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Abstract

Abstract

During the sintering of fine grain (0.5um) polycrystalline diamond (PCD)
composite materials under high pressdmgh temperature (HPHT) conditions,
abnormal grain growth (AGG) of the diamond is obsemethe diamond/substrate
interface These abnormsl grown diamond particles can be several hundreds of
micronsin diameter and are major flaws in the material that can cause premature
fail during application Understanding of themechanisms ofyrain growh in fine
grained PCRan bring about ways to eliminate this defect

This project aimedo investigate the reduction of AGG diamoird 0.5um
diamondby changing the solubility of the infiltrating molten Co ldjuised in PCD
sintering. By increasing thearbon saturation level of the infiltrating Co melt, the
chance for Ostwald ripening conditions$ the diamond during sintering is reduced
and AGG is eliminated.

Modification of the carbon saturation within the Co melt can be achieved by
carbon enrichingthe WCGCo substrate. Carbon enrichment can be achieved by
carbon enriching a WCo powder and then HVOF thermal spraying it onto aG@C
substrate Results showed that carbon enrichment of coatings6\({2%C) was
possible using a phenolic resin precursofldwed by pyrolysis. Higher carbon
contents added presented HVOF spraying problems; high free carbon burn off and
lowered melting points which can lead to poor spraying and lower deposition rates.

Carbon enrichment of WWCo powders was also thought to muwitially
reduce undesirable eta phase generation during thermal spraying and thus result in
an improvement in the wear resistance of the coatings on metal substrates (mild
steel). These tests were performed and showed that eta phase generatioto dsmn
swppressed during thermal spraying of the carbon enriched powders. Wear

resistance and hardness effects on the carbon enriched coatings before and after
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annealing heat treatment were also analysedd good resultswere obtained but
contradictory is some casewhen compared to other authorsOverall, 2wt%C
samples showed the most improved properties in terms of WC and eta phase
suppression and improved wear resistance, although at the expense of hardness.

Another method of carbon enrichment was lging a grapite/diamond
enhanced carbide (@EC) interlayer. Both methods veeanalysed in this project.
Carbon coatings were determined not to be very effective in eliminating AGG of fine
grain diamond due to limited retained carbon in the coatings to sufficientiyrate
the infiltrating melt. GDEC substrates on the other hand show a better possibility, a
full 10vol.% GDEC was proved to suppress AGG formation at the diamond/substrate
interface of 0.5um diamond PCD.

Alternatively the reduction of AGG in fine grainiathond can also be
eliminated by changing the interfacial energy of the diamond during sintering; this
could be achieved by addition of a grain growth bitar. This project investigated
the potential of a strong carbide former such as VC as a grain lyriowibitor in fine
grain diamondAddition of 2wt%VC proved to be sufficient to modify the interfacial
energy to suppress AGG grain growth of fine (0.5um) diamond.

A model was developed comparing the grain growikchanismswithin a
conventionalcarbidesubstrate and a carbon enriched substrate (coating or GDEC).
Both grain growth of the diamond and formation of Co pool formation were

discussed.
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Chapter 1: Introduction and Motivation

Polycrystalline diamond (PCD) materials are used extensively for their excellent
properties such as high hardness, good thermal conductivity and good wear resistance.
Diamond compacts are used for various applications such as cutting tools, drawing dies
and drill bits for gas and oil drillingzine grained PCD materials oftexhibit large
abnormally grown diamond particles at the PCD/substrate interface after sintering.
These abnormally grown particlese in the region of 50 200 umin diameterand are

major flaws in the material that can cause the material to fail prematurelynduri

application.

There have been various studigSkaishi, 1991; Hong et al., 1991; Yu et al., 1994; Yazu,
1997) already undertaken to suppress AGG in fine grain PtbBse methods usually
consist of introducing a grain growth inhibitohll studies repdr the introduction of
small amounts of additives such asNcBAkaishi, 1991SiC (Hong et al., 1991) -&ti
alloy (Yu et al., 1994) and WC (Yazu, 1898uppress AGG formation.

This project aimedo investigate the reduction of abnormal grain growth diamond

and Wdn fine grained PCD materiay changing the infiltrating molten Co liquid of the
WGCCo substrate used in PCD sintering. The manipulation of the infiltrating Co metal
wastackled by changing the carbon gradient of the infiltrating Co mdta¢ method for
altering the infiltrating Co liquid is achieved by carbon enrichment of e06&Libstrate.
Saturating the infiltrating Co metal before ieeches the fine grained diamond should
have resulted in a reduction ofthe number and siz¢he abnomally grown diamond
particles by removing the driving force for Ostwald ripenifige methods of carbon

enrichment of the W&o substrate are by:
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a) Producing a carbon enriched coating on the-8&Csubstrate by carbon enriching a
WGCo powder which is theHVOF thermallgprayed onto a WCo substrate,
b) Producinggraphite¢diamond enhanced carbide (EC) substrate interlayer

Alternatively, a grain growth inhibitorsuch as VC was investigated to reduce AGG

formation in fine grain diamond by lowering tloeerall interfacial energy.

The carbon enriched thermally sprayed powder used for coating a substrate can
potentially result in a reduction of hard and brittle eta phases resultingm
decomposition of W&o during thermal sprayingheseresults in an increasedwear
resistance.The effects of carbon enrichment on the wear resistance of coativege

also investigated.

In this thesis the ideas behind reducing abnormal grain growth of fine graineave@D
discussed anthe undesirable eta phasachievedthrough thermal sprayingThe effect

on the wear resistancavas reported and analysedThis project provide a better
understanding on the mechanisms of abnormal grain growth especially relating to fine
grain PCD. The effect the driving force has on tlanggrowth of fine grain diamonds in
the context of solution modificatiomasexplained The effect of carbon enrichment on

the wear resistance was alstudied

Chapter 2gives a detailed overview of literature on PCD materials, grain growth

mechanismsthermal spraying technigues and wear resistance mechanisms.

Chapter 3 describes all the experimental procedures that were carried out in this work

and the equipment used.
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Chapter 4 summazeés the results of powder processing and thermal spraying

characterization.

Chapter 5 summarizes the results and discussion of the wear resistanceatssts

hardness measurements

Chapter6 summarizes the results of PCD sintering characterization and the effect the

carbon enrichment has on the abnormal grgmowth and grain growth mechanisms.

A detailed discussion of the results of PCD sintering and grain growth mechanisms is

given in Chapter.

The conclusion and recommendatiofos further workare given in Chapter 8.
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2.1. Polycrystalline Diamond (PCD) Materials

2.1.1. Background of PCD materials

Polycrystalline diamonc¢ompacts or PCD materials are widely used in industry as
cutting tools, drawing dies and drill bits for oil and gas drilling. PCD materials are very
advantageous because of theimique properties; high hardness, excellent thermal
conductivity, good weareasistance and long servidiée (Zhang et al., 2009; Yu et al.,
1994; Akaishi, M., 1991)hey are generally prepared under high pressure and high
temperature (HPHT) conditions similar to those used in the commercial manufacture of
synthetic diamondShin2004) There are two ways to prepare PCD materials; the first
method involves soligtate sintering of diamond powder without additives under very
high pressure and temperature conditions (~8.5GPa, ~217{bfdll) 1969; Stromberg &
Stephans, 1970)The seond method which is typicallysedin industry involves liquid
phase sintering of diamond compacts with a metal sintering aid (Co, Ni or Fe). Diamond
powder is laminated onto a WCo substrate; Co infiltrates from the WID substrate

into the diamond powde layer and serves as sintering aidfor forming diamond
diamond (BD) direct bonding. With the aid of liquid phase sintering, PCD materials can
usually be producedt lower HPHT conditions &5GPa, 1400600°C).

Researchers have done numerous studies PCD productionHall (Hall, 1969first
published data for sintering of diamond powder without additives under high pressure
(8.5GPa and 2170°C for 3 min). Stromberg and Stepli@tremberg 1970) also
published a paper in the same year about sintemfigliamond at 180€1900°C and 60
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65kbar.They found that small amounts of boron, silica or beryllium aid in the sintering
process and that the sintered material had a hardness of B&ID kgmnf. Katzman
and Libby (Katzman & Libby, 197Adgre the firstto describe the formation of sintered
diamond compacts containing 2®1.% cobalt binder which was sintered at 1590°C for
20 min at 6.2 GPa. They also discovered that sintering with diamond powder2ph®
and 1- 5um resulted in a harder material tharsing 10- 20um. It was only in 1973 that
Wentorf andRocco (Wentorf, 1973)escribed the sintering of diamond on a layer of
cemented tungsten carbide (Whemetal binderin the cemented carbidactedas a
source for liquid phase sintering. Sinteringpedments were done using high pressures
(>5GPa) and temperatures (140600°C) ranging from 10min to 1 hour. Under these
conditions the cobalt melts and liquid phase sintering of the cobalt and diamond occurs.
From then on researchers have been lookingvals to improve the properties of PCD
materialsto produce better materials, improve behaviour in application for commercial

sale

A wide variety of diamond grain sizes (@.BOum) are used to produce PCD compacts

for different applications. Fingrained PCD compacts (0Zum) are used for
woodworking and mirror finishing of aluminium allaj&hin 2004) while coarsegrained

PCD compacts @n>Y0 FNB dzASR F2NJ 6SIFNJ NBaArall yi

provides better edge quality ortuttingtools and surface finish of product.

2.1.2. Sintering of PCD Materials

Manufacturing of PCD materials can be divided into 3 stages: cold compaction, hot
compaction and liquid phase sintering (LAB)edel, 2000) These stages will be

discussed in more detail below.
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2.1.2.1. Cdd and Hot Compaction

The initial stage of PCD sintering occurs when pressure is applied to the PCD material
during sintering this is the cold compaction stage. Three processes occur within this
stage; particle rearrangement, crushing of diamond and filling of voids by crushed
particles. Once heat is applied with the pressure the stage changes to the hot
compaction stage. Durinthe hot compaction stage the temperaturesme not high
enough for infiltration to occur and therefore liquid phase sinteritag occur The
processes which take place during this stage are graphitization of the diamond particles
facing the voids, plasticeflormation of the diamond grains and densification of the
compact. Figure0-1 shows the processes occurrirtyiring cold and hot compaction

stages.
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pressure

MMPI!]’ Iﬁﬂ?

% graphite

FigureO-1: Schematic of the processes which occur during Cold and Hot Compaction;

(a) particle crushing, rearrangement and void filling occurring durir@lddcompaction
and (b) graphitization of the diamond facing the voids during Hot compact{®mnedel,
2000)

2.1.2.2. Liquid Phase Sintering of PCD Materials

The general sintering mechanism involves the partial dissolutionreerystallization of
0KS RAFY2YR (2 02YR (GKS R&I ¥2RKRYLISTE A ®{dSa

liquid phase sintering of the PCD material requires a molten metal infiltration source

H{
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(Co, Ni, Fe, MnjRiedel, 2000Akaishi, M., 1991)This metalinfiltration source can be
introduced to the hot pressed diamond bed by admixaxgd/or infiltration. Admixing
involves combining the metal directly with the diamond powder before hot pressing.
This can occur through various methods, such as milling nagildiamond powders
together, milling precursor and diamond powders together to form a metal base or

coating the diamond with a metal precursor.

Infiltration can occur in conjunction with admixing; the metal infiltration source is
usually the substratehius being separate from the diamond bed. The substrate is a
tungsten carbide/cobalt (WACo0) hardmetal, where the cobalt is the source of molten

metal.

Utilization of a binder for sintering of diamond compacts has three major benefits:
decreasing sinteringemperatures and pressures, cleaning diamond particle susfate
graphite, and electron discharge cuttingDM)for tool making(Riedel, 2000)The
binder (Co) in PCD compacts makes the PCD material electrically conductive which
allows the material to be cut into intricate shapes which is virtually impossible with

traditional machining techniques due to its high hardness.

There are four main stges in the infiltratiorof a diamondcompact (Ozbayraktar, 1995)

(1) In the first stage, the temperature is high enough to cause melting ottimalt
with dissolved W and @t the interface; excessive amounts of carbon cause a
lowering of the eutectic tempature. The melted metal immediately infiltrates
into the diamond due to the high pressure gradients between the porous
diamond body and the solid interface.

(2) In the second stage, the binder in the bulk substrate starts to melt. As the
temperature increasesand the metal in the bulk substrate melts it starts

infiltrating into the diamond compact similarly due to pressure gradients.
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(3) In the third stage, mass transfer of the metal decreases as the pressure gradient
decreases. Once there is no pressure gradilkatpores are filled completely.

(4) In the fourth stage, a change in the direction of thew of the liquid phase
occurs. The quantity of liquid phase in the diamond layer decreases and
increases in the substrate. This is caused by a change in the pregadient

between diamondand substrate.

The process of liquid phase sinteringing conventional carbide substrate (V00O)
materialsoccurs bythe molten infiltration metal beconmg a cobalt alloy with dissolved
tungsten and carbon. Initially the coballloy is saturated with C corresponding to the
carbon activity of the WCThis actiity is much lower than that of fine carborhis
results in dissolving most of the first layer of diamandcontact with the interface.
Once the infiltrant is saturatedith carbon it can then operate as a liquid sintering aid.
The tungsten in the molten cobalt react with some of the extra carbon and precipitate
astungsten carbide (WC) crystals at the interface of the substrate and PCD layer. This
results in a large ddetion of diamond at the substrate interface and a thick Co layer.
This causes the formation of plum&sda andWC rich regions, several mm in dimension).
If fine grained diamond powder is used, tfiee diamond particles at the interface
dissolve, the lager onesremain, albeit somewhat reduced in sias residual crystal
seeds These patrticles now have a lower solubility than the bulk of the fine diamond
bed. Therefore, the chemical potential of carbon is much higher in the vicinity of the
diamond bed tha in the vicinity of the large diamond particles. The result is that carbon
will migrate to these large diamond particles and preferentially precipitate on them,
causing them to grow abnormallyrhe formation of plumes and AGG of diamond is
disastrous fothe properties of the PCD materiddigure0-2 shows a schematic diagram

of what occurs during sintering of the PCD material.
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C flux

WGCo | T WGC
| / \
Diamond WC grain
grain growth growth

Figure0-2: Schematic diagram of the sintering of PCD materials.

A well-known problem in sintered PCD materials is the residual amount of Co (between
the PCD table and substratéjhishas a negative effect on the performance of the
material at high temperatures. The thermal degradation is a result of two different
reasons;the first is thermal expansion differences between the Co catalyst and the
diamond particles.At temperatures above 400°C the expansion of Co is nguehter

than that of the intergrown diamond particlesbut due to the constraints of the
diamond skeletormicro-fracturesare generatedn the diamond materialThe strength

of the bonded diamond is reduced. The second problem is caused by the facilitation of
the Coto catalyse the transition ofiamond to graphite at temperatures above 700°C.
This therefore sugestal that for optimum performance the PCD materials should be
kept at temperatures below 700°C, thus limiting industrial application and fabrication
routes (Naidoo, 201®elnap, J.D, 2009)

The understanding and controlling of the microstructural evolui®an important topic
for the reproducible production and improvement of PCD. Therefore in the sentton

the theory ofgrain growth will be explained in more detail.

10
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2.2. Grain Growth Theory

Grain growth or carsening during sintering isveell-known phenomenon referred to as
Ostwaldripening (Nic et al., 200% which results when larger particles grow at the
expense of smalleones This occurs by a spontaneous thermodynamic process driven
by the minimization of the total free energy of the systefrhe system of particles
reducesits overall energy by reducintpe amount of smaller particlesvhich have a
higher interfacial energy and growing the larger particles whiateha lower interfacial
energy (i.e. reducing the overall surface volume ratiowssn the larger particles).
Material from the smaller particles (higher chemical potential) dissolaes is
transported via diffusion to the surface of the larger particle (lower chemical potential).
The smaller particles shrink and eventually disappehilermthe larger particles grow.

The total energy of the system is lowered and the average patrticle size increases.

The classical Ostwald ripening theorgsvdeveloped by Lifshitz andy@&ov (Lifshitz &
Slyozov, 1961) and Wagner (Wagner, 1981d isreferred to as the LSW theory. This
forms the basis of the first quantitative analytical solution to grain growth. The LSW
model of grain growth is based om zero volume fractionof the solid phase
approximation system which comprises a dilute dispersibrisotropic particles in a
matrix (liquid phase). The analyicsolution takes into account approximations for
steady state conditionsThe mechanism of grain growth occurs by the simultaneous and
complex behaviour of various processes of diffusion ameérfacial reactions. The
slowest process governs the overall kinetitisthe growth kineticsis governed by
diffusionthen the average particle size increases as a linear function of the cube root of

time, t.

>4 > < Lgs8888 8

11
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Whenthe growth rate is controlled by thenterfacial reaction, the average particle size

increases as a linear function of the square root of the time.
>4 > < Lg8888 8

The LSW theory is the basis of all grain growth theories; it daes lmitations for real
systems. The most critical limitation is the assumption of constant interfacial mobility
between theatom and the matrix interface under all conditions, including driving force
and crystallographic plane (equilibrium shape) of gwid (Kang, S L., 2005) This
approachassumes that the rates of atom attachment and detachment are the same

under all conditions of driving force and equilibrium shape.

There are many other limitations to the LSW theory for real systems with soiing be
modified by other authors and described as extended LSW thedkrelll (Ardell, A.J,
1972) modified the LSWto MLSW to include volume fraction of solid phase to get a

more realistic case.

2.2.1. Mechanisms of Grain Growth

The mechanism of grain growth gblid grains during liguighase sintering can be
described by the Gibbs/Thomson effect (Ostwald ripeni(flin et al., 2004)The
Gibbs/Thompsonequation shown in Equation 2.3 (German, R., 1996yives the

thermodynamc driving force for coarsening:

T
5 6'(20‘0%?8888888 ®

12
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where the grain size of the particlésadius) r, is related(inversely proportionaljo the
solubility of particle (C)in the melt and the solidf A |j dzA R A y (i SJNJAtbniXA |- §
@2t dzySz m3X 0SY BStkdaindzaeks@ant, &G is yitie equilibrium

(s}
<
w»

concentration above an infinitilg large particle. The equation shows that the solubility
increases strongly witlllecreasinggrain size. This effect is pronounced at grain sizes
below 1 um. This strong depenadee of the solubility of the grain size below 0.1 pum is
the reason of the often observed accelerated grain growth of nano particles during

sintering.

A Taylor approximation can be used for particles with a size greater or equal to 1um (i.e.
NJ x ™ w¥équaidn @.&Salagaram, 2007)

T
5 6 Qi F—QIE 8888888 ca
Comparing theequations 2.1 and 2.4, itan be seerthat as the particle sizdecreases

below 1um, the equilibrium concentration of the Taylor approximation series deviates

from the exaciGibbs/Thompsomquation Equation2.3). This is shown iRigure0-3.

1.18 T T T T T 118 T T T T T T
exact —— exact
116 + linear approximation =-==--- i 116 | linear approximation -:J:.-‘ i

1.14 8 1.14 |
112 + . 112+
%0 1T1F . %9 111
O 108} b O 108
1.06 |+ 8 1.06 |
1.04 | - 1.04 -
1.02 L . 1.02

1 L L | 1 1 1 1 1 1 1 1 1

0 0.5 1 1.5 2 25 3 0 50 100 150 2[_i0 250 300 350
r(um) 1 (um™)

Figure0-3: Comparisons of thexact and Taylor approximation of the

Gibbs/Thompsorequation (Salagaram, 2007)
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As described earlier thenain mechanisms for grain growth agoverned bydiffusion
andor interface reaction ana@ccursimultaneously and in a complex behaviour with the

slowest process governing the overall kinetics of the sysidra.growth ate v, can then

be expresseds(Kang et al., 2009)
v=—0%R_ .25
wherevgr & Vpis the growth rate of diffusion and interface reaction respectively.

Figure0-4 shows the growth rates as a function of the driving force for the different

mechanisns; diffusion, interface reaction and mixed control

Interface reaction Diffusion controlled
coptrolled dominated 9.85 dominated
< e >
/ 4
]
e
]
[+ 4
=
P Interface reaction
E 7L control
”
o g i ~ = — diffusion control
”~
e e I CA cONtrol
7’
-~
e AL,

Driving Force, Ag,

Figure0-4: Schematic chgram of the growth rate and driving force for the various
mechanisms of grain growth (diffusion, interface reaction and mixedtol) (Kang et

al., 2009)
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The growth rate of diffusionjpisexpressed as (Kang et al., 2002)

= OR_ Zrodalm 2 U X5
"t kT RGR RS (29)

where D is the diffusion coefficient of the soluteo@ & G KS & 2f dzo Asfish G & 2F |
the solid/liquid interfacial energy and,, is the molar volume. R and R* is the distance

from the centre of the equilibrium shapef the facet and critical nucleus size
respectively R*, the critical nucleus ithe particle size which has a zero rate of growth

ADSd R2 S dissohié (KAantRlg 20@2NJ

The dffusion controlled grain growth rate as shownkigureO-4 is linearly proportional
to the driving forcewhich is also known as normal grairogth (NGG)Both the growth
rate anddissolutionrate is linearly proportional to the driving force. This follows the

LSW theory of grain growth.

The grain growth for spherical particles follows that of diffusion grain groagshown
in Figure0-5. Sherical rougtsurface particles hava large number of sites available for
solute atom deposition; the deposition kinetics is always faster than thiisilin
kinetics and the growth is governed by diffusion. This means that the groatéhof
spherical particless linearly proportional to the driving force; i.e. interface mobility is

constant.
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FigureO-5: Schematic éagram of the growth rate and driving force for spherical and

faceted graingdKang et al., 2009)

Interface reaction controlled growth is not linearly proportional to the driving force,
shownin Figure0-4. It thus shows nomormal behaviourThe grain growth is zero until

a critical driving force is reached, then growth increases exponentidily.growth rate
for interfacial reaction controlygr can be described by a mechanism of nucleation of the

crystals on an interface. The nucleation and growth of 2D nuclei cales®ibed by the

Equation 27 (Kang et al., 2009)

0 Q)rsQoonm88888 ¢
\z:t-Q\ \q)“Q
[ € OOI’ITQ..Y
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where _ is the vibration frequency of atom in liquid, is the number of atoms in a
position close to critical nucleusy is the atom densityh is the height of the 2D
nucleus, is the step free energy of the 2D nucleus aha the grain facet aregn 3

and p dare the activation energy for migration across the interface and Gibbs free

energy (volumetric driving force) respectively.

The volumetric driving force n 3@ for coarsening(Ostwald ripeniny of a grain with
distance fromthe centre of equililbium shape tahe given facet is expresses (Kang et

al., 2002)

wQ 88888ca

P P
YO
Figure0-5 shows the grain growth behaviour of faceted particléaceted atomically flat

interface particles have very few deposition sites and oaeeitih atom deposition on

surface defects on the fate such as the edge of a 2D nucleus formed on the facet or

with the assistance of screw dislocations and/or tw{ifsinget.al. 2009) The growth

rate is not linearly proportional to the driving forcdhis means that the interface

mobility which is a funabn of the driving force is not constant. This therefore suggests

that faceted grain growth is governed by interfaceaction, thus differing from

2 Ay SND&a |aadzYLiaAzy TF2N Ay SKdRdg eDal.| Z00ONB | Oh A 2
However, the dissolubin rate for faceted grains is proportional to the driving force, as

the corners act as a dissoluti®ource;this suggests that dissolution is governed by

diffusion. The assumption made by the LSW theory therefore only holds for the

spherical grains withtamically rough interfaces whilé fails for faceted grains with

atomically flat surfaces.
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Defects such as screw dislocations and twin boundaries assist in nucleation by lowering
the activation energy barrier for nucleation to occur. Therefore 2@ nudeation

growth assisted bgcrew dislocation the rate is expressed (bang et al., 2009)

0
b 0 088888 c@

Fortwin-asssted growth (90° reentrant edg¢Kang et al., 2009)

VI o iQwth,,W‘Q — I Q¢ —wd8B888 ¢ ™

wK S NJ& thé contact angle between the original surface and the tilted surface of a

double twin.

In order for coarsening to take place by 2D nucleation, the 2D nucleation barrier should
be overcome by the driving force for coarseni®y substitutingEguation 28 into
Equations 2.72.9and 2.1Q the rate of growth can be related to the size of the critical
nucleus (R*) and distance from the centre of the equilibrium shape f@jgs can be

seen inFquations 2.11¢ 2.13.

V) Dre Qon - "p 0 88888 ¢dp
O® v v
Q p P
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Kang(Kang, 9 L., 2005showed the variations of the growth rates for the various
growth modes inFigure 0-6. The growth rate for 2D nucleation and growth is an

exponential function while the defect assisted growth was parabolic.

There is a critical driving forder significant growth of a crystal, especially for growth
without surface defects such as 2D nucleation and growth. The critical driving foge,
(identified inFigures 24, 25 and 26) varies with the step free energy of a 2D nucleus
and is affectedby temperature and dopants. The critical driving force for 2D nucleation

and growth can be expressed @sang et al., 2009),

(L)“Q = ” b
(3 'Q"‘M

where Kis a constant relating the diffusion coefficient and the number of nuclei pér u

area.

Below the critical valug 3 the interfacial reaction grain growth is much smaller than
that of diffusion (especially for 2D nucleation and growth). For normal growth (NG&5)

= 0. For significant grain growth (AGG) to occur in faceted materials, the driving force
must be larger than the critical driving forgeg value; i.en 3X gwdEquation 2.15
shows the inequality for grain growth for significant growth of a parti€lee difference

in size between the grain concerned, R, and the grain with the zero rate growth, R*
(Kang, S L., 2005k given irEquation2.15 below:

al
mc ¢ ngl m& -

19
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----
- ——— -

rough surface

(diffusion-controlled growtH
I

faceted surface
i without defects

‘5‘ (2-D nucleation
and growth)

Growth rate v

defecfs
“" (defect-a8s|

il

AAA

Driving force for growth Aig

Figure0-6: Schematiaiagramshowing the variations of growth rate with driving fae
for the various growth modes, wheréhe dotted line depicts the growth rates for

different crystallographic planes of a faceted crysi@ang, SJ L., 2005)

For materials with a small particle size, the amount of grain growth that can occur is
significant. This is because the driving force for growth of smaller particles is much
higher than for large particles. Smallgrains have a higher solubilitiian larger grains,

and thus seup the conditions for grain growth by solutige-precipitation. Referring to
Equation 2.4, the solubility of a solute particle is dependent on the solute crystal size.
There is a critical pacle size at which the solubility of the solute in a liquid increases
exponentially, thus increasing the driving force for growiigure0-7 is a schematic
diagramof the solubility plot of diamond supersaturation in molten Co at HAb&Vies

et al., 2002;Davies, 2009)The critical particle size for growth of diamond is at about
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lum. Particles below 1pum tend to experience abnormal grain growth as the

supersaturatian of the solute (diamond) in the liquid is extremely high.

11 Diamond in Co @
1\ HPHT d - 1um

supersaturation ratio
' \

diamond particie size (microns)

FigureO-7: Trend plot of the solubility of diamond supersaturation ratio (G)Gdn

molten Co at high pressures and temperatur@i3avies et al., 2002Davies, 2009)

2.2.2. Abnormal Grain growth

Abnormal grain growth in a liquid matrix is a common occurreratgough most
involve faceted grains such WD, BaTi@and SiGKang et al., 200Xang, S L., 2005)

This therefore suggestthat faceed grain interfaces area necessary condition for
abnormal grain growth in a liquid matrix. From crystal growth theory from a,nteitas
saidearlier (section 2.2that a faceted crystal grows either by 2D nucleation or with the
assistance of surface defects such as screw dislocations and twin boundaries. The
faceted crystal grows by interfageaction control if the diffusion of atoms in the matrix

is sufficiently fast.
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Interface roughening can be induced:hbgcreasing sintering temperature, changing
sintering atmosphere (i.e. oxygen partial pressure) or adding dopants. This will cause the

grain shape to become rounded and thus result in normal grain growth behaviour.
For AGG, théollowing inequality criterion is oftensed (Kang et al., 20Q2)

QY TY
Q0
WhereRnaxand Rye are the maximum and average particle size respectively.

m88888888¢d @

2.2.3. Grain growth in PCD Materials

Grain growth in PCD materials follows the conventional mechanism of Ostwald ripening
of liquid phase sintered materialiescribed by the Gibbs/Thompson eff¢&hin et al.,
2004)The particle size of diamond and solubility airtwon in solution are very
important aspects of PCD sinteringonormal grain growth usually occurs in fine grade
PCD materiale/hen the particle size iess thanl ¢ 2 um(Akaishi, M., 1991Shin et al.,
2004) Diamond prticles smaller than the crititgparticle size(1 um) will dissolve
readily into the solution and then precipitate otine undissolved(seed) diamond
particles left, causing them to grow exponentiallye critical radius depends on various

conditions; starting grain size, amountlwfuid presentand temperature.

In the PCD system grain growth is essentially caused byrdgionsof particles with
distinctly different sizeg¢the fine tail and the coarse tail of the particle size distribufion
Both the diffusivity and the solubilitypf the solid in the liquidare exponentially

dependent on temperatureThis then suggests that the kinetics constant is extremely
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sensitive to temperaturedepending on the superaturationSince the growth rate is
dependent on the solubility of the solid the liquid, it is important to understand the
degree of solubility during liquid phase sinterifg. the case of PCD materials it is
important to be able to control the carbon solubilitgnd dependence of carbon
concentration in the molten infiltran Carbon concentration in the molten infiltrant can
affect the grain growth of the diamond particles, the more carbon saturated the melt is
before reaching the diamond layer, the lower the dissolution of diamond particles which

will reduce the driving forcéor grain growth of fine grain diamond patrticles

One important phenomeon observed in the sintering of fingrained PCD materials is
abnormal grain growth (AGG). Preferential growth of grains of up to several hundred
micrometreshas been reportedYu etal., 1994;Shin et al., 2004)AGG only occurs in
PCD material with a particle size distribution less tham2where the driving force for
coarsening is highAGG in finggrained PCD is detrimental for wear resistance and

performance of the PCD materials.

Figure0-8 shows the AGG of fingrained PCD produced by Skinal (Shin et al., 2004)

The PCD compacts were produced at 6GPa and 1600°C. AGG can be seen on the corners
and along the tantalum shell.h# attributed the inhomogeneous distribution of the

AGG to inhomogeneous pressure distribution during sintering. The gnairesfaceted

and faceted grain growth during liquid phase sintering is evidence of AGG by 2D
nucleation. Figure 0-9 shows an SEM micrograph of the abnormally grown diamond
crystals. Shiet al. (Shin et al., 2004uggested that the diamond grainsegr along the

{111} pyramidal planes.
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Figure0-8: (a) Structue of crosssection of specimenArrows point out abnormally
grown grains. (b)SEM micrograph of area A in (a) whet&>G and NGG stand for AGG
and NGG regions, respective($hin et al, 2004)
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Figure0-9: (a) SEM micrograph showing faceting of abnormally grown diamond
crystals. (b) Shematic diagram showing P1 and P2 crystals with the pyramidal {111}
planes. N and A are the mmal and abnormal grain growth regions respectivelghin

et al., 2004)

2.2.4. Elimination of Abnormal Grain Growth in PCD Materials

Since both micron diamond and WC partices faceted materialthey will grow by 2D
nucleationand growthand are governedy interface reaction controlled growth. These
abnormally large grains that appear are weak points in the material and need to be

eliminated to produce a homogeneous matei{8hin et al., 2004)

There have been a few suggestions on ways to control th& AGfine grained PCD;

Hong et al(Hong et al., 1991)sed small amounts of SiC to suppress AGG in fine grained
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PCD while Akaishiet al. (Akaishi, M., 1991found that small additions of cubic bamo
nitride powder suppressed AGQu et al. (Yu et al.,, 1994)iscussed methods to
suppress AGG of diamond myolving the use o&n Ni-Zr alloy as a sintering aid under
HPHT. Yazlyazu, 19973uggested adding quantities of fhggained WC powder to the
starting diamondpowder. A patentby Smith International (Smith International, 1995)
describes a method which uses a thin refractory layer of@@¥Gubstrate together with
an admixed refractory material (TiC aCN) within the diamond powder layer. This is
said to regulate the flow of the moltemetal from the substrate into the diamond layer

and therefore minimize AGG and bond metal depletion at the diamond interface.

These methods use the addition of a secondary phase to eliminate the AKG.
problems with these processes are the formationcofmplex intermetallics with the Co
binder in the PCD layer which will rely on accurate control of the HPHT sintering
conditions. The additions of these species will interfere with the kinetics of the sintering
process, therefore influencing the diamowéamond bonding especially for finer
grained PCD (<2ungpatent WO 2008/135949)t would be more useful to be able to
modify the existing Wo substrate to reduce AGG of diamond and plume formation in

fine grained PCD materials.

Other suggestednethods ofreducing AGG of diamond in fine grained PCD materials
include altering the particle size distribution of the diamond particles at the interface.
Since the diamond particle size is a very important component for the driving force of
AGG, this needs to baefully selected and controlled. Daviasd Myburg (Davies &
Myburgh, 2008)3escribed a method of eliminating grain growth in fine grained PCD by
using a layer of coarse grained diamonds- 10um) at the interface;a schematic
diagramof this is shownin Figure0-10. The coarse grained diamond laydr- 10um)

provides various advantages such as restricting the conditions required for Ostwald
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ripening The coarse diamond layer acts as a sacrificial layer by saturating the infiltrating
molten metal (Co) with carbonThis occurs before the molten metal reaches the fine
diamond layer. The fine diamond particles are therefore considered to be more stable in
the molten metal and therefore will not grow exponentially large. The larger pores
associated with the coarse diamd layer also seems to create channels for easier
infiltration of the molten metal in to the fine grained diamond layer, thereby reducing
poor infiltration areas near the top of the PCD compact. Zretrgg. (Zhang et al., 2009)

also produced blayered ED compacts similar to that showedRigure0-10, with 1 pm

and 10um for the fine and coarse diamond layers respectively. They observed no AGG at

1450°C, which produced the best wear resistance results.

"5“5 ------ Co.fof ““‘5-5# Coarse grained diamond
50 -0 G o o O

N\

Figure0-10: Schematic diagram of a diamond compact with layered structure.

Since AGG of the diamond particles is not the only problem in PCD sintering, it is also
important to look at the WC particles that also experience exaggerated grain growth.
Mukhopadhyay and Bertagnoil (Mukhopadhyay & Bertagnolli, 20119uggested a
method of controlling WC grain growth at the diamesdbstrate interface in PCD
cutters. They recommated that changing the C/W ratio will result in a reduction in

exaggerated WC grain growth. The C/W ratio can be changed liyoaddf 5 web pure

27



Chapter 2: Literature Review

WC powder into the diamonadhis will cause a decrease in the C/W ratio which will
result in no grain growth¢ KS& I f a2 adzaA3SaGSR + OIFI-Nb2Yy
phase) will also decrease WC grain growth. This did not produce any effect on the
diamond particles as the diamond grain size was above 20um. The driving force for

diamond grain growth was insuffent for AGG of diamond to occur.

Grain growth inhibitors used in WCo alloys to reduce or eliminate AGG are VECr
NbC and Ta(Choi et al., 20005un et al., 2011)Small concentrations (1 %) of these
metal carbides can reduce AGG in fine grail¢@Co materialsVC and GG are the

most effective grain growth inhibitors for WCo based materials due tiheir high
solubility andmobility in cobalt at lontemperatures (Sun et al., 201X hoi et.al (Choi

et al., 2000khowed a fine graine(.8 pm WC)WGC30Co materialsvith the addition of

1 wt% VCafter heat treatedfor 1 ¢ 16 hoursat 1500°C shown inFigure0-11. The
particle size of the WC patrticles remathsmall for the VC doped materigs6 pm and

0.7 um for 1 hour and 16 houtseat treatmenttime respectively)Even after 16 hours

the WC particles othe nondoped WGE30Co material grew to about 3 ymwhile for 1

hour the particle size was 1.1 prhe small addition of the VC grain growth inhibitor
increases the edge energy of a WC crystal, thus retarding the 2D nucleation growth.
However,Choi et. a(Choi et al., 2000found that after prolonged heat treatment the

VC doped materials exhibited an enltad AGG behaviouA patent (WO 201042566

Al) by Israelsson et &lsraelsson et al., 201Buggested that a small (05 2 wt%)
addition of refractory metals or metal carbides from the group (Ti, V, Cr, Zr, Nb, Mo, Hf
and Ta) could result in a decreaisethe abnormally large diamond grains in fine grain
PCD. This suggests that the addition of VC an@; @rould work as a grain growth
inhibitor in fine grain PCD.

It is important to be able to accurately determine and control the carbon activity of the

molten infiltrant. The carbon content will depend on the type of infiltration source, the

28
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amount of tungsten and the active transition metals used. Conventionally available WC
Co hard metals are limited in regards to the carbon content and therefore théngel
temperature of the binder and the resultant carbon and tungsten activities of the
molten infiltrant. It is therefore important to develop adequate technologies to

manipulate the infiltration sources.
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Figure0-11: SEMBSImicrographsof WG30Co and W@VG30Co specimens heat
treated at 1500°C for given times, WC (light phase), Co (dark phaagWG30Co, 1
hr.; b) WC30VC, 16irs.; c) WELVG30Co, 1hr and d) WKCVG30Co, 16irs(Choi et al.,
2000)

To avoid the formation of plumes and AGG of the diamondylalt infiltrating metal
containinghigh amount ofcarbon and a low amount of tungsten is necessary. This will

produce an infiltrating metal almost saturated with carbon therefore dissolving very
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little diamond. Infiltration by this metal will result in an intergrown diamond interfacial
structure at the sbstrate boundary with very little probability of the formation of

plumes and AGG of the fine diamond.

There are different methods used to provide an extra source of carbon to the PCD layer.
These consist of adding extra carbon or graphite powders dyreotlthe diamond
powders, coating of the diamond powders with a carbon rich precursor, obtaining-a WC
Co substrate rich in carbon, adding a sacrificial large diamond (agetescribed above)

or coating the substratéDavies et al., 2002§5as carburizabin of the WGCo substrates
using propane or methane have been done to produce a carbon enriched substrate
(Davies, 2009)This process although producing a homogeneous distribution of graphite
flakes in the substrate, is expensive to produce. Another method to produce a carbon
enriched substrate is by placing graphite paper on the substrate and heat treating to
allow the cabon to diffuse into the substrat@Davies, 2009)This produces very little to

no free-carbon which is inhomogeneously distributed in the substrate.

Thermal sprayed coatings offer arntemhative process to tailoring amterfacial layer
between the substite and the PCD layeBy manipulating the spraying powder ways

can be made to produce the required infiltrating metal.

2.3. Thermal Spraying of WC-Co Coated Layers

Thermal spraying technologies have had increasing prominence in industrial applications
and @n be easily used to manipulate the raw material powder used to form the

infiltration sources WGCo thermally sprayed coatings were initially produced for the
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aerospaceindustry (Nerz et al., 1992)but have found uses in many other asea
including rollig mills for papeand pulp, steeland textileindustry (Perry et al., 2000;
Dorfman et al., 2000and in the protection of slurry pumps in the mining industry
(Howse & van Wyk, 1998Fhermally sprayed hard metal coatings are used extensively
for the protection of components as they can produce a dense wear resistant layer
which can be used for abrasive, erosive and corrosive wear applicdBamnsana et al.,
2008) They have good tribological properties due to their excellent adhesion to the
substrae, good cohesion and low porosignd canalso be usedto provide a barrier
between the substrate and the PCD bed, thus decoupling the properties of the substrate
from those of the PCD layefhermally sprayeVGCo coatings aranimportant spray
powder and are widely used to produce hard coatings used for wear resistance

application such as for shafts.

There are various types of thermal spraying techniques; these include wire arc,
detonation, flame, plasma and higlelocity-oxygenfuel (HVOF) sprayind\n overview
of the different thermal spray  processes is given in
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Table 0-1. HVOF spraying has become the preferred technique to produce a dense
coating for WGCo materials on a variety of substratéise to high particle velocity, high

density and low decarburization
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TableO-1: Thermal Spraying procesomparison (DaviedR.J,2004)

High-velocity Detonation Radiofrequency

Attribute Flame spray oxyfuel fun Wire arc Alr plasma Vacuum plasma plasma

Jet

Jet temperature, K 3500 5500 5500 =25,000 15,000 12,0040 10,000

Jet velocities, m/s 50100 5001200 > 1000 (=3300) 50100 (160-300) 3001000 200600 (TOO-2000) 2080 (T0-300)
(fu's) (160300} (160040007 (1000-3300)

Gas flow, sLm 100200 4001100 N/A S00-3000 100200 150-250 75-150

Gas types 0, acetylene CH, C,H,. H,, O, 0, acetylene Air, N, Ar Ar, He, H,, N, Ar, He, H, Ar, He. Ha

Power input, kW 20 150300 N/A 25 40-200 40-120 40-200 (plate)
equiv.

Particle feed

Particle temperature 2500 (4500) 3300 (6000 N/A 3800 (=6900) =3800 (=6900) =3800 (=6900) =3800 (=6900)
(max), °C ("F)

Particle velocities, 50100 (160-300) 2001000 N/A 50100 200800 200600 2050 (70-160)
m/s (ftfs) (700-3300) (160-300) (70026007 (TO0-2000)

Material feed rate, 30-50 15-50 N/A 150-2000 50-150 25-150 2050
g/min

Depaosit/coating

Density range (%) 8590 =05 =05 8095 9095 9099 95-99

Bond strength, MPa T-18 (1-3) 68 (10) 82(12) 1040(1.5-6) <68 (<10) =68 (=10) =68 (=10)
(ksi:)

Oxides High Moderate Small Moderate to high  Moderate to coarse MNone MNone

to dispersed
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2.3.1. High-Velocity Oxyfuel (HVOF) Spraying

High velocityoxyfuel HVOF sprayings considered to be the best method for depositing
WGCo powders because of its high particle velocities and lower temperatures than
other methods thereby resulting in less decarburization of WC during spraying
(Santana et al., 2008).i et al., 199§) It is used to produce dense \WID coating®f up

to 500um thickesswith good wear resistancelhe gas temperature is in the range of
2600- 3000°C andhe particle velocitycan reach700 m/s(Metco, 2011) Figure0-12is

a schematic illustration of thegun for HVOF sprayingVarious fuel gases such as
propane, propylene, acetylene, hydrogen and other natural gases can be Tked
powders are melted by the heat source and are propelled by the carrier gases to spray
onto a prepared substrate, wherehey solidifies and forna lid layer of alternating
particles.Figure0-13 shows how the particles form on a substrate. The molten liquid
particles impact the substrate at higipeeds and deform and spread out like pancakes
on the substrate. Once cooled and solidified the particles bond together by mechanically

locking.

Expanzion nozzie

Fusl gas Oxygen Coating

Diamond shockwaves

\
| e ™

Compresaed air

Powder and carrier gaz ,
Workpiece

Figure0-12: Schematidiagramof a HVOF Gu(Metco, 2011)
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Figure0-13: Schematic of the particle formation on substra{®letco, 2011)

2.3.2. Decarburization during spraying

In thermal spraying, decarburization of the metarbide powders occurs. The Co
binder in the WGCo powders melts rapidly, and at high temperatures WC dissolves. The
oxygen in the flame can then rapidly react with the C in solution, formingrG® gas
which is removed from the system. WC decomposes as the depletion of carbon occurs.
The decompsition and oxidation of the WACo during spraying usually yields,@y
metallic W and undesirable phases such as the eta phas@d/(Gpand other complex
amorphous phasefSantana et al., 2008&;i et al., 1996AslI et al., 200&nd de Villiers
Lovelock, H.L., 1998The composition of the ¢tab -phases(CaWsC, CeWsC and
CaoW,C)is not fixed and can vary with temperature. Thage carbon deficient phases

which result in a hard brittle material which decreases the wear resrtaonf the
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material. The formation of these phases during spraying needs to be suppressed; this

can be achieved by reducing the degree of decarburization during thermal spraying.

Decarburization steps during thermal spray{iNgrz et al., 1992)
Step 1: CWwO O WO OXXXXXXXXP OHODOMT
Step 2: WO 9 o OXXXXXXXXJOHODMY

cd® U O cOU QOXXXXXXOHDPMD

Decarburization is kinetically driven; iis.dependent on temperature and time. The
amount of decompositiortan be minimized by decreasing the flame temperature and

increasing the flame velocity.

A method of reducing decarburization during thermal spraying is to introduce a
sufficient amount of carbon in the powder before spraying. The method for carbon
enrichng of the powders involves the use ofphenol formaldehydecarbon precursor
and its pyrolysis procedure developed by Dr Geoffi@&awat Element Six (Pty) Ltd
(Davies, 2009)Enough carbon is added to the WO powders before spraying to

account for the dearburization during thermal spraying

2.3.3. Thermal Sprayed Coatings used in PCD sintering

As described earliegAGG of diamond in PCD sintering can be reduced or eliminated by
changing the chemistry of the infiltrating met&lr Geoff Dales at Element Six (Pty) Ltd

(Davies, 2009leveloped a way to change the chemistry of the infiltrating Co metal in
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PCD sintering by using a carbon enriched W& powder(described aboveklnd
thermally sprayinga coating oto a WCCo substrate. Bguppling enough carbon into

the infiltrating metal a reduction in the carbon gradient between the PCD layer and the
substratecan be achievedlhis modification has the potential o#ducing the formation

of AGG of diamond and WC plumes at the interfagediscairaging dissolution of the
small diamond graind-igure0-14 shows a schematic diagram of the setup of the PCD
material with the thermally sprayed WCo barrier between the diamond and WD
substrate.The coating also provides a barrier between the PCD layer and the substrate
which can help improve the PCD wear propertiBairing wear testing of the PCD
material, the worn surfacegradually becomesvider and moves into the WCo
substrate, if coupled with a more wear resistant barrier between the PCD an€&VvC

substrate this would provide improved wear properties for the PCD cultter.

Fine grain PCD

Thermally sprayed layer
coating (Carbon
enriched WC-Co)
Infiltration
source

WC-Co substrate

Figure0-14: Schenatic diagram showing the setup of the PCD material with the
Thermally Sprayed layer (TSL).
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2.4. Abrasive Wear Resistance and Mechanisms

2.4.1. Abrasive Wear

Wear is considered the loss of material from a surface by means of some mechanical
action. There are vaus types of wear in materiglshese include abrasion, adhesion,
erosion and corrosion wear. Abrasive wear is considered a major failusysitem
components and is the loss of material due to hard particles or hard

protuberances/asperities forced agatrend moving along a solid surfa@&STM, 1987)

Abrasive wear is commonly classified according to the type of contact and the contact
environment. The type of contact determines the modes of abrasive wearbtvady or
three-body abrasive wear. Abrasive wear occurs when either a rough, hard surface
(protuberances) or a soft surface with hard particles embedded in its surface slides over
a softer material causing ploughingaction to take place; this is known as tody
abrasion. When loose hard particles or contaminants are present and are free amdoll
slide between surfaces this is known as thtemly abrasion.Figures 215 and 216
show a schematidiagramof two-body and threebody abrasive wear respectively. The
mechanismby which material is lost is by plastic flomhich is caused by material
displacement by a moving surface or foreign particle, while cutting is the removal of
material usually producing material chips. Thimmly abrasive wear is more important

for industrial applicatiosas itis close tavhat occurs in industrial processes.
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ﬂ
Forelgn Particle

Plastic Flow Cutting

Figure0-16: Schematidiagramof three-body abrasive wea(STLE, 2011)

Erosive wen is another important type of wear; here a solid or liquid impacts the
surface of the material removingarts of itthrough a repeated deformation and cutting
motion. This mechanism is found widely in applications of slurries moving through pipes
or pumping equipment. There are a number of factors which affect the erosion wear
rate; these include the shape, hardness and impact velocity of the particle as well as the
impingement angle. The impingement angle is the angle at which the palniisi¢he

material surfacefrom the horizontaj it depends on the type of tribsystem andwhen

39



Chapter 2: Literature Review

the angle is small the wear produced is similar to that of abrasive wear while if the angle
is large (ktween 75- 90° material can be removed by plastic flow or battlailure
(Poeton, 2011;GordonEngland, 2011)igure 0-17 shows a schematidiagram of

erosion wear.

\

W e

High angle erosion Low angle erosion

Figure0-17: Schematic of erosion wedPoeton, 2011)

2.4.2. Abrasive Wear Resistance of Thermally Sprayed Coating

Abrasion wear is a majamode offailure of many materials Thermal sprayed W«Co
cermets coatings have been used due to their excelmasive wear resistang®Vang

et al., 20090 address this problemThe abrasive wear resistance of these coatings is
controlled by a number of factors such as the coating process as well as the properties
of the spraying powderi.e.the morphology andnitial particle size and distribution of

the spray powder and the difference in the hardness of the carbide powder and the

abrasive media.

Thermal spraying process causes residual stresses, usually tensile, to exist in the

coatings. These stresses arfsem impact, cooling, solidification and scbthte cooling
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of the splats on the substrate and on subsequent splats where the splats cannot deform
enough(Stewart et al., 1998)Thermal mismatch due to thermal expansion coefficient
differences between thecoating and substrates also affect the residual stress. These
residual stresses have an effect on the wear resistance of the coating. Residual stresses
can cause cracking and delamination of the coating thus decreasing the wear resistance.
Post spray heatreatment of the coating can reduce the residual stresses in the coating
and thus increase wear resistance. Heat treatment in inert atmosphere such as argon or
hydrogen at temperatures above 600°C can decrease the residual stresses by
recrystallization ofthe amorphous phases by promoting the formation of eta phases
(CaWeC)(Stewart et al., 1998)

Asl (Asl et al., 20063lid tests on the variation of heat treatment temperature (60
1100°C) in vacuum (2.5x30nbar) for 1 hour on W@7Co coatingsTheseauthors
determinedthe effect heat treatment has on the mechanical properties and wear loss of
the coated layersThe wear loss was determined by a+jaimdisc arrangement with a
constant load of 5 N, sliding speed of 0.1 m/s and sliding distance of TUtkw.found

that the best mechanical properties and lowest wear resistance was achieved at about
800°C,as shown into Figure0-18. At 1100°C, the hardness and weasd increased

while the fracture toughness decreased. This was due to complete transformation to
crystalline eta phase, which is brittle and hard. The 800°C sample showed no significant

transformation.

There are two methods used to determine the abrasiear resistance of a material,
pin on disk for twebody wear, while the rubber wheel te& usedfor three-body wear

in either a wet or dry environmer(Stevenson & Hutchings, 1996).
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Figure0-18: Effect of heat treatment temperature on (a) Micrbardness and fracture
toughness and (b) Wear loss on \WICCo coating$Pin-on-disc arrangement5N load,

0.1m/s sliding speed and distance of 1) (Asl et al., 2006)
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2.4.3. Dry Sand-Rubber Wheel Abrasion

The drysandrubber wheel abrasion tefDSRWHas described by &M &ndard G65
(ASTM G6B®4, 2010)is commonly used to evaluate the abrasive wear resistance of
materials under threédody conditions The test was developed to simulate wear
situations in which lowstress scratching abrasion is the primary mode of wear, i.e. loose
abrasive grains being dragged across a surface under loading conditions which do not
induce fracture of abrasive particlgsigure0-19is a schematiaiagramof the dry sand

rubber wheel test apparatus.

Figure0-19: Schematic diagram of the dry sadbber wheel test apparatus

(Stevenson & Hutchings, 1996)
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Chapter 3: Experimental Procedure

This chapter details the experimental procedures used in making and characterisation of
the carbon enrichedWVGCo powders, sprayed coatings, sintered PCD materials and
wear tests. A detailed description of all equipment used in making, characterisation and

testing is also provided in this chapter.

3. Experimental Procedure

3.1. Powder Processing

3.1.1. Raw Powders

All powders used in this study are given Trables 3l and 32. The particle size
distribution and supplier are also provided. The particle size distribution of the as
received starting W&o powderand diamond powders argiven inthe results sectios

contaning Figure4-1 and Figure6-2 respectively

Table3-1: Powders used in ocessingof coatings

Material Particle Size (um) Supplier
WG12Co 45 + 11 Sultzer Metco, Fe Powder Suppliers (Pty
WOKA 3103 Ltd
WG17Co 45 + 11 Sultzer Metco, Fe Powder Suppliers (Pty
WOKA 3203 Ltd
WGCNI 45 + 11 Sultzer Metco, ThermaSpray SA (Pty) Lto
Phenolic resin - Element Six (Pty) Ltd
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Table3-2: Diamond mwders used forsintering.

Diamond Powder Modality Average Particle Supplier
Size (um)
Medium Grade (MG) + 1%SP C{ Multimodal 8¢10 Element Six (Pty) Ltc
Fine Grade (F6) +1%SP Co | Multimodal 4¢6 Element Six (Pty) Ltg
Ultra-Fine Grade (FG 0.5) monomodal 0.5 Element Six (Pty) Ltg

3.1.2. Carbon Enrichment

Carbon enrichment of W.Co powderswas done to add up to6wt% extra carbon.
Carbon enrichment of the WCo powders was achieved by a two stage process. A
schematiadiagramof the carbon enrichment process is showrFigure3-1 . In the first
stage the appropriate amount of phenolic resiphgnol formaldehydeesin (GH:O,))
(grade SSA3034, from Element Six (Pty) kdddchieve carbon enrichment according to
Equation 3.1(Davies & Myburgh, 2008yvas placed in a beaker, 400ml of ethanol was
added to dissolve the phenolic resifhe phenolic resin is an unmodified phenolic
novolak resin powder of less than ff; it contains approximately 14% hexamethylene
tetramine as a crosknking agentA magnetic stirrer bar and plate werased to help
encourage dissolution. Once all the phenolic resin was dissolved into the ethanol, the
liquid was added to a rotary evaporan flask contaiingthe required amount of W«Co
powder. The two were mixed together then placed in a rotary evaporator to dry at 80°C
and rotating 65rpm. The powder was removed while slightly damp and placed onto a

watch glass and dried in an ovenG&°C overnight.

100° weight,q,

% Carbon= We'gmvC;s";'e'ghtesm XXXXXXXXDPD 60dMO
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The dried powder was then crushed using a mortar and pestle. Tisbeduowder was
placed into a zirconium boat which was placedantube furnace for pyrolysis under
H./Ar gas. The heat treatment dgcused consisted of heating to 450°C at a rate of
3°/min, then to 1020°C at a rate of 5°/min, holding at 1020°C4fominutes and then
cooling slowly down to room temperature as shownFRigure 3-2. The powder was
heated to 450C as this is the temperature of the pyrolyseéaction of the phenolic
resin; above 600C the resin can be converted to carbon with a high yield. A
temperature of 1020C was used to bond the demposed resin to the WCo powder.
The pyrolysedWGCo powder waspartially sintered together and wasrushed in a
Retsch KM100 Pulveriser and sieved to a mesh size of 58 pestore the starting

powder distribution

After several attempts to produca 4 and &t%carbon enriched powder using a single
step carbon enrichmentpyrolysis method failed due to the thermosetting ability of the
phenolic resin at high contents, a multiep process was then use@he multistep
process consistedf consecutivecarbon enrichmenpyrolysis steps untithe required
carbon content waschieved.The carbon content of the powdersas set according to
the descriptionabove After the required carbon content was achieved the powders

were HVOF thermally sprayet onto asubstrate.
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Carbon enrichment stage

Phenol formaldehyde
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Figure3-1: Schematiadiagramof the Carbon enrichmen{Davies & Myburgh, 2008)
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Figure3-2: Carbon enrichment pyrolysis heat cycle.
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3.2. Thermal Spraying

Thermal spraying of th&®VGCo powders onto thesubstrates was carried out at the
facilities at ThermaSpray (Pty) Ltd. There are two substrates used in thermal spraying;

mild steel for wear resistance and WWED for PCD sintering.

3.2.1. Pre-Spraying Treatment

Pretreatment of the substratesvasdone to roughen the surface for good adhesion of

the coating during spraying. This was done usin@#Agrit blasting

3.2.2. HVOF Spraying Conditions

Thermal spraying was done using the High Velocity-Key (HVOF) method. A Metco
Perkin Elmer DJC diamond gun was usepowder feed rate of 45 g/min and apray
stand-off distance of 220 mm were used. The composition ofdkguel gas waset to
the following ratio of Air/Q/fuel of 32/38/38 I/min. A schematidiagramof the HVOF
gunis shown inFigure0-12. Six W& o powders were used for sying;the standard
WG12Coand WE17Co powders and the 2, 4 and 6%C coated1&Co and Wa7Co
powders. A coated layer thickness of over 100300 um wastargeted Coated
substrates were mild steésample dimensions 75x25x6mfior wear tests and WCo
substrdes (18mm diameter, height 12.5mnidr PCD sinteringAfter thermal spraying
the samples wereaken forfurther analysis and testing (i.enicrostructural analysis

(XRD and SEIMPCD sinteringvear testingand hardnesp
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3.2.3. Post Spray Treatment

After thermal sprayingome ofthe samples were taken for post spray treatment. Some
of the coatedmild steel substratesvere taken foran annealingheat treatment before
wear tests to determine the effect of heat treatment on the wear resistaiice.
potential reduction otthe residual stresses in the coatiagd improvel homogenization

of the microstructurd. The annealing heat treatment consisted of heating the
substrates in a tube furnace t@00°C with a dwell time of 1 hour innaargon

atmosphereand cooled at a slow rate of 5°C/min to room temperatFégure3-3).

The coatedNVGCosubstrates for PCD sintering wegitsosent for post spray treatment
to recrystalize the Co phaseThis was doné a tube furnace to 1100°C for 1 hour in a
hydrogen atmosphereand cooled at a slow rate of 5°C/min to room temperature
(Figure3-3).

1200

1000 H
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Figure3-3: Heat treament cycleof coated substratesmild steeland WGCo.
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3.3. Carbon Enhanced Carbides

Carbon enhanced carbide substrates were made by mixing diamond particles with WC

and Co powdersThe powder was then pressed into a green body and sintered under

HPHT conditions- (1400°C and 6.8GPa). Two types of carbon enhanced carbide

substrates were produced at Element Six (Pty) Ltd; a grapiam@ond enhanced
carbide (GDEC) and a diamond enhancadbide (DEC).

The DEC substrate was produced by the standard method desdnlfgection 3.3The
GDEC substrate was prodacsimilarly to the DEC substrate but an extra step was
added between the pressed green body step and the HPHT sintering Btispwas a
vacuum sintering step in which the diamond grains graphitize due to the Co while the

carbide sinters around them. After the vacuum sintering the samples were HPHT

sintered at- 1400°C and 6.8GPa, the graphitized diamond particles recau/eot
diamond during this stage, buhis allowed more carbon to dissolve into the WCb
material (i.e. Co metal dissolved the graphite particles and becaatarated with
carbon). The diamond picles wee in the range of 180 um. Various volume fractions

of the diamond were used ranging fromg5L5 vol.%.

A diamond enhanced carbide sample was made witlu.sliamond powder, sintered

by ark plasma sinterin¢FCTSysteme Gmbld HFD5) 10vol.% of the 0.5um diamond
powder was mixed together with WZ2Co powder ira tubular mixer for 1 hour with a
tungsten ball ratio of 5:1 then SPS sintered. Powder was placed in a graphite die coated
in hBN. Samples were densified for 5 min at temperature of 1200°C under a pressure of
40 MPa in a vacuum. The heating rate was naanmdd at 100°C/min. The samples

produced were 3 mm thick an@0mm diameter.
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A VC doped carbide substrate was made by adding VC powder to tHéoVgGbstrate

as a grain growth inhibitorThis was produced by mixing 2 wt% VC powaéh WG

12Co powder in @urbula mixer for 1 hour with a tungsten bati powder ratio of 5:1

then SPS sintered. Powder was placed in a graphite die coated in hBN. Samples were
densified for 5 min at temperature of 1200°C under a pressure of 40 MPa in vacuum.
The heating rate wasaintained at 100°C/miriThe samples produdevere 3 mm thick

and 20mm diameter.

The SPS samples were taken for OD and surface grinding to remove any residual
graphite and BN remainingfrom the die and to reduce to 18 mm diameter for HPHT

PCD sintering.

3.4. High Pressure High Temperature Sintering

3.4.1. Pre-HPHT Sintering

Coated substrates and P@t (i.e. fine grain diamond powdetsed for PCD sintering
were placed in the appropriate containers for sealing before sintefilegTa and Nh)

The containerswvere placed in a 8zer vacuum furnace for outgassing; the vacuum
treatment was used to remove all absorbed gases and surface impurities to prevent
oxidation before sintering. Tditreatment takes aboutl4 hoursand consists of heating

in two steps first to 500°C dwell for 2 hours andhen to 1050°C dwell for 3.5 hours
before cooling rapidly to room temperatureinder a vacuum of I0 bar. After

outgassing the containers were sealed using electron beam (EB) welding.
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3.4.2. HPHT Sintering

The sealed compacts we then placed in the required componenfsetal cups, salt

nest and capsule)sed forsinteringof PCD sample$ samples were produced in each
capsule per sintering rurSintering of the PCD materials was done at high pressure and
high temperature to faititate full densification. This operation was done at the sintering
facilities at Element Six (Pty) Ltd, South Africa usiH&ldT belt apparatug he sintering
process used igroprietaryto Element Six (Pty) Ltd and thus most aspects of the process
canrot be divulged. The general sintering process involves applying a pressure and then
heating to sinter and form a fully densified compact. The sintering pressure and
temperatures used in this experimemtere in the range 06.6 ¢ 6.8 GPa and between

1400-1500°C respectively.

TheEDM (electric discharge machine) cutting was used to cut the sintered compacts in

half forgrinding and polishing fanicrostructuralanalysis.

3.5. Wear Tests

Wear tests were done on coated substratesdetermine the wear resistance of the
coating. The abrasive wear test useds the dry sandrubber wheel test.A Paarl

Granite Turning (PGT8st was alsalone ona selecéd PCD sintered material.

3.5.1. Dry Sand-Rubber Wheel Test

The abrasion test used fdinis experiment to determine the wear resistance of the WC

Co coating is the dry sarrdbber wheel test described in the ASTM standard G6TM
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G6504, 2010) In the dry sandubber wheel abrasion test shown Figure0-19, the
specimenwas loaded horizontally against the rim of the rotating rubber wheel. The
I oNF &AQPS &aAf A0l &l yviith thedparticleJize SiRribulich give ih F Q &
Figure3-4, wasgravity-fed between the rubber wheel and the sample specimen. The
specimen weighlosswasmeasured and related to the wear. The rubber wheel abrasion
test produces adft abrasion, where the abrasive particles generally remain intact after
the abrasion process. The wear specimen used in this experimvastmild steel
substrates with a WCo thermal sprayed coatinhe specimen dimensionsere 70 X

25 x 6 mm. The loadand rotation of the rubber wheel used in the experiments \2&s

N and200rpm respectivelyThe sand haa flow rate of 4.Q; 7.0 g/s(control of the rate
was difficult as the speed controller was faultyhe samples were polished eliminate
surfaceroughness effectsThe samples were initially weighedwo wear resistance
experiments were setip:

(1) 5 min interval tests for 3@ins and

(2) full 30 min testgno intervals)

In the first experiment the samples wewgeighed after 5min intervals tdetermine the
total weight loss. The total time for elacexperiment was between @ 30 mins. The
second experiment the weight loss was determined after the fullnifis test was

performed.The dry sandubber wheel apparatus used is showrHigure3-5.

The wear micremechanisms were characterized by using SEM. The particle size
distribution of the silica sand after wear is also showfigure3-4, showing only a small

decrease in the mean patrticle size after wear.
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Figure3-4: Particle size distbution of the slica sand beforeand after wear.

Figure3-5: Dry sandrubber wheel test apparatus(a) entire apparatus and (b) rubber

wheel.
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3.5.2. Paarl Granite Turning (PGT) Wear Test

A Paarl Granite Turnind®?GY test wascarried outto determine the wear behaviour of
the PCD sintered material&.PGT test is a turning or milling test®aarlgranite. A core
(cylinder) of rock is loaded onto a I&hThe rock is rotated and the PCD sample is
engaged into the rock for a set ddpof cutand time. The wear scaé measured linearly
from the top of the PCD sample to theottom of the wear scar using a stereo
microscopeattached to a camera and analysis softwafée PGT test can test both two

andthree body abrasionThe time for turning wa 10 minutes.

3.6. Hardness

Vickers lardness measurements {Hwere done on the coated samples used for wear
tests. A indentationload (L) of 2kgf for 15s was used and the diagonals (d) of the
indentation were measured. The hardness was calculated using the Vickers hardness
Equation 3.2. At least 10 indentations were measured per sample and the average

hardness and standard deviation werdatdated.

O pPHFUVLT— XXXXDPO60oDPHU

3.7. Characterisation

Characterisation of WW,Co powders, coated layers, sintered PCD samples and wear
samples were done using the following methods:

1 Particle sizanalysis
1 XRD phase analysis
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Microstructural SEM and ERXalysis
Image Analysis

Carbon analysis

Raman Analysis

= =4 -4 A

3.7.1. Particle Size Analysis

The Malvern Mastersizer 2000 Particle Size Analyser (PSA) was used to determine the
particle size distribution of all powders, raw and mixed, before use. The powders were
suspended in a small amount ofdistilled water to produce a slurry, a standard
dispersant (sodium hexametaphosphate) was also ad@&dd5g) and ultrasonically
probed A small amount of the suspended solution was poured into the PSA analysis
tank where an ultraonic probe was used to disperse the particles into the water. The
PSA measures the light intensity as a function of the scattering angle of the suspended
solution and determined the particle size and patrticle size distribution of the suspended
powder paricles. The particle size analysis of each powder was performed atheast

times to obtain an average of the results.

3.7.2. XRD Phase Analysis

X-Ray diffraction (XRD) was used to qualitatively determine the phases present in the
composite material. The samtes were examined usireg Bruker AXS D2 phaser desktop
powder diffractometer, using monochromatic Cu YKadiationproduced at 40 KV and

20 mA. Diffractograms were colle®e 2 GSNJ I NI} y3IS 2B’ witha 6 S 6SSy
stepsizeof 0.0H = (123SHTKSNJ oA DKSsS] &aoOly adaSLI GAyYS
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AR YLIYlIfaGAOlI T - @WEIadiafkorafidrabielédio? détedioswith

nickel filter to remove Co (Kwas also usedCo radiation wagproduced at 40kV and
20mA.Diffraction patterns were col SOG SR 2@SNJ I NI y3IS,Wahif H‘° 0 S
a step size 00.02 H ', together with a scan step time dfs.The Cadetector was used

to get a clearer indication of the Co content within the sampissd for PCD sintering

3.7.3. Microstructural SEM and EDX analysis

A Scanning Electron Microscope (SEMijips XL 30 ESHNEG seriewas used to study

the microstructure of the mateals. An EDX (energy dispersieay) spectrometer
(EDS) was used to identify the elemental composition of the various phastse
microstructure. This was used to support the evidence of the XRD analysis and to find

evidence of freecarbonthat could not bedetected withthe XRD analysis.

Doublesided carbon tape was used to mount the samples onto aluminium sample
holders anl also to provide the electrical conductivity. The samples were not coated.
acceleration voltage of 2, 20 keV was usedAn assortment of magnifications of

micrographs were taken ranging betweda ¢ 10 000X.

Microstructural analysis of the sinteredaterials was done using SEM and EEDAlysis

as describedabove Approximate binder pool thickness was determined. Optical
microscopy was also done on the samples to measure the thickness of the AGG region.
The abnormal grain growth (AGG) was measurgdaking images of the entire AGG
region on an optical microscope at 5X magnification. AR@visonarea measurement

tool was used to measure the total area of the AGG and the distance measuring tool was

used to determine the length of the AGG area along itiierface. Bydividing the area
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by the length, the average thickness of the AGG region was determined. The standard

devation was alsalerived

A SEM investigatiomas alsocarried outon the AGG region of the PCD materiading
NVISIONwith an attaclked EDX (INCAsight, Oxford Instruments) an®lVISION 40
(Zeiss) with an EBSD (HKL, Nordysis was done to determine tharientation of the

diamond grains.

3.7.3.1. Image Analysis

Image analysis (IA) was used to quantify and characterise the microstructtire BCD
and WCCo substratelA was done byaking 1020 SEM images of theianostructure (as
described in &ction 3.7.3. The magnification of the SEM images degsenn the grain
size of the material. A high magnification was used for fine grain size materials, while a

low magnification was used for aser grain size materials.

The IA software programme AnalySIS Pro was used to determine the phase percentage
of each phase by ascribing the different light intensities to various phases. Data was
then produced to determine the different binder and grain size percentage. The data
generated from the AnalySIS Pro programme was used in conjunction with a programme
module designed inExcelto determine the grain size and distribution, phase content,

mean free path (MFP), contiguity of the PCD material andG&/Gubstrate.

3.7.4. Carbon Analysis

58



Chapter 3: Experimental Procedure

Carbon analysis was done on the MG powders to determine the percentage carbon
in the powders. Carbon analysis was done using an Eltra CS 800 analyser shigwrein
3-6. The Eltra CS800 ia anduction furnace attached to a computer and an interfaced
electronic balanceSample powder 00.5gwas weighed outind + 0.2g of flux powder
(copper (Cu) filings and tungsten (W) accelerpteas addedn a ceramic cruciblélhe

lid was placed orandthe crucible waglaced on the furnace pedestal. The furnaseas
heated up by induction coils to 1250°C with medical f@wing through the system.
Volatile gases (G@nd SQ) were burned off; they pasl over an infrared detedor cell
which separatedhe carbon from the sulphur. The carbon and sulpbantentis given

in either percentage (%) or ppm.

Sample in crucible heated by an induction
furnace

Infrared
cell

€0,/ H,0
trap

€0,/ H,0
trap

Carbon and Sulphur analyser Weight scale PC with analysis
software

Figure3-6: Eltra CS800 carbon and sulphur determinator.
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3.74.1. Cutting andPolishing

For characterisation of the coated layers the samples Bddd be cut in half, ground
and polished. ThaVGCo substratesand the steel samplewsere cut in half using
diamond bonded cutting bladen a Struers Secotom 10 Precision cutfeolif©iing was

achieved by several stages of grinding and polishing steys to 1um

PCD samples were also cut using EDM and polished by first lapping and then polishing
using diamond bonded wheels. @nthe samples were polishethey were taken for

SEManalsis.

3.7.4.2. Raman Analysis

Raman analysis was done on tleated samples to determine if excess carbon exists in
the coated layers. Raman analysis was done uswogdifferent Raman machines. The
first was done using JobirYvon T64000The wavelength used féhe Raman tests was
the 514.5 nm green laser line of an Ar ion las@nalysen various spots were done to
determine the carbon content in the sample. The sec&ainan analysis was done on a
Horiba Jobin Yvon HR8@®&h a 785 nm laser wavelengtAs the Raman spot size is less
than 1Inm, it is only possible to analyse a very small area of each safpkx8 array
covering an area of 100 x 100n of 64 positionswere examined for each sample to

determine the overall carbon content in the various mategial
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Chapter 4. Results of Powder Processing & Thermal

Spraying

4. Results

This chapter describes the results of characterisation achieved by powder processing
and thermal spraying of the WCo powders.The characterisation includes SEM
microstructural analysis, XRD phase asialy particle size distribution andarbon

analysisof the powders and coated substrates.

4.1. Characterisation of WC-Co Powders

The W@Co powders were characterized according to pchoes described irthapter
3.7.

4.1.1. WC-Co Powders

The particle size distributions of the-eeceived WECo powders are shown iRigure
4-1, the d(0.5) for both powders (W2Co and WQ7Co) is 33.7 and 32.5 um
respectively.The microstructure of the W{L2Co and W@7Co powders are shown in
Figure4-2; the particles shown are spherigakith small WGCo particles agglomerated
together to form a spherical particle and then sinterethe sphericakhape of the

particles providedetter sprayingand densification.
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XRD phase analysis of these powders is showdgimres 43 and 44; WC and Co phases

can be seen.
14
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€ g
]
£
| 6 w—\NC-12CO
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- e \N C-17CO
4
2
0
0.01 01 1 10 100 1000
Particle size (um)
Material: D(0.1) D(0.5) D(0.9)
WG12Co 18.5 um 33.7 pm 56.2 pm
WG17Co 16.9 pm 325 um 55.4 pm

Figure4-1: Particle size distribution of aseceived WECo powders.

Figure4-2: SEMBSImicrographs of a) W&2Co powders, pWG17Co powders.
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Figure4-4: XRD scan of WC7Co powderCo radiation)
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4.1.2. Carbon Enriched WC-Co Powders

Six carbon enriche?VGCo powders have been produced according to the method

described in Chapte3.1.2 the carbon enrichment is given Table4-1.

Table4-1: Carbon Enriched Powders.

Powder Extra Carbon (vol. %)

WCc¢ 12Co + 2%C 2

WC¢q 17Co + 2%C

WCq 12Co + 4%C

WC¢q 17Co + 4%C

WC¢ 12Co + 6%C

o O M DN

WC¢q 17Co + 6%C

The microstructures of the carbon enrich®#dGCopowders are shown ifrigures 4 -

4-7. Figure4-5 shows the micrographs of the Wb powdes carbon enriched with 2%C
at three different magnificationsThe dark phase attached to the round WC particles is
carbon. Carbon can be clearly seen bonded to the®@d(articles creating a coating,
(Figured-5 c and d. This indicates that the carbon enrichment of the W€ particles is
possible. Similarly with Figure 4-6 and Figure 4-7, the micrographsshow carbon
enrichmentof the WCCo powders with 4%C and 6¥&Spectively A larger amount of

carbon can be clearly seen bonded to $e&/GCo particles.
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Figure4-5: SEMBS micrographs of W&o powders carbon enriched with 2%C; a, b &
c) WCG12Co powder and d, e & f) WLC7Co powdeyshowing Carbon (Glark phasg

coating WCCoparticles(light phase)
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Figure4-6: SEMBSImicrographs of W& o powders carbon enriched with?d4C (a & )
and 6%GQb & d)of the WG12Cq showing Carbon (Qark phasé coating WECo
particles(light phase)

66



Chapter 4: Results of Powder Processing & Thermal Spraying

N e

Figure4-7: SEMBSImicrographs of W&o powders carbon enriched with?d4C (a & c)
and 6%GQb & d)of the WG17Cq showing Carbon (Qark phasé coating WGCo
particles(light phase)

Figure4-8 and Table4-2 shows the particle size distributions of alktlcarbon enriched
WGCCo pavders. The particles size distributiomaskept in a range between a d(0.1) of
15pum¢ d(0.9) of70um; this is to ensure a gooitbwability. The d(0.5) for the pairtles is
in the range of 32; 44um. Particles smaller than 15um could result in clogginghef t

spray gun or disintegration during spraying.
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WC-17Co+4%C

e WC-12C0+6%C

== WC-17Co+6%C

Particle Size (pm)

Figure4-8: Particle size distribution of all the WWCo powders.

Table4-2: Particle size distribution o?WGCo powders.

Material D(0.1) D(0.5) D(0.9)

WG12Co 18.5 pm 33.7 um 56.2 pm

WG17Co 16.9 pm 32.5pum 55.4 pm
WCC 12Co + 2%C 15.9 ym 34.5 pm 60.9 um
WCC 17Co + 2%C 16.1 pm 35.2 ym 61.7 um
WCC 12Co + 4%C 17.9 ym 39.9um 60.0 um
WCC 17Co + 4%C 17.7pum 43.4 pm 81.2 um
WCC¢ 12Co + 6%C 19.5 pm 44.3 pm 78.6 um
WCCc 17Co + 6%C 15.1 pm 39.3 um 72.2 um

4.1.3. Carbon Analysis of WC-Co Powders

Carbon analysiand coating layer thicknessf the WGCo and carbon enriched Wb

powders were determined as described Bhapter3.7.4 and 3.7.3 respectivelyand
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givenin Table4-3. This shows that the powders contain the required excess carbon

content before spraying.

Table4-3: Carbon content of W&o powders.

PCD sample Wear sample
) Excess Wt ] ] ) .
Sample Material | Carbon web Coating thicknesy Coating thickness
Carbon
(um) (um)
WC¢ 12Co 5.12 - 256.1 £ 6.9 2565+ 7.1
WC¢ 17Co 541 - 134.1+7.1 164.7 £ 11.6
WC¢ 17Co + 2%C 7.40 2.00 517.8 +10.7 206.2 £10.7
WC¢ 12Co + 2%C 7.67 2.55 303927 190.2+6.6
WC¢ 12Co + 4%C 9.25 4.13 221.0+8.7 192.3+9.4
WC¢ 17Co + 4%C 9.60 4.19 279.6 £3.2 -
WC¢ 12Co + 6%C 11.28 6.16 56.8+ 9.9 -
WC¢ 17Co + 6%C 11.60 6.19 114.8+8.5 -
WG10Ni - - - 176.7 £ 14.5

4.2. Characterisation of Thermal Sprayed Coatings

Coatings microstructures were generally analysied on the mild steel substites.
microstructures of the asprayed coatings are given kigures 49 ¢ 4-11. The lighter
phase is WC and the grey phase between the p&@clesis the Co metalThe images
show that the coatings are very poroughe particle size and phase analgsef the
coatings are given iffable4-4. The coatingthickness idn the range of50 - 520um
(Table4-3). There was difficulty in producing the 6%C enriched coatings as the amount
of carbonin the powders wadoo high for HVOF sprayingsulting ina low or no

deposition of thecoating for HYOFThe carbon from the powders burnt off during
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thermal sprayinglt was decided to try spraying using a plasma spraying protéss.
microstructures of the plasma sprayeWG12Co+6%C, W7 Co+4 and 6%&e shown

in Figure4-11; the WCG17Co+4 and 6%how splat formation and sermelted material
evident in the shape of the particle splats. These samples also show high porosity levels
and carbon can be sa embedded in the sampl®ue to this the Wa7Co+4 and 6%C
sampledfor wear tests were not sprayed, the \WIQCo0+6%C samples were sprayed but
the results resulted irsuch lowdeposition on the substrate that the sample was not

used.

The XRD analyses dfetthermal sprayed coatings astown inFigures 412 and 413.

The XRD results of the-aprayed(WG12Co and Wa7Co)coatings(Figure4-12) shows

the main WC phase and the undesirable eta phases caused due to decomposition during
spraying (WC, amorphous Co region which can consist of Co' andLJK CadVEC)aé

broad chumps in the region of 4855° Co radiation and 420°Cu] " NJ RIRd-28#0@& 2 y
enriched coatings show no M and a reduction in the eta phas€aWsC) This is
evidence that carbon mrichment of the powders resultedn a reduction in the

undesirable WC and other & phases.

The XRD of the 4 and 6%C enriched coatings is shokigure4-13. Theresultsshow

that W,C and eta phases ' (OgWsC and CgW5sC) are present in all the samples. Tikis
due to decarburization of WC during plasma thermal sprayiflge WEL2Co+6%C
shows lots of decarburization compared to the other sprayed laysrd the peak

intensity is very lowthis could result from the thinaating produced (50um)

A WG10Ni coating was also produced by HVOF spraying; this was done as a comparison
for wear tests.Figures 414 and 415 show the microstructure, EDS analysis and XRD
results of the WELONi coding. The microstructure and ED&sults confirm the WC and

Ni phases present. The XRD results show W.C,aNd Ni phases.
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Figure4-9: SEMBS micrographs oftcrosssection of theHVOF sprayed coatings (a & b)
WG12Co powder and (c &) WCG12Co+2%C enriched powdehe light phase is WC,

grey is cobalt and black phase is porosity
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Figure4-10: SEMBS micrographsof the crosssectionof the HVOF sprayed coatings (a
& b) WG17Co powdeiand (¢ & d) WEL7Co+2%C enriched powdehe light phase is
WC, grey is cobalt and black phase is porosity
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Figure4-11: SEMBS micrographs othe crosssection of theplasmasprayed coatings
for (a & h WG12Co+6%C, (c & 8yG17Co0+4%C an& & f) WG17Co0+6%C enriched

powders, the light phase is WC, grey phase is cobalt and black phase is oxides
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Table4-4. Particle size and phase analysis of coatagers.

Sample Particle Size (um) Phase Analysis % Porosity
Area % WC Area % Binder
WG12Co 0.8+0.4 61.9+23 34.8+3.2 3.0+£08
WG12Co+2%C 0.8+0.5 55.7+4.0 40.7+4.6 3.7£0.9
WG12Co+4%C 0.7+ 0.5 495+23 422+23 8.2+ 01
WG12Co+6%C 0.7+0.5 62.04 £ 2.8 31.8+24 6.2+ 0.4
WG17Co 0.8+0.5 56.0 £ 6.0 33.2+4.9 10.0+2.1
WG17Co+2%C 0.8+0.5 485+ 3.4 44.68 + 0.3 6.9+3.1
WG10Ni 0.8+04 68.9+1.4 28.3+1.6 2.8+0.2

wcC
70000 we —— Wc-12Co+2% C

— WC-12Co

60000 —

50000 —

40000 —

Intensity

30000 —

20000 —

10000 —

W,Ch co

20 30 40 50 60 70 80 90 100 110 120

Position (2 Theta)

Figure4-12: XRD scans of the HVOF sprayed coatings 8% enrichment as
sprayed (a) WG12Co & WEL2Co+2%CJoradiation).
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Figure 4¢ 12 continued: XRD scans of the HV€§ffayed coatings for @%C
enrichment assprayed: (b) WG-17Co & WEL7Co+2%CJoradiation).
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Figure4-13: XRD scans of the HVOF sprayed coatings 6%6C enrichmenfCuks

radiation).
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Figure4-14: SEMBS image showing nerostructureand EDXanalysisof the HVOF
sprayedWG10Ni coating WC (light phase) and Ni (darker phase)
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Figure4-15: XRD scan of the HVOF sprayed \Mli coating (Cuks radiation).

4.2.1. Carbon Analysis of Coatings

Carbon analysis of the coatings proved to be \dffycult; this was due tdhe absence
of anyevidence of extra carbon ithe XRDtraces. Other means of determiningfite
carbon waspresentin the coatings were triedCarbon analysis using the Eltra 800
Carbon and Sulphur analyséectionto 3.7.4 was ruled outdue to an insufficiet
amount of the coated samplesquired for analysigi.e. could notscratch off enough
sample foranalysi$ Raman washerefore used to determine if there was a change in
the carbon content with incred@sg carbon enrichmentrigures 416 and 4-17 show the
Ramananalysisfrom the carbon enrichedcoated layersusing the spot size method
(section3.7.4.9. The results show evidence of tisg® and sp? hybridization of carbon

bonding indicating carbon enrichment of coated layers. Toeible Raman peaks
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indicated by shifiat- 1320 and 180 cmi* show thecarbon bondingThe 6%C enriched

samples seem to have the most intense Raman peaks.

As the Raman spot sizeasless than tm, it is only possible to analyse a very small area
of each sampleTherefore Raman analysis was done G positions in a 8x8 array
covering an area of 100 x 1@®n examined for each saphe. The spectra are shown
AppendicesA, the carbon enriched samples show a higher degree of phases evident
Results show that the agceived and sprayed WI2Co and Wa7Co coatings showed

very little or no evidence of any excess carbon. The Carbon enriched coatings showed
evidence of graphite indicated by the double peaks shifts dt320cm' and 1580crit.

This therefore shows that at least some carbon was retained in the coated layers.
Differences in spectra can be accounted for by various surface contamirsatcbother

phases on the surface of the sample

i3 2 VIC12C0* 2% C
— 3. WC-12C0o*4% C

4000 W'r' 1
o \ _ _
) | | ‘“ﬁrw —— 1.VIC-12C0#2% C

4 WC12Co*4%C

5 WC.12Co+6%C

J A
N "1 I 0 —— 6. WC-12Co+6% C
ﬂv N ‘IJV"" Ax‘l A .l.
/ ( . ‘v;
{

k%,

Intensity

Raman shift (cm™)

Figure4-16. Ramananalysisof the WG12Cocoated layergspot size 1um)
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e 1. WC.17C0#2% C
2.WC-17Co+2% C
3. WC.-17Co+4% C
4, WC.17Co+4% C

C

C

5. WC.17Co+6%
6. WC.17Co+6%

Raman shift (cm’)

Figure4-17: Raman analysis of WEC7Co coated layerspot size 1um)

4.2.2. Pre-PCD Sintering Heat treatment

Before PCDsintering of the coated substrate samples, the samples were hydrogen
cleaned(as described igection 3.2.3 to re-crystallize the Corhe XRD traces Figure

4-18 show the change in the phas@s the coatingafter hydrogen cleaningAs can be

seen all the phases caused by decarburized ofGQluring spraying W and eta
phases) haveébeen eliminated. Rerystallization ofthe amorphousCo phaseregion
(intense Co peak at 52°) has been achievedly the 02%C enriched samples were
characterised. The microstructure of the hydrogen heat treated samples is shown in
Figure4-19. An increase in the faceting of the WC grains can be seen (grains become
more angular) and the binder phase appears to have been reduced. Acicular grain

growth of the WC partiels is evident ifrigure4-19d.
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Figure4-18: XRD scans of the WICo coated samples before and after hydrogen
cleaning: (a) W&2Co (b) Wa2Co+2%JCoradiation).
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Figure 4 18 (continued): XRD scans of the WD coated samples before and after
hydrogen cleaning: (c) WKC7Co and (d) W@ 7Co+2%Coradiation).

Rietveld refinement of the WKL2Co coatings was done to determine if addition of
carbon was effectiveTable 4-5 shows the resultedfrom the Rietveld refinement

showing that the addition of 2% carbon results in higher carbon content in the coatings.
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Table4-5: Results of the Rietveld refinement of the WI2Co coatings to determine

carbon enrichment (wt%).

Co (Cub) Co(hex) WsCaC W,C wWC
WG12 Co pre H
cleaned 8.8+£3.9% 9.8+4.2% 6.6x1.2% | 4.2+0.6% 70.6+4.2%
WG12 CoH-
cleaned 3.70+ 1.5% 10.4+2.4% 7.9+0.8% - 78.0+2.3%
WG12Co+2%C pri
H-cleaned 8.0+4.8% 5.3+3.6% 4.1+10% - 81.9+4.5%
WG12 Co+2%C-H
cleaned 5.4+1.6% 7.442.3% 0.5+1.1% - 86.8t2.9%
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Figure4-19: SEMSEImicrostructure of the tydrogen heat treated W&o coated
sampleson WGCo substrates(a) WG12Co, (b) Wa2Co+2%C, (c) WZCo and (d)
WG17Co+2%C.
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Chapter 5: Results of Wear Test & Wear Mechanisms

5.

This chapter describes the results, characterisation and discussion from the wear tests
done on the coated substrates. The results include the heat treatment of the coatings,
abrasive wear tests from the disand rubber wheel testhe PGT test and hardness. The
characterisation of the coated layers using XRD and SEM microstructural analysis of the

wear scarss also covered

5.1. Abrasive Wear Resistance

The coated samples used for the éignd rubber wheel wear tesigere the WC12Cq
WG12Co+2%C, WR2Co+4%C, W2Co0+6%C, WLC/Co, WEL7Co+2%C and \AADNI.

The wearate of the samples wa®sted before and after heat treatment.

5.1.1. Annealing Heat treatment

Samples from each batch werdeat treatedto determine the effeciof annealing o the
wear resistance of the coated layers. The coatings were heat treated iargon
environment at700°C for lhour as described ifection 3.2.3 The phase analysis and
microstructure of the annealed samples were determinEdyures 5l and 5-2 show the
XRD reslis of theWG12Co basedWG17Cobasedand WCENi based coatingased for
wear tests before and after the annealing heat treatmefihe XB results show that
after annealing the samples undergalecarburization of the WACo phases which

results inthe formation of W,C and eta phase§ - CaWsC) Re-crystallisationof the
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stressedbinderregion(between 4250 2°Thetg alsooccurs.Table5-1 shows the phase

of the annealed coatings compared to those of thespsayed samples.
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Figure5-1: XRD scans of th&/G12Cagbasedcoatingsbefore and afterheat treatment

at 700°C for 1 houin Ar gagCuks. radiation).
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Figure5-2: XRD scans ohe WG17Caobased and WENi coatingsbefore and afterheat
treatment at 700°C for 1 houin Ar gas(Cuk. radiation).

Table5-1: Composition of the coatings before and after heat treatment

Coating Phaseqassprayed Phases (heat treated)
WG12Co wC WC, WC,CaqWs dCoU X
WG12Co+2%C wC WC,WC,CeWy/ 0' U X
WG12Co+4%C WC,amorphousCo WC,WC,CegWs/ 06' U X
WG17Co WC,amorphous Co WC,WC,CgWs/ 06' 0 X
WG17Co+2%C WC,amorphous Co WC,WC,CgWs/ 0' 0 X
WG10Ni WC,W,C,Ni WC, WC, Ni

The microstructures of the heat treated samples abown in Figure5-3. The results
show evidence ofa slight reduction in the binder phase between the WC grains

comparison to that of the asprayedcoatings(Figure4-9, Figure4-10, Figure4-14 and
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Figure5-3). Annealing of the samples improves the homogeneity of the microstructure
and reduces the occurrencef voids and poregRichert &Leszczynskiladej, 2011)
Table5-2 shows the average particle size and phase analysis addkprayed andeat
treated samplesTherewas a slight grain growth ithe WC particlegi.e. from 0.7um to
1.2um)compared tothe asreceived coatingslthough this increase i®o insignificant

to have any major effect on the properties of the coatingse Total area% of W@nd
binder phaseremained fairly constant The prosity in the heat treated samples
compared to that of the asprayed samplesT@ble4-4) showeda generaldecreasefor

the materials indicating the redistributiomf the phases during annealing.

Table5-2: Particle size and phase analysisasfsprayed ancheat treated coated

layers.
Phase Analysis
Sample: Particle Size (um) % Porosity
Area % WC Area % Binder
WG12Co 0.8+04 61.9+23 348+32 3.0£0.8
WG12Co0+2%C 0.8+0.5 55.7+4.0 40.7 £ 4.6 3.7+0.9
WG12Co0+4%C 0.7+0.5 495+23 422 +23 82+0.1
WG12Co+6%C 0.7+£0.5 62.04+2.8 31.8+24 6.2+04
WG17Co 0.8+0.5 56.0+£6.0 33.2+49 100+ 2.1
WG17Co+2%C 0.8+0.5 485+ 34 44.68 + 0.3 6.9+3.1
WG1O0NI 0.8+04 68914 283+1.6 28+0.2
WG12Co (HT) 0.8+0.5 60.4+23 37.8+25 1.8+0.5
WGC12Co+2%C (HT| 0.8+0.5 63.4+5.1 31.6+34 50+1.2
WG12Co+4%CHT) 0.9+05 55.4+22 40421 42+0.1
WG17Co (HT) 1.2+0.6 67.8+0.8 304+04 18+1.2
WGC17Co+2%C (HT]| 1.1+£05 57.1+1.0 39.1+1.0 3.8%+1.0
WG10Ni (HT) 1.09+0.5 56.9+3.5 40.0+2.6 3.1+0.9
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Figure5-3: SEMSEImicrographs of the annealed coatingé) WC12CdHT) (b) WC
12Co +2%(EIT)(c) WC17CqHT) (d) WC17Co+2%EIT) (e) WCL2Co+4%EIT)and (f)
WGNI(HT)
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5.1.2. Dry-Sand Rubber Wheel Wear Test

The procedure for determining theear usingthe dry-sand rubber weel wear tests is
described in &ction3.5.1 Two wear tests were carried out on the sample80anin test

with mass loss measurements after 5min intervals and a full 30min tests with no
intervals. Only the assprayed coatings were tested for both tests, the heat treated

coatings were only tested using the full 30min test with no intervals.

5.1.2.1. AsSprayedCoatings

The results for the 30mi#Bmin interval tests using a 25N load for the ramnealed
samples are shown ifigure 54 and 5-5 for the WCG12Co and W@7Co materials
respectively. Thahape of thewear rate plot for the coatings show/an intial highwear
rate for all samples witih the first Smins thisis due toroughness of the coatinghe
abrasiveSiQ sand removesny peaks of the rough surface fast (it carries a higher joad)
any coating not adhered strongly to the substrédealso renoved quicklyThe wear rate
drops generally to a constant wear rasdter about 1015mins to the end of the wear
test time at 30minlower mass loss is experierttehen the ampleis flat as the load is
distributed over the whole surfacénydeviation flom the trend could be caused by a
malfunction in the flow rate of the Sg&and during testingThis is due to blockages in
the feed nozzle causing either a higher or lower feed rate resultirtgginer or lower

mass loss.

Except for the Wa@2Co+6%C sample, tlsamplesseemed to reach a constant wear
rate. Theresultsof the WG12Cobasedcoatingsshowed aslightlylower wear ratefor
the WG12Co+2 and 4%¢€batingsthan the WE12Co coatingbut a muchhigher wear
rate for WG12Co+6%Coating The reason for the high wear rate of the VI@Co+6%C
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sample was the very thin coating which was removed quickly therefore resulting in the
wear of the mild steel substratévidence of this can be seen Figure5-10 showing

high amount of Fe The WEL0%Ni sample showed tHeastwear rate Similar results

can be seen for the WC7Cobasedcoated samplesboth the carbon enriched and Ni
samples shwed lower mass lossThe WEL7Co+2%C coating sheda larger mass loss
over a longer period of time before decreasing (i.e-20Bnins) this couldbe a result of

the distribution of the WC particles within the coatingll the samples experiende
substantial scattem the results obtained¢aused by vibrations in the loading arm of the

test rig.

The results were compared to that of work done on wear resistance eC@/@aterials

by Machio et al. (Machio et al., 2005), shown in Figurdsahd 55 for WG12Co and
WG17Co powders by initials CM. The results show that all samples produced (except
WG12Co0+6%C) showed a much lower wear rate compared with the results from
Machio et al. Although the coating compositions (Mo and WQ7Co) were the

sanme for the work done in this work and that of work done by Machio et al. (Machio et
al., 2005), the spraying and wear parameters were different, giving altered results.
Overall, the results showed very little change with increased carbon content (all in
similar range); the 2%C enriched samples shows the best results. A low wear rate shows

a good wear resistance, while a high wear rate shows a low or poor wear resistance.
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Wear rate (g/min)

Time (min)

=== W(C-12Co el \WC-12Co+2%C e WC-12 Co+4%C
=== WC-12Co+6%C e \WC-Ni =pe=WC-12Co (CM)

Figure5-4: Wear resistance results aghe WG12Co, W€l2Co + 2, 4 & 6%C and WC
10NiAsreceivedcoatings(WG12Co (CM) data taken frortMachio et al., 2005) The

curves are the average of the 25 N 30min 5 interval measurements.

91



Chapter 5: Results and Discussion of Wear Tests and Mechanisms

0.003

0.0025

0.002
/ T - B W C-17Co

0.0015

Wear rate (g/min)

e WC-17Co+2%C
WC-Ni

empieme W(C-17Co (CM)

-

0 5 10 15 20 25 30 35

Time (min)

Figure5-5: Wear resistance results of the WZ7Co, WEl7Co+2%C and WIDNias-
receivedcoatings(WG17Co (CM) data takefrom (Machio et al., 2005) The curves

are the average of the 25 N 30min 5 interval measurements.

5.1.2.2. Heat treated Coatings

The results of the war tests carried out for the full 30min was performed on both the
assprayed (norannealed) and annealed (HT) samples. The wear resistance results are
shown inFigure5-6. Most of the annealed samples showed a lower wear rate compared
to that of the assprayed samples for most samples. The 2%C enriched sa(h#@s
12Co+2%C and \WIZCo+2%Cand the WELONi material showed a slight increase in
wear rate for the annealedample.After annealing, te wear rate decreasedompared

to the assprayedsamplesdue to theheat treatmenteffect on the residual stresphase

changesas well as void and poreeduction (Richert & Leszczynskéadej, 2011)
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Stewart et al (Stewart etal., 1998)suggested that the lower residual stressin the
coatings will result in a reduced wear raféhe increased wear rate in the heat treated
WG17Co0+2%C sample can be attributed to increasef \ormation as well as the
assumption that micrecrackng occurred in the microstructure although not shown.
Likewise the increase in the wear rate of the \WNi coaing after annealing can also
be caused by micr@racking within the microstructurend changes in the residual
stress state that could have agated. Limited sample size can also affect the results

producing large error discrepancies in the trends.

Literature (Nerz et al., 199Xhan &Clyne, 1996 and Machio, 2008)ggests that the
expected massloss of the 17Co coatingshould be higher thanhtat of the 12Co
materialsas the amount of Co is higher. The higher the Co contiyet softer the
material and therefore the more likely the grain pullout and removal ofrtiegal binder
phase during abrasion weafrhe WE17Co coated samplead a similarwear rateto the

equivalent WG12Co coatingif the errors are taken into accountwhile the WE

17Co+2%C had higher wear rate than the equivalent@®12Co+2%C coatingligher
amounts of WC and eta phases formed in theeat treated WG17Co and WC

17Co+2%Coatingsalso contributel to the high mass loss.

The 2 and 4%C enriched samples shvwhe lowest overall wear rates for both as
received and heat treatedA decreasan the harder WC phases resulis a decrease in
wear resistanceErrors in results cdd be due to the linted sample size for each

sample batch
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Figure5-6: Wear resistance results of the annealed and nannealed coatings.

5.1.3. Wear Surface

Theworn surfacesof the assprayed W&o coating on the mild steel can be seen in
Figures 57 ¢ 5-13. Here the samples are affected by various abrasive wear mechanisms
such as cracking of the WC particles, pullout of the WC particles and loose WC particles
surrounced by no binder phasdgbinder phase remval during the wear testing)in
Figure5-7 for the WC12Co sample, all these weanrechanismsre observed Figure5-8

shows the images from the WI2Co+2%C coatings; the results show cracking of the WC
particles and a large amount of pullout resulting inQ3lbeing found by EDXThe AlO;

is a resulffrom the grit blastingorocess performedduring the sample preparation of the
substrates before coatingo cause adhesion of coating to the substrate. Groove
formation showing the direction of wear is evident in the WZC0+4%C coatingigure

5-9). The grovesvere formed in the softer binder phase by either garticles or from

94



Chapter 5: Results and Discussion of Wear Tests and Mechanisms

debris from the removed WC particldsigure5-10 shows the wear surfacef the WG
12Co+6%C coating, EBxows evidence of Fe and Al from the steel substrate and grit
blast layer. This indicates a high rate of mass removal from the saniphe WE
12Co+6%C samplead a coating thickness adpproximately58 pum, while the other
coatings had a thickness of betwe&s0-250um.

Pull-out Micro cracking Loose WC particles

BEAN

3 [\ RNy ST
4,/ A \‘" [ 0

% ’;\
1Y Sl |

-

*
- " o

AccY  Spot Magn  Det WD Exp

12.0

kv 30 2000x  CL_ 120 0  WGC12C
LW i TR

Figure5-7: SEMBS micrographs of the won surfaces for the W& 2Co coatingsfter

30mins test
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Wear direction
ﬁ

E Det WD Exp
0 5000x CL

Figure5-8: SEMBS micrographs of the won surfaces for the Wa2Co+2%C coatings
after 30mins testwith EDS showing AD; from the grit blast layer
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Wear direction

Grooves in binder showing
wear direction

WC particle cracking

Figure5-9: SEMBSImicrographs of the warn surfaces for the Wa2Co+4%C coatings

after 30mins test
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W, C, Co, Fe, O

Co, Fe, Al

Figure5-10: SEMBS micrographs of the wrn surfaces for the W2Co+6%C coatings
after 30mins test with EDS showing AD; and Fe from the grit blast layer and steel
substrate

Similarto that of the WE12Co samples shown abovéetwear of the asprayed WE
17Co coating(Figure 5-11) on the mild steelwas affected by cracking of the WC
particles, micro-cutting around the edges of the sample, adhesion of the-@¢C
particles and pullout of the WC patrticles. The binder phase was removed during the
wear testing evident in the loose WC particldsigure5-12 showsSiQ wasalso found in

the pultout region of the WC17Co+2%C samplevidence that the SigOsand has

penetrated into the AIO; grit blast layerand embedded itself into the substrate
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Microcracking of theNC patrticles is highly evident in the wear surface of the MO

sample showrFigure5-13.

Al, O, W, C, Co

30mins test, EDS show Siénd AbO; contamination from sand and grit blast layer
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Wear direction

$i0, embedded
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Figure5-12: SEMBSImicrographs of the worn surfaces fothe WG17Co+2%C coatings

after 30mins tesf EDS shows Sj@articles embedded into Fe substrate

Wear direction WC parti deﬁ king

Figure5-13: SEMBS micrographs of the varn surfaces for the WE€ONi coatingafter

30mins test
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5.1.4. Hardness

Thesurface and crossectionalhardness of the coatings was measured for both dise
sprayed and annealedamples The hardness was measured using a micro Vickers
hardness indenter with a load &kgfor 10s. Theresults for the comparison between
the sufface and crossectional hardness of the &prayedcoatingsare given inFigure
5-14. The hardnessalues are irthe range of 55@ 860 Hv The low hardness valuesrfo
the carbon enriched samples compared to thereseived W&o powder coatings is
due to the higher porosity contents observed in the sampld®e hardness values were
comparable to that of work done byang et al(Yang et al., 2003) who also showed
hardness values in the range of 74 800 Hv (6.9& 7.85 GPa), other authors measured
much higher hardness values. Machio (Machio, 2@fisjted Hv(1kg) of 1106+23 and
1045169 for W&l2Co and W 7Co coatings respectivelWork done byWayne and
Sampath(Wayne & Sampath, 1992)uoted Knoop hardness (k@ of 9.8£0.8 GPa and
10.440.2 GPa for W2Co and W& 7Co respectively.
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Comparison of the surface & x-section Hardness of As-sprayed coating

X -section

Hardness (Hv)

mSurface
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Figure5-14: Comparison of the Ardness measurements of the surface and cross

section of the assprayed coatings.

The surfaceand crosssectionalhardnes was measured for both the aprayed and
heat treated samples, the comparison is giverFigures E15 and 5-16 for surface and
crosssection respectively. he hardnessvaluesfor the surfacewas between 400 ¢
750HV, while the xsectionalwas between 350¢ 870HV. The two figures show similar
trends wherethe hardnesssaluesof the heat treated sampleare generally lower than
that of the assprayed samples. Thexceptons forthe WCG12Co sampléor the surface
and WCG17Co and Wi for the xsectionthe hardness values are very similar if errors
are taken into accountThe hardness values of the-eceived coatings (WC2Co and
WG17Co) for both the asprayed and heat treate samples are higher than die of
the carbon enriched coatind¥vVG12Co+2%C and \AXZ Co+2%C)

Comparing the results of the hardness values with Co conthat results should

typically show that the hardness decreaseshwimcreasing Co content as thebalt
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phasesare softer than that of the WC phaselhe resultsin this work show an
overlapping of the error bars for both sets of coatings, suggesting that the hardness
values of the W@ 7Co are not lower than WCo coatingsDeviations from the typical
trend could be attributed tdiigher W,C and eta phase formation compared to that of
the WG12Co samples; WC/Co based samples also show redugendosity levels
(Table 5-2). Wayne and SampatiiWayne & Sampath, 199Z2howed an increase in
hardness values of W2Co and WQa7Co as 9.8+0.8 GPa and 10.4+0.2 GPa

respectively.

Surface Hardness of As-sprayed vs Heat treated coatings

W As-sprayed
W Hest Trested
m“(‘

Y @m b

Hardness (Hv)

&

\Nﬁ‘lw

\N(’-\

Figure5-15: Comparison of thesurface hardness measurements for the-agrayed

and heat treated coatings.
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Cross-sectional Hardness of As-sprayed & Heat treated coatings
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Figure5-16: Comparison of the crossectionalhardness measuremnts for the as

sprayed and lat treated coatings.

5.2. Discussion

Before discussing the effects of carbon content and annealing on the properties of the
coatings it would be appropriate to mention that the thermal spraying process is
complexone. There is a large amount of factors and parameters which can affect the
properties of the coatings. These factors make it increasingly difficult to directly
compare resultsof coatingsfrom other sources. Factors such as feedstock powders,
spraying conditions and equipment, parameters and substrates can all lead to dramatic
charges in the microstructure of the coatings. Each spray run could result in different
phases formed, deposition rates and thicknesses, porosity levels and microstructure

homogeneity. There is a vast amount of literature available on thermal spraying and the
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effect on coatings wittmany authors showg contradicting resultsTheresults depend
on the microstructure produced during thermal spraying and provide more insight into

the behaviour of coatings in general.

5.2.1. Effect of carbon content on the properties of the coatings

Feedstock powders have a huge impact on the resultant microstructure of a coating and
therefore on the properties. In the case of addition of excess cambdime starting WE
Co powder, although the carbon provides some relief for decarburization of th«C@/C

powder, it can also affect the microstructure and properties.

During thermal spraying of WCo powders decarburization occurs, producing carbon
deficiert phases. The decburization steps are given irg&ation 2.17¢ 2.19 Section
2.3.2. Free carbon in the powders capotentially provide relief during thermal
spraying. Instead of the WWCo patrticles decomposing at high temperatynesdesired
brittle phases such as M or' eta phases (G@VxC)can beformed; free carbon burns

off formingCO orCQ gas.

Carbon surrounding the W&o particless free to burn off dung the thermal spraying
process thereby reducing the amount décarburization of theWGCo patrticles. The
free carbon reacts with oxygen, formingQ or CO gasHowever,the high velocity of
impact of the particles could allow fdree carbon to be traped between the particle
splatsor carbon particles to appear between the VB0 particle splatsThe voids can
lead to high porosity levels in the coating after spraying. Free carbon that is left and
does not adhere strongly to the splats can also contabiw porosity and weaken the

structure. The carbon burn off can also affect the deposition rate of the coatings, as
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seen in this work. The higher the carbon contghe more difficult it is to deposit on to

a substrate.

Decarburization of the W,Co pavders during HVOF sprayingias reduced by the
addition of 2wt%CHKigures 412 and 4-13) for the PCD sampled®V,C formation was
reduced AlthoughXRD resultsvere obtainedfrom the samecoating compositiorand

from the same powder batckhat was used toproduce wear samples, these samples
showed no evidence of Y and eta formation for either the asceived powder
coatings (W&2Co and W@7Co) or the 2%C enriched-gizrayed coatings. This shows
the composition variability of the spraying procedurEhe cooling rate and kinetic
impact of the particles on the substrate can cause variations in the composition
produced. Samples with larger areas (wear sampégined in a more equilibrium

state compositios than thesmallersample coatings (PCD samples).

52.1.1. Wear and Hardness

From the results obtained above for the wear behaviour and hardness of the coated
layers Gection 5.2.1), it can be seen that thereas only a slight change in the wear
results with addition of excess carbon, by removing sorh¢he brittle W,C and eta
phases generated during spraying the wear resistance of the coatings with increasing
carbon content increask slightly. Hartiess on the other hand decrease®orosity

levels in the carbon enriched coatings alscreasel; this can alsaffectthe hardness.

Overal] the wear resistance and hardness of the coatings produced were lower than
expected. This would suggest that the carbon enrichmeaithough beneficial in

reducing eta phase generatiprshowed no substantial improvement in theewar
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resistance of the coatings an@ésulted ina decreaseof the hardness. The dominant

abrasive wear resistance mechanism is mioracking and micrgutting abrasion.

5.2.2. Effect of annealing on the properties of the coatings

The effect of annealing on tharoperties of the coating were also studied, thermal heat
treatment at any temperature may alter the stress state of the coating (Stewart et al.,
1998). The annealing heat treatment is supposed to relieve stress-lquilgithin the
coating and to provideraimproved microstructure. Coatings are considered to be in a
metastable state and as mentioned earlier, heat treatment of the coatings can cause
microstructure and phase compositional transformations, possibly by recrystallization of
the matrix and pore ad void reduction (Richert & Leszczyndkadej, 2011). The
compositional changes that can occur in the coatings consist of recrystallization of the
' Y2NLIK2dza /2 NB3IA2Y YR RSO2YLRaAlUAZy 2F 2/
Co6W6C). Recrystallizatiof the binder phase is said to occur between 6@5b3°C (
(Nerz et al., 1992); (Li et al., 1996)). At the heat treatment temperature, plastic flow

occurs in the coating and is responsible for changes in residual stress of the coating.

The heat treatmen affects the decomposition of all the coatings produced by various
degrees All the coatings showed decomposition of the WC phase tCVind eta
phases. The a®ceived coatings (WC2Co and W@7Co) showed the most

decomposition. The carbon enriched cogsshowed the ¢ast decomposition.

Heat treatment (hydrogen cleaning) was also done on the@doatings used in PCD
sintering experiments. The heat treatment was carried out at 2CO0h H gas for 1
hour. XRD resultéSction4.2.2and Figure4-18) show that no decompositionf the WC

phaseoccurred Any residual WC phas generated in the asprayed coatings after
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spraying reverted back to the equilibrium WC phase (increased WC peak intensity).
Recrystallization of the stressed binder regmecurredto show well defined Co peaks

No property measurements were done oretfe samples.

5.2.2.1. Wear resistance

When looking at the effects of annealing on the wear resistance of the coatings, Asl (Asl
et al., 2006) showed that the mass loss for heat treated samples should be higher than
that of the assprayed coatings (Figure 2 18&oversely, Kim (Kim et al., 2007) showed
that heat treatment improved the wear resistance of the coating (Figure 5 17). The

differences are affected by the phase composition of WC and eta phases generated.

From the results obtained in this study as ddsed above, it can be seen that theaee
some contraditory results presented. Some of the samples (M&To, WE1L2Co6%C,
WG17Co) showed a decreased wear rate with annealing temperature, while other
samples (W@7Co+2%C and \ANI) showed an increaset is noted that the WE
12Co+2%C and the \WIRQCo+4%Gamplesshow only negligible changes Very few
changes in the phase composition of the coatimgsobserved (i.efor WG12Co+4%C a
similar amount of WC and Caevasseen before and after annealing, siamiwith the WG
12Co+2%@here only a slight increase in eta phases were observed). The inchease
wear rate for the WEl7Co+2%C and the WA samples can be attributed to a few
factors such as an increase in,@Vand eta phase generati@and cracking and imder
dissolution within the WC. The decrease in the wear rate for thel\&Cb and WQ7Co
samples can be attributed to factors such aseducedstressesafter annealing; this
could result inless WC mass loss during weasting as well asess binder renoval
during wear although decomposition for these materials was much higher than that of

the other coatingsOverall the heat treatment providd better wear behaviour.
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Figure5-17: Abrasive wear rate and hardness of Wb nanecompositecoatings (Kim
et al., 2007)

5.2.2.2. Hardness

The results of the hardness values obtained after annealing could be explained by many
influencing factorssuch as level of porosity, WC grain size, resitheamal stresses and
formation of various phasesThe hardness of the aprayed coatingsalthough
contradiced by some authors can be typically higher than that of the heat treated
samples The heat treatment causerelief of thermal stresgeneratedduring spraying

and change of phase compositiokuthors such as Asl (Asl et al., 2006) (Figure 2 18) and
Kim (Kim et al., 2007Figure5-17) showed that after heat teatment, the hardness
increasesDuring heat treatment(Asl et al., 2006)a greater amount of the WC and
remaining amorphous phases are converted tgON\br eta phases which are typically

harder than WCThis could be couetacted by residual stresses, aro-cracking in the
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material andincreased WC grain size. In work done by Riched Leszczynsidadej
(Richert & Leszczynskéadej, 2011)on the annealing effects on WCbob coatings, an
improved homogeneous microstructure with fewer voids or povess achieved but
hardness values after annealing showed no significant incr&ieeiart et alStewart et

al., 1998)attributed the decrease in the hardness of the heat treated coatings above
700°C to gross microracking within the samplevhich would dominge any residual
stress effectsThere are a wide range of resultsported, not all leading to improved

hardness.

The WC graisize of the heat treated samplesuld also contribute to a slight decrease
of hardness. The typical trend for polycrystallinatarials hardness dependence on
grain size can be seen in work done by Yang.etyalng et al., 2003These authors
studiedthe influence of WC grain size on hardness of12Co WOF coatings; hardness
decreasedwith increasing WC grain size. this study there was an increase in the WC
grain size of the heat treated samples compatedhat of the assprayedcoatings ie.
from 0.7 to 1.2um shown imable 44 and5-2).

Porosity levels could also affect the hardness of the coating; higher porositg leve
lower the hardness. The carbon enriched coatings show a reduced amountGand
eta phase generatignespecially after heat treatment and an increase in Ce re

crystallization. The heat treated samples stealiigher WiC and eta phase formation.

5.2.3. Comparison between Wear resistance and Hardness

A comparison was done between the wear resistance and the hardness of the coatings
for both the assprayed and heat treated coatingsigures 518 and 5-19 showedthe

results for the asprayed and heat treatécoatings respectively.
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Overall the wear resistance waat the expense of the hardness of titgeating When
the wear resistance was goddbw wear rate)such as in Wa@2Co+2 and 4%@he
hardness was low, similarly in the-gexeived coatings (WC2Co ad WCG17Co) good

hardness values wemounteracted by poor wear resistan@aigh wear rate)

Comparison between Wear resistance and Hardness of As-sprayed
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Figure5-18: Comparison between the wear resistance and hardness of thsasyed

coatings.
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Comparison between Wear resitance and hardness of Heat treated
coatings
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Figure5-19: Comparison between the earresistanceand hardness of the heat

treated coatings

112



Chapter 6: Results of PCD Sintering

Chapter 6: Results of PCD Sintering

6. Results

This chapter describes the results and characterisation achieved by sintering the carbon
enriched W@Cocoatedsubstratesand carbon enhanced carbide substrates with PCD at
HPHT conditions using various diardograin sizes. The characterisation includes SEM
microstructural analysis, particle size distribution and image analysis of the diamond

powders, WC substrate and sintered PCD samples.

6.1. Characterisation of Diamond powder & WC-Co substrate

6.1.1. Diamond powder

The diamond powders used in the PCD sintering are givéadtion 3.1.1in Table3-2.
Figure6-1 shows the microstructure of the various diamond powders used, while the
particle size distribution can be seen kigure6-2. The diamond powder batches are
named according to the average patrticle size range; medium grade (MG), fine grade (FG
6) and ultrafine grade (F&.5). The fine grade powder was used in most of the
experiments and haan average particle size of 0.5 um, heraethe nomenclature
Similarly the F& was named for the average particle size. Fieigure6-1, it can be

seen that the MG and F& powder contain about Y0l.% spheroidal (SP) Co patrticles.
These tiny white particles help with sintering of the diamond. TheOBGdiamond

powder doesot contain any additional Co.

ADD PICTURE
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Chapter 6: Results of PCD Sintering

Figure6-1: SEMSEImicrograph of the various diamond powders (a) &, 0.5um fine
grained diamond, (b) F®, 46um fine grained diamond and (c) MG -80um medium

grained diamond.
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Figure6-2: Particle size distribution of the various diamond powders.

6.1.2. WC-Co substrate

In PCD sintering a WI3Co standard substrate is used as the Co metal infiltration
source for facilitatingdiamonddiamond bonding. The microstriiwe of the standard
WG13Co substrate used in all PCD sintering samples is sholigure6-3. The light
phase and dark grey phass WC and Co respévely as can be seen in the
correspondingeEDXspectrum. Image analysis of the WI@Co substrate was dorend

the results are given imable6-1, showingthat the WC particle sizevasin the range of

3.82 + 1.41um.
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Figure6-3: SEMSEImicrographs and ERof the WGCo substrate used for PCD

sintering.

Table6-1: Image analysis results for W3Co standard substrate.

Property Quantification

WC particle size (um) 3.82+141

Co pool size (um) 1.05+£0.57

WC Content area (Area %) 85.96 + 0.25

Binder Content (Area %) 14.04 £ 0.25

WC Mean Free Pa{iMFP) (um) 2.37+2.15

Binder Mean Free Path (MFP) (um) 0.37 £0.28
WC Contiguity (%) 50.3#1.10
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6.2. PCD Sintering

Table 6-2 contains he sintering conditions of the different capsule runs and various

diamond powdersand corresponding substrates usedeTvarious substratessed as
described irsection 3.2 and 3.are given in Table 6&e:

T

T
T
T

a standard Wa3Cosubstrate

carbon enriched coating

graphitized diamond/diamon@&nhanced substrates (GDEC/DEC)
VC doped substrate

The sintering capsule runs:

M

Capsule # I, 9 contaired the 0 ¢ 6%C coatings using various diamond powder
grades (MG, F6 and F&.5),

Capsule #1Qg 14 contain the GDEC or DEC ifggrers and VC doped substrate
sintered using different diamond powdgrades (F& and F@&.5)and interlayer
thickness and cadn content.

A standard W@3Co substrate was sintered in most capsules as a comparison.
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Table6-2: Samples andanditions of PCD capsule sintered 1400C.

Capsule Conditions Diamond Powder Materials Densified
No.: Pressure (GPa) Grain Size Std / Coating / GDEC/DEC interlayer:
Captl 5.6 MG WG12Co, WEl2Co+2%C,

WG17Co,WEL7Co +2%C coatings,
std WG13Co substrate

Cap#3 6.8 FGO0.5 WG12Co, WE12Co+2%C,
WGCG17Co, WEL7Co +2%C coatings,
std WG13Co substrate

Cap#4 6.8 FGO0.5 WG12Co+4%C, WR2Co+6%C,
WG17Co+4%C, WT/Co +6%C coatings,
std WCG13Co substrate

Cap#6 6.8 FGO0.5 WG12Co, W&2Co+2%C,
WG17Co, WElL7Co +2%C coatings,
std WG13Co substrate

Cap#7 6.8 FGO0.5 WG12Co+4%C,WT2Co+6%C,
WG17Co0+4%C, WT/Co +6%C coatings,
std WCG13Co substrate

Cap#8 6.8 FG6 WG12Co, W&12Co+2%C,
WG17Co, WElL7Co +2%C coatings,
std WG13Co substrate

Cap#9 6.8 FG6 WG12Co+4%C, W2Co+6%C,
WG17Co+4%C, WT/Co +6%C coatings,
std WCG13Co substrate

Cap#10 6.8 FGO0.5 10vol.% GDEC substrate6.1, 0.5, 1 &
2mm interlayer thickness and
std WG13Co substrate

Cap#11 6.8 FGO0.5 2.5 mm 10vol.% GDEC,
Full 12.5 mm 10vol.% GDEC &
5, 10 & 15vol.9EC 2.5mm interlayer

Cap#12 6.8 FG6 2.5 mm 10vol.% GDEC,
Full 12.5 mm 10vol.% GDEC &
5, 10 & 15vol.% DEC 2.5mm interlayer

Cap#13 6.8 FGO0.5 2,3,4,5and 6 mm 10vol.% GDEC inter
layers
Cap#14 6.8 FGO0.5 2 wt.% VC, 10vol.% 0.5um DEC,

10vol.% 0.5unDEC+2wVC interlayer
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6.2.1. Standard WC-Co substrate

Samples were sintered using a conventional-Y8Co substrate described fBection
6.1.2. The followingdiamond powders were used; MG&GG6um and F&.5um. The
standard substrate was compared with the cambenriched substrates and a VC doped

substrate.

A ¢ MG diamond powder

Initial PCD sintering tests were done usthg medium gradgMG) PCD powder 08-

10um particle sizecontaining 1vol.%jpherical Co. The sintering was done at 5.8GPa and
1400°CThesetests were done on a standard \WIGCo substrate andn the WGCo and

2%C enriched coated substrates. The aim of this test was to determine if the Co pool
region at the interfacas reduced with increasing carbon contekigure6-4 shows the
micrographs of the sintered PCD using a standard subst&®3Co(i.e. no coated
layer) described aboveThe diamond particles (black phase) is surrounded by the C
pool (grey phase) with small particles of WC (light phase) in between. It is noted that for
the standard substrate acicular grain growth of the WC partialas observed at the
interface. Acicular grain growth of the WC is elongation of the WC partieids the
particles becormg needlelike. Large grain growth of the diamond is visible at the
interface, resulting in grain®f 15 ¢ 20>m in size The mean diamond patrticle size, Co
pool size and binder content ahe bulk PCDCare given inTable 6-4, determined by

image analysis described in sect®7.3.1

The Co pool size at the interface was measured from the PCD/substrate interface to the

bottom of the densely packed diamond particles i.e. showRigure6-4. The masured
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Co pool size at the interface 18 + 2.3um wide, summarized later iTable6-5 (page

128). This table contains the results obtaineat illl MG samples sintered in Cap#1.

. = ‘Capool';' 2y " et
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BAccV  Spot Magn  Det WD Exp ]
100KV 30 1000x CL 100 1 TSL:  WC13Co Std (No TSL) Y

lOOkV30 2000x  CL 100 1 TSL WC-13Co  Std (No
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ccV  Spot Magn Det WD Exp Il b
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Figure6-4: SEMBSEicrograph of the interface of the M@iamond powdersintered
PCD standard substrate.

B ¢ FGO.5umfine grain diamond

{AYOISNAY3I 27F | -05)Migrtondpdidddr Was petiqrmed to de@bnine if
the carbon enriched coated substrates would reduce grain growth at the interface.
Samples were prepadeand sintered at 1400°C and 5,&.8 GPa. It was found that the
higher pressure produced better results; this is also the standard conditions used in
industry to sinter fine grain PCD. Various capsules wenecontaining the different

samples for UHPHSintering.

Five samples were sintered using 0.5um diamond on the standard 3¥G substrates
these samples were sintered in cape #3, 4, 6 and /all at the same sintering
conditions. Sintering using 0.5um diamond resulted in large AGG diamond catstads

PCDto substrateinterface; this can be seen kFigures & and6-6. The large AGG region
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is a result of the high chemical potential of the 0.5um diamond particles which results in

a significantly high driving force for grain growth. A remarkahkiéem@nce in the

thickness of the AGG region is evident between the five sam{lable 6-3). The

average AGG thickness was determined using an optical microscopaeasiirement

analysis software as described $action 3.7.3.1 The thickness of the AGG region is
summarized imable6-3. These AGG regions are excessive and are in the range between
238-MnNH>Y® ¢KSaS fFNHS ! DD NBIA2Yy agrod2y airai
from the substrate interface and extending into the bulk P@ble. Each crystal is

separated by Co with WC patrticles trapped due tgmrecipitation.

[ F NHS & LJ dzY S acé134pud iwéré &ls6 obsearved in many of the samples

-

Z

(Figure 613).&t f dzy$&4¢ | NB RS&AONAO6SR Fa |y SEGNBYS 3

in a preferential direction and protruding out into the bulk PCD. The grains resulting
from the plumes appear to grow on either sideerpendicular to theplume;a Co pool
separates the two growth directions. Cracks sometimes appear along the plumailiit is s
not known if a plume forms on a crack in the material during sintering or if a crack

sometimes appears due to the formation of the plume during sintering.
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Fine grain diamond

Figure6-5: SEMBSImicrographs of the inteface of theFGn @ p diarhond powder
sintered PCD for the Standard Wb substrate frontapsule#3(a, b)and capsule#6
(c, d)

Figure6-6: SEMBSImicrographs of the interface of th&Gn ® p diarhond powde

sintered PCD for the Standard WWCb substrate froncapsule#4.
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Table6-3: Thickness oébnormal grain gowth region for MG diamondPCDsampleson

standard substrate.

Sintering run AGG layer thickness | Plume thickness (um) | Total thickness (um)
(Hm)
Cap#3 387 1342 457
Cap#4 1002 1057 1015
Cap#6 238 238
Cap#7a 309 1205 393
Cap#7b 427 427

C- FG6umfine grain diamond

Since AGG is hiytprevalent in the fine grade (FG5) diamond sample# was difficult

to determine the effect the added carbon has on the amount of Co pooling. It was then
necessary to look at the effect carbondhan Co pooling at the interface whencaarser
diamond powder was usedrhis was afine grained (F&) diamondpowder with a
multimodal particle size distribution of about G&um. Since this material has some fine
grain particle (0.5 um) and slightly coarser particlesq4im), the driving force for grain
growth is low therefore AGG should nbave appeaed. Tre Co pool at the interface

would therefore be more prominent.

Two sanples were sintered using the FBpm diamond powdepn a standard Wa3Co
substrate;each sample was sintered at the same sintering conditions but in a different
capsule run (cap #8 and #9). The results obtained are showigune6-7; here no AGG

of the diamondwasevident at the interface. This can be attributed to the larger grain
size of the diamond which results in a lower drivingce for grain growth. Similato

that of the MG8um diamond sampleCo pool formationvasevident at the interface.

The Co pool thickness was measured ta2the?+2.4>m and 28.4+2.0>m for cap#8 and
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#9 respectively (summarized Trable6-9). Acicular grain growth ahe WCwasevident
in the samples from Cap#fnage analysis of the bulk sintered PCD of the MG and FG

6um diamond samples are givenTiable6-4.

- ) AN O e
C: Spot Magn 50 pm ¢ v ] 10 pm
15.0 kV 5.0 500x SE 95 std substrate - cap #8 95 std substrate - cap #8

Ay i
= | 1507 6T BN
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A c v Spu! Magn el ) 7 v Det WD 10 um
15.0 kV 5.0 500x 11.8 Cap #9 - Std substrate kV 5.0 2000x CL 8 Cap #9 - Std substrate

Figure6-7: SEMBSImicrographs of the interface of the F6 sintered PCD for the
standard WE13Co substrate from Cap#@, b)and Cap#9 (c, d) the dark phase is
diamond, gey phase is Co and light phase is WC
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Table6-4: Image analysisesults of thediamond layer sintered on a W,Co standard

substrateusing MG and F&um PCD.

Property MG FG6um FG6um
Cap#8 Cap#9

Diamond particle size (um) 10.3+3.8 42 +1.1 4.0+1.2
Co pool size (um) 1.9+09 1.3+0.7 1.3+0.6
Diamond Content (Area %) 90.8+0.4 88.1+0.3 87.3+0.6
Binder Content (Area %) 9.2+04 11.9+0.3 127+ 06

Diamond Mean Free Path (MFP) (um) 7.0+7.6 3.5+35 31+31
Co MearFree Path (MFP) (um) 0.8+£0.6 05+04 05+04
Diamond Contiguity (%) 58.7+1.6 60.1+2.1 59.5+ 17
WC patrticle size (um) 0.5+£0.3 0.4+0.3 0.3+0.2
WC Content (Area %) 14+£0.2 48+1.3 1.8+0.4

6.2.2. Carbon Enriched Substrates

Carbon enriched substrates were produced to suppress or eliminate AGG 0f5ye
diamond. Two types of carbon enriched substrates were produced; carbon enriched
thermally sprayed WCo coating®n standard W&o substrateand diamond/graphite
enhanced W&o substrates. The extra carbon in the substrate acts to prevent Ostwald
ripening of the diamond and reduce the carbon solubility difference between the
infiltrating Co melt and the diamond PCD table. The results ofektng of this theory

are described below.

6.2.2.1. Carbon Enriched Thermally Sprayed Coatings

As described irgection 3.2, carbon enriched thermally sprayed YB© coatingsvere

sprayed on standard WCo substratesthese coatings were sintered with various
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diamond powders (MG, F&m and F&.5um). The various coatings compositipns

diamond powdes used and sintering conditions attescribed inTable6-2.

A ¢ MG diamond

A initial PCD sintering tegtap#1) wasdone usinghe medium gradd>CD powder o8-
10um (MG) containinglvol.%spherical Co astated inSection 6.2.1 The sinterilg was
done at 5.8GPa and 1400°C. Tm was to determine the effect the carbon enriched
coating has on the grain growth and Caopormation. Typicallyjno AGG was expected
in this materia) as isevident in the standard WKL3Co substrate. Similar to the standard
substrate, Co pool formation was expected. Only the2Z%C coatingfor both the WG
12Co and W&7Co powders were sintereiicrographs of these samples can be seen
in Figures 6 and 6-9. These images show well sintered materials. The 2%C enriched
samples irFigure6-8 ¢ & d andFigure6-9 ¢ & d show very little acicular grain growth of
the WC particles as compardd the noncarbon enriched (W@2Co and W&7Co)
samples and that of the standard \WIBCo shown ifrigure6-4. This could suggest that

a small amount of carbon enriclent can prevent acicular grain growth from occurring.

The Co pooling at the interface was measured to range betwee2Bpin,and shownn
Table6-5. These changesere insignificant. Image analysis results of the bulk B@D
given inTable 6-6. Diamond grains at the interface in the Co pool appdaslightly
larger than the diamnd particles in the bulk. The Co pool edtas a source for re
precipitation of dissolved C, thus grains in this region appé#o be larger than in a

region where there is little Co pooling.
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Figure6-8: SEMBSImicrographs of the interface of the M@iamondsintered PCD for
the WG12Co samples: (a & b) WI2Co coated layer and (¢ & d) \WIQCo+2%C coated
layer (cap#1).
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Figure6-9: SEMBSImicrographs of he interface of the MGliamondsintered PCD for
the WG17Co samples: (a & b) WIZCo coated layer and (¢ & d) \WIZCo+2%C coated
layer (cap#1).

Table6-5: Cobalt pool size of Medium grad®G) PCD sample&ap#1).

Material Co pool sizegm)
Std WEL3Co substrate 18.0+2.3
WGC12Co 22.9+1.8
WG12Co+2%C 23.2+1.5
WG17Co 20.4+1.6
WG17Co+2%C 22.7+2.4
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Table6-6: Imageanalysis results omedium grade(MG) PCD samples (cafl).

Property WG12Co WG12Co+2%C WG17Co WG17Co+2%C
Diamond particle size 9.9+39 9.8+34 10.3+3.8 10.6 4.1
(Hm)
Co pool size (um) 20+1.0 20+1.0 200+1.1 22+11
Diamond Content 89.8+04 90.7 £ 0.7 90.9+04 89.7+0.3
(Area %)
Binder Content (Areg 10.2+0.4 9.4+0.7 9.1+04 10.4 £ 0.3
%)
Diamond Mean Free 6.2+6.9 6.8+7.4 7.3+8.0 6.8+7.7
Path (MFP) (um)
Co Mean Free Path 0.8+0.6 0.8+0.6 0.8+0.6 0.8+0.6
(MFP) (Hm)
Diamond Contiguity 53.7+15 57.7+24 579+15 56.7 £ 0.9
(%)
WC particle size (um| 05+04 0604 05%+0.3 0.6+04
WC Content (Area % 3.0+0.3 28+0.5 06+0.1 27+0.6

B ¢ FGO.5umfine grain diamond

{AYOISNAY3I 27F | -05)Nigrtondpdidddr Was petiqrmed to de@bnine if

the carbon enriched coated substrates would reduce grain growth at the interface.
Samples were prepared and sintered at 1400°C and 6.8 GPa. It was found that the
higher pessure produced better results; this is also the standard conditions used in
industry to sinter fine grain PCD. Various capsules were produced containing the
different samples for UHPHT sintering, 0, 2, 4 and 6%C coated layers were sintered with

a standad substrate for reference.

Two sets of capsules were sintered for the B%C samples (cap #3 and #6) and for
the 4¢ 6%C samples (cap #4 and #7) with the standardG&/Gubstrate as a reference
nop>Y Rukabk YsedyfdR the PCD layer. Sinteringsvdoneat 1400°C and 6.8GPa.

The microstructure ofthe ¢’/  SYNA OKSR adzo a0 NJ G§S& dzaAy3
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are shown inFigures 610 ¢ 6-15; the results show that all the samples experienced
large AGG of the diamond particles at the substradeP® interface. Large plume
formation was also evident in some materials (Fegure6-11c, Figure6-13c andFigure
6-15c).

Table6-7 and Table6-8 give the results of the AGG thickness measurements for the 0
2%C (range between 200/p n > Y 0 -6R6¢ Boatings (range between20@nnn > Y0
respectivelyThe results show that there is only a slight decrease in the AGG for the 2%C
enriched coatingcompared tothe asreceived sprayed powders and the standard
substrate for both capsule run3his shows promising results; i.e. Carbon enrichment
can potentialy decrease AGG of fine grained PCD. Overall the 4 and 6%C samples show
a higrer amount of AGG than that of the 2%C coatings.

Although sintering conditions for both caf3,#6 and capt4,#7 were the same (i.e.
1400°C and 6.8GPa), from the results in the abdable 6-7 and 68 and figures6-11 ¢
6-15, it followsthat there is a high variability in the results. The results from#&ywere
much lower than that of cagt3 for most samples. Siraily with theresults ofcap #4
and #7. The high variability shows how unstable the fine grained diamond caaruk
how sensitive the system is to other parametéoxygen content, impurities and press
conditions such as neaniform heating distributionin the pressleading to uneven

melting fronts during sintering).
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Figure6-10: SEMBSImicrographs of the interface of th&Gn ® p diavhondsintered
PCD for the W@2Co samples Cap#3: (a & b) WBCo coated layer and (c & d) WC
12Co+2%C coated layer.
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Figure6-11: SEMBSImicrographs of the interface of th&Gn ® p diayhondsintered
PCD for the W@2Co samples Cap#6: (a & b) WECo coated layer anft & d) WE
12Co+2%C coated layer.
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Figure6-12: SEMBSImicrographs of the interface of th&Gn ® p diarhondsintered
PCD for the W@2Co samples: (a & b) WI2Co+4%C coated layer and (c & d)\WC
12Co+6%Coated layer.

133


























































































































































































































































































