcements, ie., solid
carbides or hardmetds (carbide clusters), is determined by the amount of the carbides
and the size of reinforcements. Composites with the largest average spacing (large
reinforcement size and low volume fraction) have the lowes wear ratesin the tested
set. This suggests that the increase of materia toughness will increase the wear
resistance, athough considerabl e scatter exists in the results.
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The wear rate (inthe pin abrasion test with garnet) isreated to carbide size and mean
free path according to Equation (4) in Section 1.4 [ZumGahr87a]. In this study, a
relationship similar to the inverse function w, u / /d*?n,) is plotted in Figure 55, based
on the materias of SET3. Even though the horizonta axis is in logarithmic scale and
the materids in the plot have a large scatter, the generd trend can nevertheless be
Sseen.

7,0

6,0
1 20WCSf

5,0
r WR6

T T
J- t 30WCH 30522ddf 30522dcc i 30TiCf

1 30WCST—

»
[=}
-

Wear rate (g/ton)

w
[=}

{ 20WCsc
1
2,0 T WRGWC (SET2)

1,0

0,0 T
0,01 0,1 1 10 100 1000
Spacing/((true carbide size)"3/2* volume fraction)

Figure 55 The relationship between wear rate and microstructural parameters (/ /(d*?n.)) according to
the Zum Gahr [ZumGahr87a] relationship. Note the logarithmic scale is on the horizontal axis. Data is
measured in cone crusher laboratory experiments on SET 3 materids.
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Based on the andysis, the following generd conclusons of the influencing
parameters in abrasive wear can be made. The reinforcement-relaied parameters,
which affect the wear behaviour in the present case, seemed to be primary total
carbide content in SET2 materials and the type of the reinforcement in SET3. The
tested materid sets have many internd variables and a limited number of tests was
made on a single variable. The total volume fraction of the carbides is the most
important parameter in SET2 and the type of the reinforcement in SET3. The
reinforcement type seems to be a corsiderably strong factor, Figure 51, as it
overshadows many internd parameters such as size and spacing of the particles.
Therefore, the actua optimum combination of interna parameters for a single
composite structure could not be determined based on these tests. However, the trend-
setting mapping of the internd parameters has technicd importance and can be
discussed as aguidelinefor further studies.

4.3.3 Dependence of the wear rate on the hardness of SET2 composites

A comparison between wear rates of selected materids in SET2 and available
composgite inverse hardness values is given in Figure 56. Hardness vaues are
presented elsewhere [Ala-KlemeD4a]. The manganese containing composites are
excluded from the plot. Generdly the wear rate seems to decrease with increasing
hardness values. The hardness of different phases is not measured, but the estimated
average hardness va ues of the matrix materias are collected in Table 7; it seems that
the wear rate of the composites aso depends on the hardness of the matrix materids.
This is to be expected since the composite hardness level is aso influenced by the
matrix materia hardness. The wear rate of the composite WREWC (SET2) is lower
than that of the plain matrix WR6. However, the hardness of the plain matrix WR6 is
glightly higher than the hardness of the respective composite WR6WC [Ala-
KlemeD4a]. Still the properties of the matrix can be different in compostes as
compared to plain matrix materia because, for instance, the porosity of the composite
can influence the macrohardness val ues.

The rel ationship between wear rate and hardness (Figure 56), it differs again from the
Archard equation (1). True Archard equation type relaionship, W, » a xH *, does not
describe well the obtained data. However, as in the case of dry sand rubber wheel
abrasion test (Section 4.2.1), the data corresponds well to a modified Archard
equation, W, » a xH ' + b, for both wearing agent stones. In the best fit for granite, a
iS 2088 gmm3) and b is-33 (mm®), while for mica-gneiss, a is1116 (mm®) and b is—
17 (mm”). Here again, the fitsto both data sets predict zero wear a about 53-57 HRC,
asinthe earlier dry sand rubber wheel test on SET1. The materidsin both sets (SET1
and SET2) are considerably different; nevertheless, both ale MMC materids. The
plain constant of the modified Archard equation vary in both sets, but, as has been
noted by Roberts [ RobertsO6a], wear rates can vary by a factor of about 100000x
(pin-on-disk experiment), when friction coefficient varies by afactor of 2x, maximum
SX.
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Figure 56 Thewear rate in cone crusher B90 wear test vs. inverse composite hardness in SET2.
Manganese sted containing compasite is not included. HRC data from [ Ala-KlemeO4a] .

The wear surfaces of the materidsin SET2 reveded sliding scars, e.g. Figure 31 and
34. In many cases these were small. This indicates that the wear mechanisms are more
or less related to plagtic deformation in matrix materid. In the composites reinforced
with large cast WC particles, the wear surfaces have marks of sharp/angular shapes,
which refer to brittle behaviour of the carbides. On the other hand, the wear
mechanism of composites reinforced with double dispersion type carbides seems to
result in asmoother wear surfece (e.g. in WC/Co reinforced composites) than what is
found in the materid sreinforced with cast carbides.

Materids in SET2 have been tested using two kinds of stones, granite and mica
gneiss. The ranking order between materias did not change with the granite or mica-
gneiss. Mica-gneiss stone resulted in, on average, 60 to 70% lower wear rates as
compared to the granite stone. An increase in composite wear rate with increasing
hardness of the abrasive is observed; this is dso commonly reported in the literature,
e.g., [ Hutchings92a] . The hardness-to-hardness ratio, H/H,, or vice versa, Ha/Hs, (s =
surface and a= abrasive) is recognised as important in abrasive and erosive wear. In
the current tests, the hardness of the abrasives was 5-7 on Mohs scade, mica-gness
being softer, and granite harder. When the observed Ha/Hsratio is >~1.2 the moce is
caled hard abrasion, and vice versa, when the ratio isratio is<~1.2 s0oft abrasion. The
composite WC reinforcement is harder than the abrasive stones and therefore the
Ha/Hs is below 1, this means soft drasion mode concerning the wear of
reinforcement particles.
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4.4  Corrdation between cone crusher wear test data and modified split Hopkinson
pressure bar test and surface fatigue wear test data

Some comparisons between cone crusher wear data obtained with granite stone and
other available wear data have been made. The idea of such comparisons is to
investigate whether some of the laboratory tests could “estimate” the wear rates in a
more complex cone crusher wear environment. Firgly, the cone crusher wear test data
were compared with the modified split Hopkinson pressure bar wear data of the SET2
and SET3 materids. Secondly, the cone crusher wear test data were compared with
the surface fatigue wear data of the SET2 and SET3 materids.

The single groove tests of the SET2 materids were carried out by Hokka [ HokkaO4a] ;
the results and testing configurations are described elsewhere [HokkaO4a,
Saarinen06a] . The grooves were made using the modified split Hopkinson pressure
bar, SHPB, technique modified by Kuokka a and Hokka [ KuokkalaO4a, Hokka04b],
the assembly isseenin Figure 57. The scratching element is a wolfram carbide stylus
with a 120-degree gpex angle and 350 mm tip-end radius. Two different loads were
used, 317 N and 464 N. The speed of the grooving element is 35 m/s a the
beginning, but it decreases to zero during the grooving. The strain rate of materid is
difficult to estimate, because the materia flows forwards, sideways and upwards in
the forming groove [ KuokkalaO4a] .

MNarmal load Scratching element

Striker bar

Specimen

Velocity sensor tadmnd
- Velociny sensor

n - L}
Specimen-
holder bar

Supporting elerment Cut barrel pipe

Figure 57 The assembly of the modified split Hopkinson pressure bar single-scratch testing device.
[ HokkaO4a]

When comparing B90 wear results and SHPB groove volumes of the SET2 materids,
Figure 58, it is observed tha the materias with higher groove volumes in SHPB dso
have higher wear ratesinthe B0 test. Generdly, the SHPB test and BOO tests have a
similar ranking order of the materias in SET2. In the case of the 317 N load, aclear
linear correlation is seen between these two tests, while in the case of 464 N load, the
composite MM15 deviates from the linear trend. In MM15 composite, the matrix
vanadium carbide content is highest and this meta-metal composite contains
manganese seel. The low valuesin SHPB scratch tests indicate that no clear scraichis
formed and the groove dimensons are close to those of the surface roughness.
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Therefore, the higher vaues in the SHPB results are the
scatter for the materia and B90 test were discussed earlier.
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Figure 58 True removed groove volumes produced by the split Hopkinson pressure bar tes at two
forces (317N and 464 N) vs. wear rates in cone crusher B90 wear test of the SET2 composites (with
granite stone as wearing material). The manganese-sted-based composite is not included in the plot.
The true measured vaues are used in thefigure and in the fitting; therefore, the cone crusher test wear
rates are not transferred to volume losses. SHPB data from [ Saarinen06a] .

When combining the datafrom materia sets SET2 and SET3, the correation between
groove volume and B90 wear rate will become more scattered and even non-linear,
Figure 59. The SHPB wear groove volumes follow generdly the nomind carbide
content of the composites quite linearly, Figure 60. In the cone crusher wear teds, this
correlationis not linear, Figure 50.
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Figure 59 True removed groove volume (102 mm® produced by the Split Hopkinson Pressure Bar test

at two forces vs. wea rates in cone crusha B90 wear test (g/ton) for bath sets, SET2 and SET3 (no
manganese steels included). SHPB data from [ Saarinen06a] .
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Figure 60 True groove volume (10° mm® produced by the Split Hopkinson Pressure Bar test vs.
nominal carbide content (vol.%) of sudied composite materids, in material sets SET2 and SET3 (no
manganese steels included). SHPB data from [ Saarinen06a] .

Within the studied materids, the ranking order of the SET2 composites in SHPB
experiments is similar to that of the laboratory cone crusher experiments; with SET3
this is not the case. The similar ranking orders within SET2 materials could be
explaned by the strong influence of matrix materia on the penetration. In the case of
SET3, where the matrix was fixed and reinforcements varied, the SHPB could not
estimate the ranking order, probably for severa reasons. The SHPB was a single wear
event test as B0 is asimulative wear test including severa wear modes. Scratching
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represents only one wear mechanism type that occurs in a cone crusher. Also,
simulative tests have considerably more statistica than single event tests. The wear
volumes were smal in tool-steel-based composites and therefore the measuring
accuracy was not very good. For improving the accuracy of the results on tool-sted -
based composites, the single scratch test has to be modified further.

Surface fatigue wear, SFW, testing configuraions and results are described by
[ HokkaO4a, Saarinen06a], a principle of the surface fatigue wear testing machine is
seenin Figure 61. The SFW test sysem consists of a servohydraulic materia testing
machine with an external computer system used to control the x-y movement of the
specimen by motors. The indenter isa5 mm sted bearing bal. After each indentation,
the specimen is moved by a distance of 200 um to cover an area of 3*3 mm?® with a
regular rectangular pattern. The number of cycles of 30000, with a normd load of
1500 N was used to produce surface fatigue wear in the studied materids
[ HokkaO4b) .
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Figure 61 A side view of the surface fatigue wear testing machine. [ HokkaO4a]
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Figure 62 The cone crusher B90 test wear rate (g/ton) vs. surface fatigue weight loss (mg) (no
manganese steels included) for both sets of materials, SET2 and SET3. SFW datafrom [ Saarinen06g] .

SFW weight |osses have been plotted against cone crusher wear rates for both SET2
and SET3 materids, in Figure 62. The martensitic-steel-based composites had the
highest wear rates and weight losses in both tests. The rest of the materials, i.e., tool-
steel-based composites and tool stedl, had small weight losses in the SFW test, but
large differences in B9O tests. SFW vaues of SET3 were very low, i.e., there was
negligible materiad remova from the surface on the tested parameters. This means that
the testing parameters are not suitable for SET3 composites, resulting in no rea
materid remova differences between composite materials. It seems that, under these
circumgtances (testing parameters), the SFW test could only estimate the limiting
vaues for the core crusher wear performance, but it cannot rank the materids
otherwise in the same way as the cone crusher |aboratory test.
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5 SUMMARY AND CONCLUSIONS

The wear behaviour of different types of meta matrix composite materid was studied
in both abrasive and erosive laboratory tests and in simulative cone crusher test in
order to explore the rel aion between microstructura materia characterigtics and wear
behaviour. Powder metallurgica austenitic-, duplex- and heat-resistant-steel -based
composites reinforced with Al,O3 or Cr3C, ceramics were evd uated under abrasive
and erosive wear conditions. The reinforcements were angular Al,O3; with a size
fraction of 105-149 mm and Cr3C, particles with size fractions 10-45 and 45-106 mm.
Volume fraction varied mainly from 10 to 30%. In laboratory cone crusher
experiments, there was a larger variation of the studied composite materids than in
abrasive and erodve teds. In cone crusher wear tests the reinforcements of the
composites were WC and TiC ceramics and WC/Co hardmetds, the reinforcement
volume fractions varied from 11 to 30%, and the size of the reinforcement particles
varied from 45 to 425 mm.

The microstructural parameters of the composites have a significant influence on the
wear rate and wear resistance of the composites. This influence and its strength vary
with the wear conditions, as confirmed on the basis of the results of this study. These
parameters influence materia properties, such as hardness and toughness, which are
commonly connected to the wear performance of the materiad. The important findings
from the studied rei nforcement-rel ated parameters were:

1) In the cone crusher wear environment, one of the most important parameters
influencing the wear res stance was the total volume frection of the hard particles.
In the case of multi-phase sructures, the total hard particle content of the
composites is moreimportant than added reinforcement content alone asfar as the
wear performance of materids is concerned.

2) In the cone crusher wear environment, the type of the hard particles has a very
noticeable effect on materid wear behaviour. It overshadows the effects of such
internd parameters as reinforcement size and spacing between reinforcemernt
particles.

3) In dl the tested wear environments, the spacing between the hard particles is
congdered as an informative parameter. Sometimes it is even more informative
than the size of the reinforcements. The spacing between reinforcements
influences the homogeneity of the material microstructure involved in the wear
event, i.e., the scale of the individua contacts at the fixed aborasive size. It dso
influences composite toughness. The role of the spacing or the reinforcement size
in the wear process depends on externa wear parameters, such as abrasive particle
size.

Comparisons of wear tests:

4) Comparison of cone crusher wear data to the data produced by the single
scratching test and multiple indentation test shows that the laboratory scae one-
mode wear tests can only partly give the answers to wear problems. More redistic
functional wear tests are needed for each individud application. The multi-mode
wear system inacone crusher is acomplicated case.
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Based on the present studies, the following conclus ons can be drawn from the
individual experiments.

For abrasive wear:

The important interna composite structure-related parameter having an effect on
the abrasive wear rate is the volume fraction of hard particles. The abrasive
wear rate of tested composite materias decreased with increasing hard particle
content in the dry sand rubber wheel tests. The wear rate can be decressed
over 80%, with areinforcement volume percent increase from 0 to 30.

Concerning the average reinforcement particle szes of compostes, composites
with smdler reinforcement sizes have lower wear rates as compared to coarse
reinforcements. The wear rate decreases by about 30 percent with the finer
carbide reinforced composites as compared to coarse carbides of the same
type.

The spacing between particles is a more informative internal parameter than the
size of the reinforcements. The spacing between the reinforcements is relaed
to the composite homogeneity in the abrasive wear environment more than the
other parameters evaluated here. Spacing determines the physicd limit for
abrasive particles to penetrate between reinforcing particles. Therefore the
influence of particle spacing (as well asre nforcement size) onthe wear rate is
strongly dependent on the abrasive particle size.

The hardness of the composite shows a clear correlation with dry sand rubber
wheel volume loses. The wear rate decreases with increasing composite
hardness.

For erosve wear (two impact angles 30-degree and 60-degree):

The increase of the volume fraction of the reinforcement particles did not have a
marked effect on the wear raes; the erosve wear behaviour depended strongly
on the erodent impact angle. At a 60-degree impact angle, the increase of
reinforcement volume fraction increased wear rate, about a 50% increase in
wear rate was observed with 40 vol.% reinforcement as compared to plan
matrix materid. On the other hand, a a 30-degree impact angle, a slight
improvement in wear resistance with increasng volume fraction was noticed
up to 30 vol.% reinforcement addition.

The spacing between reinforcements turned out to be an informative parameter.
Larger spacing improved wear resistance of the composites with the highest
volume fractions of hard phase a both impact angles. It is known that the
increase of the hard particle spacing increases the fracture toughness of the
composites. Toughness is aso consdered as an important parameter, snce in
eroson fracturing determines the wear resstance, especidly a norma and
high (>60) impact angles. Composites having apparently higher toughness and
larger spacing between reinforcement particles had a better wear resistance in
the studied erosive wear conditions than those with smaller spacing.

For laboratory cone crusher wear and internal conposite parameters.
The primary parameters, which influenced the wear behaviour of the composites,
were the tota hard particle content and the type of the hard particles.
The total hard particle content of the composites is more important than the
reinforcement particle content. The effect of the increasing total carbide
content was significant in decreasing wear rates. The reinforcement content
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between the composites could be similar, but the wear rate of the different
composites could vary by hundreds of percentage points, depending on the
matrix selection. The role of the matrix characteristics and the matrix carbide
content, i.e., the total carbide content, was more crucia than that of the
reinforcement particlesin theformation of wear rates.

The reinforcement type seems to be a noticeably strong factor in materid wear
behaviour. It overshadows such internal parameters as size and spacing of
reinforcement particles. The size of the reinforcement and the spacing between
reinforcements have earlier been found to affect the wear rates, e.g., in the
present study in DSRW tests. However, in the present testing configuration, no
genera trends between the sze and spacing between reinforcement particles
and the wear rate were found.

It is shown clearly that each individual composite has to be evauated separately,
because different types of reinforcement have different effects on composte
wear rate as a function of reinforcement volume fraction. In further studies
amed at decreasing the wear rate, the wear performance of composites with a
finer size of the true carbides and larger spacing between reinforcements than
studied in the present tests should be eva uated on the basis of the trend-setting

mapping.

For laboratory cone crusher multi-mode wear system:

The red industria complicated multi-mode wear systems have to be evauated by
functional wear tests with as redistic surface loading exposures as possble.
Neither the single scratching event test nor the multiple indentation test could
result completely in amaterial ranking order smilar to that of the cone crusher
wear experiment, where both particle sliding and indentati on were present.

The single scratching event test, i.e., the split Hopkinson pressure bar (SHPB) test,
gives aranking order smilar to that of the cone crusher wear test, when the
composite total hard particle content and matrix materia are the studied
variables. However, when the matrix materia was fixed and severd types of
reinforcements were used with arelatively narrow range of volume frections,
the SHPB test could not estimate the ranking order of the materiasin cone
crusher B9O wear tests. Generdly, sliding and scratching are present in the
core crusher wear process, but the composites with different types of
reinforcements resuted in adifferent wear-rate ranking order in the SHPB and
B9O tests.

Under the circumstances, the surface fatigue wear (SFW) test could only estimate
the limiting parameter vaues for good cone crusher wear performance; it
could not rank the materias otherwise for the cone crusher |aboratory test. The
same steel-based composites were ranked as worst behaving both in the SFW
test and the B9O test; dl of the other materid s had rel atively low weight osses
inthe SFW ted.
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