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ii. Abstract

It is known that the wear resistance of polycrystal diamond (PCD) is inversely
proportional to the particle size of the diamondwvgder which is to be sintered.
Fracture toughness on the other hand is directipgtional to the particle size of the
starting powder. Therefore, fracture toughness amdar resistance work
antagonistically. A layered PCD structure made bing powders with a relatively
small particle size could result in a more fractgsistant cutter while still retaining
desirable wear properties. The focus of this ptojeas to determine if a layered
diamond structure could be made by electrophodstposition (EPD) and whether the

sintered laminate showed crack deflection duriagtfrre.

The aqueous EPD of a diamond/diamond laminate with alternating grades of

diamond was investigated. Diamond particles, 0.Bpnch 2um in size, were deposited
in an alternating manner onto tungsten carbidetsatles The layered diamond deposit
was sintered with the carbide substrate in a higisgure, high-temperature press. The
sintered deposit was examined for evidence ofraterg residual stresses. Differences

of cobalt content in the 0.5 and 2um layers werenled by EDS and image analysis.

The sintered diamond laminate was subjected tcethoint bending until fracture.
Although the sample had demonstrated only minimatic deflection during the bend
test, further analysis revealed that a sinteringing crack showed evidence of crack

deflection.
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1. Introduction

One of the biggest challenges facing structurarogss these days is the brittleness of
the material. The fracture toughness of polycriis&al diamond (PCD), although
reasonably high by ceramic standards (Table 1-A)1]3is often insufficient when it
comes to meeting the increasingly more stringeqirements placed on this class of
materials by new, ever more demanding applicatjg@hsThus, scientists have looked

to nature as inspiration to increase the fractomgliness of their materials. [2]

Table 1.1: Fracture toughness of representative camic materials.

Material Kic (MPa.m’®) Ref.
Al,05 3-5 [3]
ZrO, (TZP) 11.1-17.2 [4]
SiC/ SSiC 3.1-4 5]
SizN4 5-10 [6]
TiC/Binderless 1-3 [7]
TiB, 5.2-5.6 [8]
Mullite 2.5 [9]
TiN (5% Binder) 5.3-5.5 [10]
B.C 3.0 [8]
PCD 13 [11]

In nature, one is able to find many tough matersaish as wood, bones and the shell
of molluscs. It is the interest of a new field ofesice called “biomimetics” to try and
mimic or derive inspiration from these natural mials. The word biomimetics is
constructed from the two words “bio”- meaning lifdhg organisms and “mimetic”

coming from the word mimicry- meaning imitation. tshbiomimetic in the broader
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sense refers to imitating nature. One such extrert@lgh natural material that
scientists have looked to for inspiration is natwend in the shells of abalone
molluscs. Despite nacre being very hard due thigh calcium carbonate content, it

boasts impressive toughness by means of thin argateirlayers [12].

The purpose of this project was to evaluate elpbiweetic deposition as a forming
technique to create sintered diamond/diamond layensg two different alternating

grades of diamond (Figure 1.1) so as to createomibietic structure similar to that

found in nacre. Electrophoretic deposition was used forming technique to achieve
this structure. In nacre, the main reason for teagiy is the weak protein interlayers.
In this project however, the expected tougheninglrarism should arise from residual
stresses and fluctuations in cobalt content inalkernating layers after sintering. The
resulting laminate sample was analysed for cradlecti®n as evidence of alternating
residual stresses.
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Figure 1.1: Schematic diagram showing the alternatig layers of 0.5um and 2um grade
diamond on a carbide substrate.

As an introduction to electrophoretic depositiomtesed deposits of alumina were
prepared to learn and develop the EPD technology po the commencement of

diamond work.

In Section 2 that follows, a literature survey iegented. Section 3 provides the
materials and method used to prepare and analgsadlerials. Section 4 presents the
results obtained and observations made. Sectiascbistes the results offered in the
previous section. Section 6 which concludes thigkwie followed by a detailed
bibliography in Section 7.
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2. Literature survey

2.1 Introduction

This literature survey features some examples a@hbnetic materials. In addition to
this, the technology of electrophoretic deposit{&#D) is introduced as a forming
technique and examples of both monolithic and lateirmaterials manufactured using
EPD are shown. Lastly, an introduction to sintemfgoly-crystalline diamond (PCD)

is offered

2.2 Biomimetic materials

Extremely hard and tough natural materials have beend in nature. These materials

have a number of applications. Some of these agiits include:

1. Structural [2]: Bamboo and wood which are oftenduge construction of
buildings and furniture,

2. Load bearing and impact protection [13]: Bones, clvhimake up the
exoskeleton of vertebrates,

3. Wear [14]: Teeth, which are used to cut, chew ammtigood.

Biomimetic materials are materials that have beaderto mimic materials found in
nature. These materials are made to mimic the stspeture or composition of a
natural material to improve the properties of tlgatlsetic material. In the interest of
ceramic science, the survey that follows will foamstoughening mechanisms derived
from naturally occurring tough materials. Exampdésynthetic biomimetic materials

are also provided.
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2.2.1 Bamboo

Bamboo is a natural material that shows superioghaess. This property makes it
attractive as a building material for homes anaiture. Wang et al. [2] prepared both
fibrous monolithic SN#/BN composites, trying to imitate the structurebaimboos or
trees; and laminate $Bl,/BN structures, imitating nacre. The materials werade

using plastic forming methods such as extrusionratt@ompaction.

Figure 2.1: a) Longitudinal and b) cross-section nerostructure of the fibrous monolithic
SizN4/BN resembling the structure of bamboo [2]

The samples were sintered using a hot-press. ibh@ug monolithic SN#/BN had a
fracture toughness of 24 MP&’nThe area under the curve (Figure 2.2) calculétes
work of fracture for the fibrous monolithic $8i,/BN, which was estimated to be more
than 4000 J/M while that of monolithic $N4 ceramics was only 100 Jmin the
experiments, it was found that the load-displacencainves reveal that the material
exhibits non-brittle fracture. The high toughneds tbe samples arised from a
combination of multi-level toughening mechanismshsas weak interfaces, whiskers
and elongated grains toughening in ceramic matelscas revealed in the load-

displacement curves (Figure 2.2). It was also fotlrad the diameter of the extruded
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fibres (Imm, 0.5mm and 0.3mm) plays an importantcsire parameter influencing

the mechanical behaviour of the composites.

600

200 f

1.0 mm
1 1 1

0 100 200 300

Displacement (um)

Figure 2.2: Typical load-displacement curve of fibous monolithic Si3N4/BN showing the

plots for extruded fibres of diameter 1mm, 0.5mm ad 0.3mm. [2]

2.2.2 Bone

Bones are strong, hard and lightweight mineralizesdue. They make up the
endoskeleton of vertebrates. The bones in vertelaritmals come in many shapes and
sizes. They serve to support soft tissue for mowveraed protect vital internal organs

such as the heart, lungs and brain from impact [13]

Tian et al. [15] [16] did experiments using matedamposites which contained SiC
whiskers with dumbbell shaped ends at the intesfat@ese fibres resemble that of
animal bone. It was found that these fibres transtestress from the matrix to the
fibre during compression. The fibre increases ttiength of bonding at the fibre-

matrix interface.
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Figure 2.3: Dumbbell-like SiC whiskers resembling bne. [17]

2.2.3 Treeroots

Besides nutrient and water collection, roots helfix and stabilize trees to the ground.
Tree roots also prevent the solil, to which theyramged, from washing away at river
banks and during heavy rains. These propertiedesieable for synthetic materials.

Biomimetic materials have been constructed usibhge$ for reinforcement. Fu et al.
[18] [19] used carbon fibres which resemble thetsaaf trees. The idea behind the
design was that the fibres will simulate the stthaging and toughening properties
that tree roots impart on soil at riverbanks. la #xperimental observation, the force
and energy required for the pull-out of synthetlwrds increases with the branching

angle.

Fu et al. [18] [19] expect that the fracture tougbm and strength of the materials with

these branched fibres should be greater than thlaé ain-branched fibres.
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Figure 2.4: a) Microstructure of vapor-grown carbonfibers resembling tree roots b)

structure of a branching point [19]

2.2.4 Nacre

One of the key natural materials in the biomiméetd is nacre. This material is found

in the inner shell of many mollusc organisms indka such as the abalone. The reason
for such an interest in this material is due to fhet that nacre boasts an eightfold
increase in toughness as compared with its momol@aCQ counterpart [20]. This
material boasts fracture toughness values of 8+a.M# in four-point bend tests, and

a fracture strength of 185+20 MP&'fin three-point bend tests [21]. This fracture
toughness value was higher than the fracture teegghif some technical ceramics
(Table 1.1). Its work of fracture when wet is 12887 which is approximately 3000

times higher than that of monolithic calcium cara@n[22].

Some of the key toughening mechanisms of nacre foare to be [12]:

1. Material properties of aragonite and organic matespecially the unique
properties of the organic phase in the confinedee@tween platelets.

2. Structure at micro scale: size, shape of platetets

3. Interlocking of aragonite platelets: progressividufe of interlocks guides the

fracture path.
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4. Molecular interactions at the organic—inorganieifdace.

Figure 2.5: An SEM image of the micro-structure ofnacre [12].

Due to nacre’s impressive toughness figures, ithes primary inspiration for the
biomimetic diamond material made in this project. lacre, the main reason for
toughening is the weak protein interlayers. Wealerlayers increase the fracture
toughness of the material by crack deflection, m@tation and crack blunting [23]. In
this project however, the expected toughening nshashould arise from residual

stresses and fluctuations in cobalt content irattexnating layers after sintering.

2.3 Electrophoretic deposition (EPD)

Electrophoretic deposition (EPD) is a relativelyl @oncept that has been applied to
the modern field of material science. EPD was filistovered in 1803 when Russian
scientist Reuss noticed the movement of suspenidgdparticles under the influence

of an electric field [24]. It was only by 1933 tHaPD received practical consideration
when it was used to deposit thoria particles oatinum electrodes as an emitter for
electron tube applications [24]. Nowadays, the népe of EPD receives a lot more

attention in the ceramics field as a shaping t8olme of the reasons for this is that

EPD is versatile thus it can be used for deposiingumber of different powders in
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various suspension media, it allows deposits aradirags of complex shapes which
may otherwise be difficult to achieve using traghial shaping techniques, it allows for
deposits of controllable thickness through adjustmef the EPD parameters. The
equipment required for EPD is simple and, as altethe process is relatively cost

effective..

Electrophoretic deposition, as the name may suggest two-step process. The first
part of the process is electrophoresis, whichesmiovement of charged particles in an
electric field. The second step is deposition, Whecthe collection of particles on the
electrode [25].

Figure 2.6: Typical EPD setup.
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The setup of an EPD experiment is relatively sin{fpigure 2.6). It generally involves

a container holding a suspension of the materiddet@eposited and two electrically
conductive electrodes that are connected to a D2psupply and submerged in the
suspension. When the power supply is switchedlanpositively charged particles in
Figure 2.6 would move towards to the negative sdelet However, as simple as the
design of an EPD cell is, there are many impoffiactors to consider.
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2.3.1 Considerations

2.3.1.1 Liquid media

The liquid media for suspending the particles stidnd considered carefully. Although
using an aqueous media is attractive because itheaadvantages of a high dielectric
constant and its industrial processes being enwiemsrtally friendly [26], serious

problems do exist. At relatively low voltages (~502)7], water will electrolyse into

hydrogen and oxygen gas. The developing gas bubtir$ere with the deposit at the
electrode and cause an increased porosity in teengibody. Therefore most
researchers conducting EPD experiments opt fortshbain alcohols such as
methanol, ethanol and isopropanol which will nactiolyse even at higher voltages.
Alcohols, due to their lower dielectric constamegjuire higher voltages to achieve the

same deposition rates at their agueous countef2&its

2.3.1.2 Zeta-potential

The surface of charged particles in suspensionaailise ions and polar molecules to
experience Coulombic forces. These forces will ealilse charged ions and polar
molecules to repel and oppositely charged onesetattracted, thus resulting in an
increase in their concentration at the surfacénefgarticle relative to that of the bulk.
Therefore, due to the law of charge conservatiopotential difference between the
surface of the particle and the bulk solution depsl As a result, the particles will
have a relatively immobile adsorbed layer, as waslla less rigidly attached diffuse
layer of ions and polar molecules surrounding thetigles. This is known as the

electrical double-layer [29].
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Figure 2.7. Diagram of the double layer surrounding a chargedarticle. The potential at
the surface of shear is termed the zeta potentidt is the main parameter determining
electro-kinetic behaviour [27].

Charged patrticles in suspension vexperiencemovement when an electric field
applied. The velocity of these particles is called electrophoretic velocity. In mu:
the same way, the ionic solution adjacenthe wall of a capillary with ¢ electrical
double layer will flow once an electric Id is applied.This is called elect-osmotic
flow. During this flow, a hydrodynamic slippage péaforms somewhere in the dou

layer. The potential at this slippage plane iseththe zel-potential P9).

For optimal deposition rate and highest suspenstialility, the absolute ze-potential
on the particles should be at a maximum. This aadhieved either by adjusting t
pH of the solution or by the use ionic additives. In most cases, theadditives are
either adsorbed or react on the surface of thecgatb increase its charge. This ex
charge will result in amore stable suspension due to the enhanced electrc
repulsion between the particles, as we better movement in the alied electric

field. While adding ionic additives to the suspension may endhéme zet-potential, it
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is important to note that the conductivity resugtimom dissolved species should be
kept at a minimum so that most of the current gsteer in the system results from

movement of the charged particles to be deposited.

2.3.1.3 Electrodes

The material from which the electrode materialdsbe chosen should have a high
conductivity and should not react during the EPBcpss [28]. Typical electrodes used
are nickel, graphite, platinum and stainless stébeé deposit should also be easily
removed from the electrode for materials requirgtgnd-alone sintering, or should
have adequate adhesion for materials where degnosisubstrate are sintered together.
Electrodes should be kept at a constant separatidrtheir geometry parallel during

deposition.
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2.4 Monolithic deposits

A multitude of papers (Table 2.1) reporting morfotit(non-layered) EPD experiments
have been published. Due to their relative simgglicmonolithic EPD experiments

provide valuable data before tackling the muctkieiclaminate deposition.

Table 2.1: Summary of monolithic deposits obtainetty EPD.

Colloidal suspension Formulation Deposition Green
Voltage Rate Density
Deposited
Reference Material V/icm Media Additives g/(cnf.min) % TD
Besra et al. Butan-1-
[30] Al,05 166 ol 0.0012
Van der
Biest [31] ALOs 16.5 Ethanol HCI (pH<5) ~0.1 53
De Riccardis Al,O; and Ethyl
et al. [32] Al,O3/Zr 15-20V Alcohol Citric acid/ TEA
Fumed TMAH, acetic 0.5
Clasen [33] Silica 3 Water acid, salt acid (~1mm/min) >80
Valdes et al.
[34] Diamond 5-40 Water HCI (pH<5.6)
Affoune et Isopropan lodine, Water,
al. [35] Diamond 6.67 ol Acetone
Zhitomirsky Isopropan lodine, Water,
[36] Diamond ~33.3-200 ol Acetone ~0.024

Besra et al. [30] performed the electrophoreticodémn of alumina particles onto
stainless steel electrodes in a butan-1-ol medidervation of the Hamaker equation
(Equation 2.4-1) ,which allows the calculation efpdsit weight\y) by comparing the

EPD process to sedimentation, was reported.

w= §C£Osr '3 (1) (E) t Equation 2.4-1

l
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In Equation 2.4-1,C is the suspension concentratias, is the permittivity of a
vacuum,e; is the relative permittivity of the solverl.is the zeta-potentiah is the
viscosity of the liquid medé is the electric field strength,is the separation of the
electrodes and the time of deposition. A change in the rate opasition is thus
brought about by manipulation of the variables qué&tion 2.4-1.

Therefore, for a particular liquid medium, powdemdaexperimental setup (i.e.
electrode separation), the weight of the depogiragportional to the concentration of
the suspension, electric field applied across thext@des and deposition time
(Equation 2.4-2).

w = (k)ECt Equation 2.4-2

This simplification of the equation is possible whe particular solvent, powder and
experimental setup is used and tkusecomes the embodiment of the constants. From
this equation it is evident that controlling theighe of the deposit is a function of
three variables, namely electric field strengtmaamtration of the suspension and time

of deposition.

Besra et. al. [30] also report the surface morpiylaf the deposited film made from a
higher suspension concentration was not as smaottompared to those obtained
from the lower suspension concentrations. They ssigipat this may possibly be due
to the high deposition rates at higher concentnatié\t such rates, the particles do not

have enough time to sit at the closest possibl&ipggositions before deposition of
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incoming particles. No mention is made of the dffeicsuspension concentration on

green density.

In an effort to make EPD processes more environatigntfriendly, aqueous
suspensions have become the more attractive altexrta organic media. However,
higher voltages (>5V) will cause the electrolysismater, and thus cause gas bubbles
forming on the electrodes which will lead to a td@glporosity on the deposit [30]. This
problem has been solved by Clasen [33] by placiraglhilose membrane at some
distance in front of the electrode thus keepingsséadce between the deposit and the
bubbles developing at the electrodes (Figure 238)ce water has such a high
dielectric constant, Clasen [33] managed to achiavdeposition rate as high as

0.5g/(cnf.min) from an aqueous suspension of nano-sizeddtsitiea.
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Figure 2.8: Diagram of the typical EPD setup for ageous deposition with a membrane
between the two electrodes [33].

Another solution to the gas formation problem wesalvered by Neirinck et al. [37]
An unbalanced alternating current was used insbédle traditional DC current that
is used in most setups. Neirinck et al. [37] suggdmt the electrochemical
decomposition of water is a sluggish process arad ftequencies of 50 Hz are
sufficient to stop the reaction from happening. Tegosits made using this were free
of pores caused by bubble formation (Figure 29)vds also found that the deposits
made in this way had a green density which isnstaally higher than those formed by

traditional DC EPD from ethanol based suspensions.
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a) L e b)

Figure 2.9: Alpha-Al,O; deposits formed using (a) 100 V DC for 1200 s arfd) a 50 Hz
asymmetric AC field with an amplitude of 500 \,,, [37].

Very little literature exists on the EPD of diamopakticles. An important contribution
of work on the deposition of diamond has been doyeAffoune et al. [35] and
Zhitomirsky [36]. Both used isopropanol suspensiofighe diamond with iodine,
water and acetone (25-50mg, 1-2mL and 2-3mL res@dgtfor a 100mL isopropanol
suspension) as additives to improve the zeta-pateoit the diamond via an in situ

reaction that produces hydrogen ions by the folhga@quations:
CH3COCH; = CH3C(0H)CH2 Equatlon 2.4-3

CH3C(OH)CH, + I, » CH3C(OH)CH,I + H* + I™ Equation 2.4-4

It is hypothesized that diamond particles acquir@eegative charge in water and
organic solvents. The protons generated by theiosaof water, iodine and acetone
are adsorbed onto the surface on the diamond arsdgive the diamond particles a
positive zeta-potential which causes them to deéposo the cathode during EPD [36].
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Figure 2.10: SEM picture of the diamond deposit olatined using an isopropanol
suspension with acetone, iodine and water as addiéis [36].

Zhitomirsky's [36] deposit made from 3-6um sizerdand is shown in Figure 2.10.
Deposition rates of approximately 0.024gfamin were achievable and various
thicknesses (up to 100mm) were claimed.

2.5 Laminate deposits

It is known that layered materials are generallygteer than their monolithic
counterparts. In laminates, the increase in tougghnasually arises from the
incorporation of weak interlayers [38] or a stresseterface [39]. Laminate EPD
experiments in literature (Table 2.2) generallyale using two suspensions, each
with a different ceramic powder. Thus multi-layedsposits are made by moving the

electrodes from one suspension to another oncgeadahieves the desired thickness.

Amongst first researchers to perform ceramic/cetataminates were Sarkar and

Nicholson [40]. In this work, alternating layers gftria-stabilized zirconia and
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alumina (Figure 2.11) were made. Sarkar and Nicmo[40] succeeded in making 80
layers of average thickness of gt for the alumina layers andgn for the zirconia
layers. The final composite was greater than 2mokthn the EPD experiments a 10
wt% suspensions of the respective powders in aanethmedium was used. In the
experiment it was found that the boundaries betwkerayers were straight and well
defined. A deposition rate of ~13®/min at 125V/cm was achieved, thus showing

that EPD was a reliable and relatively fast proc#sseating laminate layers.
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Figure 2.11: Boundaries between the sintered aluméizirconia laminates by Sarkar and
Nicholson [40].

SIC/TiC layers (Figure 2.12) were produced by Yoale[41]. This was achieved by
suspensions of a concentration for 50g/L of theeeBve powders in an acetone
medium. An ultrasonic bath was used for 15min pt@odeposition in order to break
up any agglomerates. The deposition cell was coctsld using a glass beaker, a
working electrode made of carbon paper and a coweléetrode made of stainless
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steel. Each layer was formed by one minute depositthich was repeated up to 20
times. A deposition rate of ~0.075g/cmin was achieved.

Figure 2.12: SEM image showing the pressureless &ned SiC/TiC laminates achieved
by You et al. [41]

Van Der Biest et al. [31] managed to produce silicarbide/graphite laminates in a
cylindrical shape by using a hollow cylindrical ghéte deposition electrode with a rod
placed in the centre of the cavity as a countestedde. It was found that the deposit
shrank during drying and thus allowed for easy aste of the deposit from the
electrode. The process of adding sequential lay@as automated by attaching the
electrode set-up to an existing apparatus usednidti-layered electro deposition.
Thus with this apparatus, it was possible to pldee electrode in 4 different bath
solutions, automatically adjust the voltage, araltime spent in each. Van Der Biest et
al. [31] found that the laminate did indeed exhibiick deflection along the weaker

layers of graphite.

A potential drop is expected as the deposit thisknecreases. This is due to the
insulating effect of the deposit on the electrodbeicw causes a higher specific
resistance than the volume of suspension it reted3ee potential drop has a negative

impact on the deposition rate due to the lowering\orce of the particles. Van Der
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Biest et al. [31] also used suspensions with défiermedia and additives to see the
effect of potential drop over time. It was foundtttethanol and nitric acid had the

largest potential drop which is more suitable fonthomogenous coatings.

Ferrari et al. [42] and Fischer et al. [26] prodlic'umina/zirconia laminates in
agueous media. Aqueous suspensions are attraotivati water has a high dielectric
constant and agueous processes are more desinadobarld becoming more “green”

conscious.

FEER H‘Zi:;‘-%fz

Figure 2.13: Alumina/zirconia laminates prepared byEPD using a suspension of each of

the materials with 0.6% deflocculant [42]
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Table 2.2: Summary of laminate deposits obtained bEPD in literature.

Colloidal suspension

Formulation Final material characteristics
_ Green
Deposite Voltage Density Layer
d Deposition Geometr Laminate Thickness
Reference Material Vicm Media Additives Rate % TD y Thickness (um)
Sarkaret | AlZOJY 75-125 Ethanol HCl ~110um/min- ~60% Planar 1.(%[‘8m 1-2
al. [40] -TzP (pH<5) 135pum/min ’ |
ayers)
Dolapix
Fisher et AlLO4Y > CA, 0.012g/crA.mi High 0.193mm )
al. [26] -TZP 25 Water Ammonia n porosity Planar (5 layers) 8-20
(pH>11)
Ferrari et AlL,O)Y ] Dolapix ~0.006g/crh. ]
al. [42] 7P 7-30 Water CE64 min Planar 10 layers 25-50
Zhitomirs
ky et al. AlOJC ~33.3 Isopropan ~14pm/min Raidal 20 layers 1-10
e-TZP ol
[43]
n_
Butylamin
Vandeperr
. e, HCI N . . 57um (21 )
e[zz]al. SiC/C 145V Acetone, (pH<6) 150pum/min Radial layers) 10-100
Isopropan
ol
SiC:
You et al. o ~0.075g/crh ~60.1%, ~
[41] SiC/TiC 8 Acetone min TiC:~59.6 Planar 20 layers 5-30
%
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2.6 Poly-crystalline diamond (PCD)

2.6.1 Sintering of PCD

2.6.1.1 Background

Due to the unique properties of diamond, it hamhesed in a variety of applications
such as cutting, drilling, milling and abrasivenitially, diamond was sintered by
Katzman and Libby [45] using diamond powder and 288balt as binder at a high
pressure of 6.2GPa and a high temperature of 159@°@as found that these
conditions were above the diamond-cobalt eutedben diamond particles were
sintered with a metallic solvent, the metal prordatger-crystalline bonding between

the diamond grains.

Wentorf and Rocco [46] described the manufacturea dayer of diamond onto a
cemented layer of tungsten carbide (WC). This waseaed by having a 0.5-1mm
diamond powder layer on top of a 10mm WC-10%Corlaeiring pressures greater
than 5GPa and temperatures of 1400-1600°C, thetcoba the WC layer would
become liquid and the diamond would be sinterealliquid phase fashion.

Nowadays, diamond is sintered on top of pre-sidtétmgsten carbide-cobalt (WC-
Co) substrates by the method described by Verastleagl. [47]. With this method of

sintering one could achieve a better packing derdfitthe diamond. Cobalt binder
would also end up in the voids rather than betwibengrains. This meant that there

were diamond to diamond bonds.
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In the SEM image in Figure 2.14, the PCD (black)sveantered on top of a WC
substrate (white) by the infiltration of cobalt €gy from the WC layer into the

diamond table.
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Figure 2.14: SEM micrograph of a typical PCD sinteed at 8.5GPa and 1400°C [48].

2.6.1.2 Considerations

At the cooling stage of the sintering cycle, residatresses develop at the WC-
diamond interface. This is due to differences eriial expansion coefficients [49]. In
some cases this may lead to delamination of themaha table from the substrate.
Similarly, fractures can occur in the diamond tablee to differences in thermal

expansion coefficients between the cobalt binddrtha diamond skeleton [50].
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Another important factor to consider during theteiimg of fine-grained PCD is
abnormal grain growth (AGG). Using submicron diashgmowder (<1um), it was
observed that some grains will grow to sizes ofrol@0pum. The AGG region is
considered a weak spot in cutter tool and fractum@ delamination from the WC-Co
substrate may occur at this site [51].

SRR
‘-.1_‘,,.'-: Lt “atty B

Figure 2.15: SEM of the micro-structure of the cros section of a PCD sintered compact
made using 2pm diamond powder exhibiting AGG. [51].

In Figure 2.15, the huge grains are visible inAl®&G area. The normal grain growth is
visible in the NGG area. Grain growth occurs du®stwald ripening by a mechanism
of solution-reprecipitation. During sintering, thmall diamond grains dissolve into the
molten cobalt metal and reprecipitate onto thedardjamond grains, thus causing
them to grow. Because the smaller particles hakigleer interfacial energy than the
larger particles, they will more readily dissolvethe cobalt to lower the total energy
of the system. This is the criterion for Ostwalgening. Various techniques have been
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used to supress the grain growth problem. Suchniget include: addition small

amounts of cubic boron nitride [52] and using Niadloys as sintering aids [53].

2.6.2 Functionally graded PCD

It is known that the wear resistance of polycrystal diamond (PCD) is inversely
proportional to the particle size of the diamondvger which is to be sintered [54].
Thus the smaller the particle size of the startiilgmond powder, the more wear

resistant the tool is going be.

Fracture toughness on the other hand increasesimdtbasing particle size of the
starting powder [54]. The amount of catalysing rbtader within the composite is
also found to have a link to the fracture toughnéssggeneral, small amounts of the

metal (i.e. cobalt) tend to increase the fractaughness of the tool.

Therefore, fracture toughness and wear resistanmeék \&@ntagonistically. It is of

industrial importance to try and increase the wesmistance of the PCD without
negatively impacting on its fracture resistancee @ several techniques trying to
solve this issue is the use of multimodal diamaxebts which consist of variations in
particle size across the composite. This kind ofenma is called functionally graded.
Other techniques include trying to change the adrgéthe catalysing metal within the

diamond table in a functionally graded manner [55].

Matthias [55] described a method for forming fuantlly graded green bodies. The
first step of the invention involves providing a xtire of diamond particles of
different particle size. The second step requinesapitation (for example by vibration)
of these particles such that they begin to segedgased on particle size by the “Brazil
nut effect” as in Figure 2.16. This is then folleavby immobilization of the particles

with a fixing agent and then sintering.
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Figure 2.16: Schematic of a functionally graded matial achievable by particle agitation
[55].

Another method described by Matthias [55] was hgnadjacent layers of differently
sized particles which were then agitated to pronsefgaration within the layers as is
shown in Figure 2.17. It was hypothesized that andind cutter made with this

structure is more fracture resistant.
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Figure 2.17: Another schematic of a functionally gaded material achievable by the
agitation of multimodal powders [55].

While keeping the information presented above imdnit is in the interest of this
project to produce a sintered functionally gradeimbnd having alternating discrete
layers of two different particle sizes. Diamondtudes of mean particle size 0.5um
and 2um respectively, will be deposited in a laggucture as shown in Figure
1.1Figure 2.1 using EPD.

It is hypothesized that during the cold compacstage of diamond sintering, coarser
grade diamond experiences more plastic deformatidrnis allows for re-arrangement
of the particles and leads to a lower porosity.c8ithe pores in the compact will be
infiltrated by liquid cobalt during the heating géaof sintering, the coarser grade
diamond due to its lower porosity will result infaver residual cobalt concentration.

Therefore, the finer grade layers will contain moobalt than the coarser grade layers.
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Table 2.3: Comparison of linear thermal expansion @efficients for diamond and cobalt at

room temperature.

Linear thermal expansion
Material co-efficient. Ref.
a (10° m/mK)
Diamond 1.0 [56]
Cobalt 13.0 [57]

Because cobalt has a higher thermal expansionfooeat than diamond (Table 2.3),
it should contract faster during cooling. Howe\aue to the constraint of the diamond
skeleton on the cobalt, residual stresses arisea Imulti-layer material where
alternating layers have different cobalt contehis iexpected that the extent of these

stresses will vary.

The cobalt rich diamond layers should experienceentensile forces than the cobalt
deficient layers. Thus, a crack propagating throtighmaterial is expected to deflect
when moving from a cobalt rich layer (finer grade)d a cobalt poor layer (coarse

grade) as in Figure 2.18.

Crack path

I Fine grade diamond (0.5num)

- Coarse grade diamond (2 pun)

Fine arade diamond {(0.5un)

Figure 2.18: lllustration of the expected crack pat through the sintered layered material.
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This crack deflection caused by the residual stebssild result in a longer fracture
path and as a result, the layered diamond is eggecothave higher fracture toughness.

This, in theory, would improve the properties of tPRCD material.
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3. Materials and method

3.1 Introduction

This section describes the experimental procedasesvell as equipment used for
preparing, testing and characterizing samples. Eacltion herein is sub-divided and

describes work done on both alumina and diamonenia.

3.2 Raw materials

AKP-50 Alpha Alumina powder was obtained from Swumi€hemical Co. Ltd.
Average patrticle size for the alumina was 0.1-0.3Arparticle size distribution graph

of the alumina powder is shown in Figure 3.1.

Diamond powders of average patrticle size distrdou®).5um and 2um were obtained
from Element Six (Pty) Ltd. A particle size disutibn graph of the diamond powders

is shown in Figure 3.2.

Table 3.1: Ceramic powders used.

. Average particle .
Material Grade size Supplier dio dso dso
. Sumitomo
Alumina powder 0.1-03uUm | chemical Co. | 0147 | 0.226 | 0337
0.5 Micron diamond .
powder 05 0.5um Element SiX | 314 | 0432 | 0.603
Grade 2 diamond powder 2 2um Element Six 1.01 1.66 2.67
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Figure 3.2: Particle size distribution of diamond mwders used.
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Deposition substrates (electrodes) used for alunneee 316 grade stainless steel
plates wrapped with aluminium foil. The dimensioofsthe plates were 25mm x

100mm x 0.1mm. These plates were masked to revdgpasition area of 2¢n

Deposition substrates for diamond were tungstebidarwith 13 vol. % cobalt (WC-

Co 13%). WC-Co 13% with 10 vol. % graphite-diamamthanced tungsten carbide
(DEC substrate) was also used for diamond depasilibese were obtained from and
cut at Element Six into discs 2mm thick with a déen of 18mm. The deposition

surface of these discs were ground and polishedl{om finish.

Table 3.2: Deposition substrates used.

Substrate Additives Source
WITS university

316 grade stainless steel Aluminium foil cover workshop
WC discs 13% (v/v) Cobalt Element Six

13% (v/v) Cobalt with
WC discs 10% graphite Element Six

Tungsten carbide electrodes were used for diamepadsition as they will also serve
as the diamond substrates during sintering. Thdasvalfor the convenient elimination

of the transfer from EPD substrate to sinteringsuatbe.

3.3 Treatment of powders

In order to achieve stable suspensions and sucteggiosition, treatment of powders

IS necessary. The various treatments are presentli$ section.
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3.3.1 Acid washing

During the manufacturing process of diamond, metathpurities such as nickel and
copper are introduced in the powders. These matpliities can be removed by
washing of the powder with acid. The as receivesndind powder to be used for EPD
was washed by mixing 10g of diamond powder withrD6f 32% HCI. The mixture
was stirred and boiled on a hot plate for 10 misuféhe mixture was left to cool and
the supernatant was decanted off. The acidic slofrgowder was then rinsed five
times consecutively with water to remove the remmainacid and dissolved trace
metals. The last rinse was conducted with distilleter to ensure removal of ionic
species. After the final wash, the supernatantragais discarded and 50ml of acetone
was added to the diamond slurry to facilitate dyyof the powder. The slurry was

placed in a drying oven over-night.

Since alumina was used only for training purposashing was not performed on this

powder.

3.3.2 Oxidation

Oxidation of diamond is known to occur in air amfeeratures above 450°C and is
known to introduce oxygen containing species ofte surface thus making the
diamond more polar. The diamond powder was oxidaesD0°C for 20 minutes using

a ramp rate of 5°C/min.

3.4 Powder pressed standards

0.5um and 2um standards were prepared by theitrgalipowder pressing technology
by placing 2g of the as received powder was placedalumina coated niobium cups.
A DEC substrate was placed on top of this powdbe powder was then compacted
using a hand press. These samples were then pdepadesintered under the same

conditions as the EPD samples.
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3.5 EPD

A detailed experimental procedure for conductingpEfdescribed in this section.

3.5.1 Suspension preparation

Alumina suspensions were prepared by stirring 1@lemina powder into 100mL of

isopropanol. The concentration of the suspensiosn aaéculated in a mass per volume
fashion. Thus, for example, 10g of alumina powd#tesl to 100ml suspension media
will give a concentration of 10% (w/v). The susgenswas then ultrasonically treated
using a Bandelin Sonoplus HD 2200 ultrasonic preéch has a maximum power

output of 200W. The treatment lasted for a tim& ehinutes with a power output of

20% of the maximum (40W). Polyethylene glycol (PE@3) was added to the

suspension (0-0.4wt %). The pH of the suspension tivan adjusted either with HCI

(acidic) or NaOH (basic) solutions until the dedirgpgH was achieved. pH

measurements were performed using a Eutech pH Biléngter (calibrated before

each use using a three point calibration technicpiieg standard solutions of pH 4.00,
7.00 and 10.00 respectively).

Diamond suspensions were prepared by stirring®ydor the 0.5um powder ,and 7 or
10g of 2um diamond powder into 100mL of the redpectmedia. For alcoholic

suspension, the diamond powder was mixed in is@molp(i-PrOH). For aqueous
suspensions the diamond was dispersed in distilieder (dHO). Diamond

suspensions were subjected to the same ultra-somaatment as the alumina
suspensions. The pH of the diamond suspension asadjusted either with HCI or
NaOH solutions until the desired pH was achieved. REG was used with the
diamond suspension since this would introduce ugssary organic contamination to

the sample before sintering.
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3.5.2 Deposition

Before deposition, the suspension was made up leerd left to age for 1 hour. The
suspension was then ultrasonically treated to bupalny agglomerates. The working
electrodes were washed with Sunlight liquid so&entrinsed with their respective
EPD solvent and dried before being weighed. Cowrlemtrodes were washed with the

same procedure.

Alumina deposition was carried out on stainlesslstkectrodes wrapped in aluminium
foil. The aluminium foil wrap was used to facilgatleposit removal at a later stage and
prevent cracking of the deposit during drying. Wad/or plastic tape were used as
masking agents to ensure a constant depositioncdr2ent as shown in Figure 3.3.
The counter electrode, an 25mm x 100mm x 0.lmmnis&s steel plate, was
intentionally bigger than the exposed area on theking electrode so as to provide a
smooth electric field across the two electrodes &lectrodes were held parallel in a
vertical fashion using a Perspex separator. Fonialai deposition, the electrodes had a

separation of 2cm.
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Stainless steel backing

Plastic masking

Zecm

Aluminium foil deposition area
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2Zem

Figure 3.3: Schematic of the working electrode usefbr alumina deposition.

Diamond deposition was carried out onto the carldides with stainless steel plates
acting as counter electrodes. The same countetr@iiecwas used as in the alumina
experiments. The Perspex holder ensured a cornstpatation of 1.2cm. The carbide
working electrodes were held in a plastic holdeichlalso served to ensure deposition
did not occur on the back or sides of the disc. plastic holder was mounted onto a
glass backing to ensure the electrodes were plaaalis shown in Figure 3.4.

The electrodes were connected by wire either tceatlhkit power supply which was
used for voltages 5-400V, or a Current Automatiower supply which was used for
voltages of 1-5V. Exact voltages were ensured usingajor Tech MTD81 digital
multimeter. The multimeter had a claimed accuraty+@5% rdg + 2dgt when

measured in either the 2V or 200V range. Depositiore was measured from the
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point the electrodes were submerged in the susperesid the power supply was
switched on, to the point it was switched off. Anstant, gentle (150rpm) stirring
action was applied to the suspensions during depody means of a magnetic stirrer
bar to help reduce settling during deposition.

DC Power supply

Wires

\ Glass backing

Stainless steel
counter-electrode

\ \ \ Plastic backing

Carbide working electrode

Zcm

Figure 3.4: Schematic showing the experimental sgiwof both the working electrode and
the counter-electrode.

For laminate deposits, a robotic arm (Figure 3d53utomate the process was invented
and developed by the author. The arm, which wadt lmyi BV Profiling, was
programmed to move and submerge the electrodeghattwo different suspensions
automatically. The time and the number of cyclesenadjustable on the machine.

Once deposition of one layer was achieved, the pomas disconnected and the
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electrodes were immediat: removed from the one suspension and placed int

second suspension. The power was then switchedjan for deposition of the ne;

layer.

Figure 3.5: Robotic arm to automate movement of electrodes beten two different

suspensions for laminate deposits.

3.5.3 Drying
After deposition,alumina deposits were left to dry in air overnigbmnce dry, the

alumina deposit was removed from the aluminiumdoitiweighed.

For diamond depositshe carbide substraalong with the adherediamonddeposits
were carefully removed from the plastic holder ghaced in adesiccatc with self-

indicating silica geto dryfor 3 days. Once dry, the depoaitd carbide sultrate were
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weighed. The weight of the deposit was calculatgdsbtracting the mass of the

carbide disc from the mass of the carbide disc thighdried, adhered deposit.

3.6 Sintering

Sintering of ceramics leads to densification of mha&terial by means of grain growth,
grain-to-grain bonding and pore elimination. Thegadure of sintering both alumina

and diamond is described in this section.

3.6.1 Pre-sintering preparation

The alumina deposits required no special pre-sirggareparation.

The carbide discs with the adhered diamond depasie carefully placed deposit-side
down into niobium cups. Alumina-coated niobium cwese also used. The cups were
then outgassed in a Bulzer vacuum furnace for ab@utours. The vacuum furnace is
used to remove adsorbed gases and surface impuvitiich may oxidize before

sintering. Once outgassed, the sample is doublpecljusing a tantalum cup and

sealed using electron beam (EB) welding.
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Figure 3.6: A typical HPHT assembly used for the sitering of PCD. 1) Pyrophyllite disc,
2) Mo end disc, 3) alumina disc, 4) Crucible, 5) #anest, 6) WC-Co substrate, 7) diamond
powder, 8) Nb cup and Ta double-cup, 9) current rig, 10) graphite heater, 11)
pyrophyllite case. Adapted from [51].

3.6.2 Alumina Sintering

Densification of alumina deposits was achieved l®ans of pressure-less sintering in
a muffle furnace at a temperature of 1550°C foo6ré. The ramp rate of the furnace

was 5°C/min.
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3.6.3 HPHT diamond Sintering

High Pressure High Temperature of (HPHT) sinteraigdiamond was carried out
according to Element Six’s standard diamond singegrocedure in a belt-type press.
The simplified setup is shown in Figure 3.6. Simgrpromotes bonding between the
diamond grains and leads to densification of treemaind layer. All samples were
sintered at the same conditions at a pressure betwebGPa and 6.8GPa, and a
temperature between 14 and 16008C. In order to protect trade secrets, the exact

details of the sintering conditions and procedwisnot be divulged.

0.5um and 2um grade samples were also made usngatdiitional powder-pressed
preparation as standards for comparison. Theselsamgre made by the traditional
powder-compaction technique rather than EPD. Qtreer this step, the preparation of

these samples was the same as the EPD samples.

3.7 Preparation of sintered materials for characterization

Various preparation steps are necessary priordoacterization. These procedures are

described in this section.

3.7.1 Cutting, grinding, polishing and etching

Sintered alumina samples were cut with a circuiamdnd blade using a Struers
Secotom-10 cutting machine at a feed rate of 0.Jmim/In order to ensure a flat
surface, various steps of grinding and polishingemgerformed. The cut piece was
then hot mounted into Bakelite resin using a 30nameter Struers Citopress-10 hot
mount press. The mounted sample was then placedanLeco Spectro System
automatic grinder and polisher. The exact stepd dseng the grinding and polishing

procedure are listed in Table 3.3.
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Table 3.3: Grinding and polishing steps for sinterd alumina deposits.

?\Itsp Description Grit Speed Load Time
(rpm) (N) (min)
Coarse Until
1 grinding 220 300 35 level
2 Fine grinding 1200 150 35 2
3 Fine grinding 9um 150 35 10
4 Polishing 3um 150 30 8
5 Fine polishing 1pum 150 25 2
6 Ultra-fine 0.04um 150 25 1
polishing

In order to analyse the microstructure of the sedealumina samples an etching step
was necessary. Etching of samples is achieved Ibgtsely attacking the material at
the grain boundaries. Alumina samples were etchd@@0°C for 2 hours in a muffle

furnace at a ramp rate of 5°C/min.

Diamond samples were wire EDM (Electrical Dischakgchining) cut to reveal the
cross-section. The cross-section was then groundetwove damage at the heat
affected zone. The final step involved polishing ttross-section for microstructural

analysis. For the diamond laminate, an ion-beanslipiolg technique was incorporated.

3.8 Characterization

Success or failure of experimental work is judggdrieans of various characterization

techniques. The techniques and equipment useckaceiled in this section.
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3.8.1 FTIR

FTIR or Fourier Transform Infrared spectroscopyaigechnique that uses infrared
radiation to determine important information abtig functional groups present on the
surface of the particles. FTIR measurements of ahemina powder were not

necessary.

A ThermoNicolet Avatar 370 FT-IR was used to obtspectra of the 0.5um diamond
powder. Since the 0.5um and the 2um powders arefactared in similar processes,

it was assumed that the surface groups of the tmalprs would be the same.

3.8.2 Particle size distribution

The particle size analyser uses the scatteringgbt to determine the particle size.
Particle size distribution of the alumina and diachcpowders was obtained by a
Malvern Mastersizer 2000. A dispersant (Dolapix GE) was used to prevent

agglomeration of particles during particle sizelgsia.

3.8.3 Zeta-potential

The Zetasizer uses a pulsed voltage together wiigh& detector to determine the
scattering and thus is able to give informationultbe zeta-potential of the suspended
particles. Zeta-potential measurements were ndoqeed on alumina powders. Zeta-
potential measurements of the 0.5um diamond powedee obtained using a Malvern
Zetasizer Nano (Figure 3.7) at Frauenhofer IKTSasleements were performed in
both aqueous and alcoholic suspensions of the Odigmond. Hydrochloric acid and
potassium hydroxide were used to control the pkhefsuspensions. Topas UDS751

was used as a diamond dispersant. Since the 0.5dnthee 2um powders are
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manufactured in similar processes, it was assurhatlthe powders would exhibit

similar behaviour in water due to their similarfage chemistry and treatments.

Figure 3.7: A picture of the Malvern Nanosizer withthe auto-titrator and pH meter on
the right.

3.8.4 Density and porosity

Density p) and open porosityP;) of samples were calculated using the Archimedes’

method.

The sintered alumina samples were dried in a drgven for 20 minutes, allowed to
cool to room temperature and weighed to determeedry massn{y). These were
then boiled in distilled water for three hours nd@r to saturate the open pores with the

liquid and displace the trapped air. Once the sasplere boiled and allowed to cool
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to room temperature, they were suspended in ddtilvater to determine the
suspended massy). The sample was then removed from the liquid eoliéd three
times on paper towel to soak up excess water fl@stirface. The samples were then
weighed to determine the wet mass). All measurements were done in triplicate and
the average value was calculated. The density aiaslated using Equation 3.8-1 and

the open porosity using Equation 3.8-2.

p = (m:idms) Psolvent Equation 3.8-1
P,=|1- (;':%;’::)] 100% Equation 3.8-2

The density was then calculated as a percentagheotheoretical density of the

material by using Equation 3.8-3.

R Y . i
p%theoretica[ - < ) 100% Equat|0n 3.8-3

Ptheoretical

The densities of the 0.5um and the 2um monolithéey deposits were obtained using
the Archimedes method in hexane to avoid destmiabiothe green body. Since the
surface of the diamond patrticles is relatively palae to the various polar groups,
using a non-polar solvent such as hexane wouldvafteeasurements to be made
without destroying the sample. This method may gimeeliable results and is thus an
approximation at best. Samples were submerged xangeand placed in a vacuum
desiccator for 30 minutes in order for the hexan@dnetrate the pores. A beaker of

hexane was placed in the weighing compartment@aniutes in order to increase the
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vapour pressure of hexane during weighing. This e@® in an attempt to limit the
evaporation of solvent during weighing. Even witle precaution of leaving a beaker
of hexane in the weighing compartment to reduceenaion of the solvent, it is
expected that a fair amount of solvent evaporatesnfthe sample. Thus,
measurements performed using the Archimedes méthioeixane could underestimate
the green density of the samples by around 10%gréen density using the hexane
was calculated using Equation 3.8-1. The density alao calculated as a percentage
of the theoretical density of the material by usitguation 3.8-3. The sintered density
of the diamond was not determined. The reasonhiaris that the sintered product
contains diamond in addition to tungsten and codadt thus the only significance of
the density value would be to determine the amotintetal in the diamond which was
already achieved through image analysis.

The theoretical densities of pure alumina and drzarexe presented in Table 3.4.

Table 3.4: Theoretical densities of the pure mateais used in this project

Theoretical Reference
Substance density (g/crm)
Alumina 3.98 [58]
Diamond 3.52 [59]

3.8.5 Hardness testing

Hardness of sintered alumina samples were meadweédickers indentation. The
hardness of diamond was not determined since m&asmt would break the indenter
tip. A Leco V-100-A2 micro-indenter was used tolwé 1kg load. Indentations were
measured using the optical microscope under a Z@8gnification. The Vickers

hardness was calculated using Equation 3.8-4.
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Equation 3.8-4

Measuremend is the average length of the diagonals of the ihdemillimetres and~

is the applied load in N.

3.8.6 Crack propagation

A controlled crack was forced through the matekigl using a 3-point test jig to
qualitatively investigate for evidence of crackldefion. Before crack analysis could
commence, it was necessary to introduce a nottheisample. A pre-notch was done
by EDM cutting into the carbide. The pre-notch seinas a guide for the blade during
notching. Notching was accomplished by placinggample into an Exakt V-notcher
machine. The V-notcher works by moving a fastersedme forwards and backwards
continuously while a fixed stainless steel razadel is pressed into the pre-notch. This
results in the blade cutting into the pre-notclogPessively finer slurries of diamond
were introduced to the razor blade to produce areasingly sharper notch. Diamond
slurries used were 9, 3 and 1um diamond powder dnixiéh water. The notch was

progressed through the carbide and extended as tdke diamond table as possible.

The notched sample was then placed into a 3-p@nd hig as shown in Figure 3.8.
The sample was then tested using a Tinius OlserKH30TM equipped with a 50kN

load cell. The test was controlled and recordedheyprogram QMAT (v5.43). The
load piston advance speed during testing was atmam value (0.001lmm/min) so as
to provide the best possible conditions to obsemaek deflection. The load was

applied until sample failure.
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Carhide substrate
Notch

Figure 3.8: Schematic of the 3-point bend jig appatus used to produce a controlled
crack.

3.8.7 Microscopy

3.8.7.1 Optical microscopy

A Carl Zeiss AxioCam MRc AV31-KS light microscopasvused to obtain images of
general microstructure requiring less than 1000gmifecation. Axiovision v3.1 image

processing software was used to capture imagemakd measurements.

3.8.7.2 SEM

For samples requiring a magnification of more ti@00x, a Philips XL 30 ESEM-
FEG series was used to obtain SEM (Scanning Eledflioroscope) images. The field

electron gun was capable of operating in the ra@eto 30kV.

SEM pictures of both the 0.5um and the 2um diangyeén deposits were obtained to
investigate the particle packing. A micrographlwé interface between the 0.5um and
the 2um laminate green deposit was also takendw she morphology between the

layers.
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SEM images of the cut, ground and polished crossiosess of both alumina and
diamond samples were obtained. Images of the alusamples were used to show
structure of the grains and general microstructireages of the diamond samples
were used to observe diamond to diamond bondinigleege of grain growth and
morphology of the layers.

EDX and image analysis (analySIS Five) was donesacthe sintered diamond

laminate deposit to show fluctuations in cobalttean
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4. Results

4.1 Introduction

This section presents the results, measurementolaselvations obtained from the
experiments. The results are divided into two msi-sections. One subsection

contains work done on alumina another contains wlorie on diamond.

4.2 Alumina EPD results

4.2.1 Initial observations

Alumina deposition was achieved onto stainless| gtleetrodes. Coatings were well
adhered and were relatively uniform as seen inr€ig.1. Deposition did not occur on
the wax masking as is shown in Figure 4.1. Depasitg formed on the cathode for

alumina deposition.
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Alumina deposit-
125um thick

Isopropanol drying

Wax masking

Figure 4.1: A typical electrode after deposition. his deposit was made at pH 5.7, 10%
(w/v) alumina in isopropanol, 10 min at 100V/cm.

Although the principle of EPD is relatively simpleseveral challenges were
encountered during deposition of alumina. One sudblem was the formation of
cracks in the deposit after deposition during th@nd) step. These cracks occurred
primarily in deposits thicker than 200um.

Several techniques were attempted to prevent thesitecracking during drying. The
techniques attempted, the deposition variablesdambsit thickness are summarised
against the observations made in Table 4.1.
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Table 4.1: Various techniques attempted to fatditaack-free drying of alumina deposits.

Parameters
Technique Voltage Conc. Time % PEG Deposited on edges Crack Description Deposit Thickness Final Observation
(V/icm) | (g/200mL) (hr) (mass %)
Solvent
Mixture (50% 0 Large network of - P
iPrOH, 50% 150 10% 2 0 Yes cracks 500um No visible improvement
acetone)
Improvement due to
Varying PEG- 175 10% 1 0-0.4% Yes Decreagmg with 50-5000m thinner detposns (PEG
400 amounts Increasing PEG causes weight decrease
of deposit)
cellulose 150 10% 1 0 No * * -
leading to curved
membrane .
deposit
Large network of No cracks develop while
iPrOH rich cracks develops when in saturated atmosphere
150 10% 2 0 Yes removed from ~500um however instantly
atmosphere ; .
isopropanol appear when placed in
atmosphere ambient atmosphere
No visible cracks_on Deposit densifies while
Deposit onto centre of deposit. drying without any major
Po: . 150 10% 1 0.1 No Cracks form where ~2mm ying wi ymaj
alumium foil . cracking unless in
deposit adheres to .
. contact with mask.
masking agent

* No deposit formation
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The first attempt to reduce cracking was changimggguspension ma-up to include
50% acetone 50% isopropanol. This done in order reduce the viscosity oe
suspension media. This efficacy of this method wesluated visually and it ws

found that no improvements were m

The second attempt involved adding F-400 binder to the suspension in order to ¢

deposits higher strength.

Figure 4.2: Effect of PEG400 addition on the formation of cracksin the deposi. Weight
per cent PEG400 addition to suspension: a) 0% b) 0.1% c) 0.2%)d.3% e) 0.4%

The results of PE@O0 addition are shown iFigure 4.2 Although it may seem th.
the number and size of the cracks are reducesljritportant to note the weight each
of the deposits. A graph of deposit weight versi&-400 addition is shown in Figu
4.2.3.
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Figure 4.3: A graph showing the weight of the depitsversus % PEG-400 addition.
Deposits were made using 175V/cm, 10% (w/v) for lohr.

As is evident in Figure 4.3, the deposit weightrdases with increasing PEG content.

Therefore one is not able to conclusively say Bt&G reduces crack size.

It was suspected that depositing on the edges ésidace of the electrode) played a
role in crack formation. Another method to attertip# reduction of cracking involved

depositing onto a cellulose membrane wrapped arthmdtainless steel electrode. In
this experiment, a bubble of isopropanol developederneath the membrane. This
was probably due to electro-osmotic flow of thepisgpanol through the membrane
towards the electrode where it was eventually tedpphis was problematic since
deposits were no longer planar. A schematic ofrésalt of this method is shown in

Figure 4.4.
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Figure 4.4. A schematic of the side view of the algode illustrating the trapped

isopropanol underneath the membrane.

Control of the drying environment was also atterdpt®eposits were dried in
isopropanol rich environments such that the dryiag is reduced. This showed no
visible improvements in stopping crack formatiorheTcracks took longer to form
while in the isopropanol rich environments, butvitebly formed when deposits

achieved full dryness.

Another technique to try and avoid cracks was déipgsonto a layer of aluminium
foil that was wrapped around the electrode as guifé 3.3. During the drying process,
the deposit would lift off of the aluminium foil dag drying and thus dried
independently from the electrode. Deposits mad#ism manner did not crack upon

drying unless the deposit was in contact with tlastr masking. Thus, straight after

Page | 58



deposition, edges that were in contact with thekmgswere carefully cut away from
the main body of the deposit. Using this methoduied all subsequent alumina

deposits were free from cracks caused by drying.

4.2.2 Deposition rates

The deposited weight versus the applied voltagegiven in Figure 4.5. These

measurements were performed while keeping all otheables constant
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y =0.525x + 1.6667
R?=0.9913
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100 [ ]
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Figure 4.5: Deposit weight versus applied voltagef a suspension of pH 5.0, 10% (w/v)
for 15 minutes.

A graph of deposit weight versus time is showniguFe 4.6. The slope of the graph
gives the deposition rate. The deposition rate 0% (w/v) suspension made with a
pH 5.0 at 100V/cm is 1.84mg/(émin).

Page | 59



35

30 e

25
y = 1.8431x + 3.0048

20 /, R? = 0.995

15

\

10

Deposit weight/Area (mg/cm)

0 2 4 6 8 10 12 14 16

Time (min)

Figure 4.6: Deposit weight versus time for a suspsion of pH 5.0, 10% (w/v) at 100V/cm.

The dependence of concentration against deposghiveias not measured due to the
fact that pH control in isopropanol proved to b&remxely difficult and thus it was near

impossible to make alcoholic suspensions with #mespH.

4.2.3 Representative samples

Two samples were chosen and were representativa@uafina deposits. The two
samples: Sample 41 and Sample 42 were made usigtiditions listed in Table 4.2.
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Table 4.2: EPD parameters for Sample 41 and 42.

Samole Conc. Voltage Time PEG-400
P (g/200ml) (V/cm) (hours) (mass %)
41 10 50 0.1
42 10 375 0.1

Sample 41 shown in Figure 4.7 is a square withssideasuring about 18mm and
thickness measuring about 2mm. The green depasitesh good strength for a green
compact and this allowed it to be handled easilyheut damaging it. The surface of
the deposit was slightly rippled and had a blowehal the top left corner. This blow-

hole is an artefact that occurred only once and taun be ignored.

Figure 4.7: Photograph showing Sample 41 preparedsing a 10% (w/v) alumina

suspended in isopropanol at pH 3.7, 50V/cm for 1 loe.

Sample 42 is shown in Figure 4.8. The green depesst machined into two pieces.
The one half, shown at the top, is the unsinteregrgbody and the other half, shown
at the bottom, is a sintered piece. Sample 42 hiagér than Sample 41, and it had a
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slightly smoother surface. The green density ofdanwas estimated at around 46%

by measuring the dimensions and weight of the sampl

Figure 4.8: Photograph showing Sample 42 preparedsing a 10% (w/v) alumina
suspended in isopropanol at pH 3.7, 32.5V/cm forHour.

The general properties of the sintered samplesndll42 are listed in Table 4.3. The
hardness of sample 41 was not measured. Both ssumgdeimpressive densities which

were very close to the theoretical densities.

Table 4.3: General properties of Sample 41 and 42.

%
Voltage Sample Theoretical Oper_l Hvio
Sample used Density density Porosity (GPa)
(V/cm) (g/cnt) %) (%)
41 50 3.96 99.1 0.81 -
42 32.5 3.94 98.9 0.46 21.6
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SEM images of the sintered, cut and polished csestions of Sample 42 are shown in
Figure 4.9. The sample was thermally etched at 42®0r 2 hours. From the images,
it is evident that the grain boundaries were welfirled. The average grain size was

smaller than 5um and the sample had a low porosity.

p P
0kv 50 5000x CL 119 A203 10.0kV 5.0 10000x CL 119 A203

Figure 4.9: SEM micrographs of sample 42 at a) 508) 10000x magnification.

4.3 Diamond EPD results

4.3.1 Suspension optimization

4.3.1.1 Surface chemistry

In order to understand the behaviour of diamonduspension, it is important to

understand the surface chemistry of the particles.
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Figure 4.10:FTIR spectra of as received (uncleaned), oxidizechd acid washed 0.5un

powder superimposed for comparison of surface group

An FTIR spectrum of the as recei, acid washed and oxidis 0.5um were
superimposed for comparis(Figure 4.10).The peaks in the spectrum were labe
usingfrom information gathered iTable 4.4. Peaks in the range 860 to 1400crt

are the one phonon absorptbands of diamond [6@Gnd thus were not labell¢

Page | 64



Table 4.4: Characteristic FTIR peaks present in dienond.

Vibration Frequency Functional Group Ref.
900-1400" O.ne phonon absorption of [60]
diamond
1650 cm™ C-0-0O-H [61]
1714 cm™ C=0 stretch [62]
2852 cm™ C—H2 symmetric stretch [63]
2921 cm™ C—H2 asymmetric stretch [64]
3380 cm™ O-H stretch [65]

The spectrum reveals that hydroxyl, carbonyl andréwarbon groups are present
which correlates well with literature [66]. In arteampt to achieve polar surface
groups, the diamond powder was oxidized to intredmcygen containing species onto
the surface. It is known that diamond powder oxadiat temperatures above 496°C
[67]. The diamond was oxidized in air at 500°C.

Diamond powder was also acid washed to remove nmafalrities introduced during

the manufacture of the powder. After the boilingtleé diamond in the acid solution
was complete, the supernatant liquid turned gréers indicating the presence of
dissolved metals.

The acid washed diamond showed an increase inQhke stretching band between
3500cnt and 3200ci as well as a definite decrease in the carbongtating band
between 1800cth and 1600c. The oxidized diamond shows a decrease in the

carboxylic stretching frequency at around 1650cm

From the information presented above, it is difficto predict exactly how the
different treatments will affect the stability dfet powder in suspension. Zeta-potential

measurements were necessary.
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4.3.1.2 Organic suspensions

In order to better understand the difference inalvedur of the particles following the
various treatments, zeta-potential measuremenisojpropanol of as-received, acid
cleaned as well as oxidised/acid cleaned powdee wéotted against time (Figure
4.11).

Diamond in Isopropanol

0
—&— Diamond 0,5um as received
-5 -
—&— Diamond 0,5um/ Acid
-10 + Cleaned
—a— Diamond 0,5um / Acid
-15 cleaned + oxidised

Zetapotential (mV)
WwoN
o (6)]

0 10 20 3.|0i me (mi n)40 50 60 70

Figure 4.11: Zeta-potential measurements of as-reised, acid cleaned as well as

oxidized/acid cleaned powders plotted against timia isopropanol media.

Initially, the acid cleaned/oxidized diamond staof§ with the most negative zeta-
potential. However, after some time (45min), thdazmotential of the powder
approaches the same value as the powder that iasacd cleaned. The powders
acquire the same value indicating that after same there is no difference between
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the two powders. From the data provided in FigurEl4it was evident that the
isopropanol suspensions used for EPD work musgbd tor at least one hour to allow

the zeta-potential to stabilize and achieve a plate

After aging of the isopropanol suspensions, itvglent that the as received powder
has the most negative zeta-potential (Figure 4.Dug to the fact that there was no
real difference in the measured zeta-potential eetwthe oxidized and acid
washed/oxidised powder after aging, it was decitigat the oxidation step was
unnecessary. Since the as received powder atttieeloighest zeta potential, it would
thus appear to be the obvious candidate for the BRIBess. However, due to the
unpredictable amounts of metallic impurities présam the as received powder, an
acid washing step is necessary to eliminate thisbke.

Diamond suspensions made using isopropanol werélyhignstable and rapid
sedimentation of the particles would take placas Decurs when the force of gravity
is higher than the forces that keep the particlgpended. The attempts at EPD in
iIsopropanol are summarised in Table 4.5. This né@®ond-isopropanol suspensions
unusable for EPD experiments.

Table 4.5: Summary of the EPD attempts using isopganol suspensions of 0.5um

diamond.

Action Comment

EPD 0.5um diamond at pH 2.3 (HCI addition) | No deposit. Suspension not stable

EPD 0.5um diamond at pH 12.0 (NaOH

addition) No deposit. Suspension not stable
EPD 0.5um diamond using acetone, iodine Conductivity too high. Suspenion became hot
and water [36]. and bubbled
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4.3.1.3 Aqueous suspensions

The diamond showed vastly improved stability in @vaeven without the addition of
any additives. In order to find an appropriate viuogkpH and maximize the charge on

the particles, a zeta-potential scan across vapblgalues is needed.

40.0

30.0 —e— Diamond as received

—— Diamond, Acid cleaned |

20.0

—— Diamond, Acid cleaned / |-
oxidised

10.0

o
o

= -10.0

-20.0

-30.0

Zeta-potential (mV)

-40.0

-50.0

-600 —4m———m——mmt+—+—7"—"7""-"+-"+———"—"—F+—————+

Figure 4.12: Graph of zeta-potential versus pH fothe various powders in aqueous

media.

Zeta-potential measurements of 0.5um diamond pgvadeng with powder after the
various treatments, were plotted against pH inf@gul2. The acid cleaned and acid
cleaned/oxidised curves reach maximum plateauxatnad -50mV between pH 7.5
and pH 11. Acid washing the diamond increases ¢gative charge on the particles by
about 5mV at higher pH values as compared to tiveashed diamond. Very little
difference was observed in the zeta potential pbétthe powders with the various

treatments.
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4.3.1.4 Deposition of monolithic diamond.

Deposition of monolithic diamond was performed gsecursor to laminate deposition
in order to learn more about the technique. Oneeptd of 8.5 was chosen from the
suspension optimisation stage, the first succesisimhond deposit was obtained. WC-
13% Co was used as the anode with a stainless platel as the cathode. The
separation of the electrode was 0.8cm. The deposie by using a 3% (w/v)

suspension of the 0.5um powder, deposition timétofminutes and a voltage of 1.5
V/cm, formed on the positive anode thus indicatimg particles had a negative charge.
This is in good correlation with the zeta-potentiméasurements at this pH. The
deposit was well adhered to the carbide substratevas however very brittle and

would break if not handled carefully. The depobkidwed no evidence of gas formation
at the electrode thus indicating that a voltagé.88 V/cm was well below the critical

voltage needed for the disassociation of water.
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Figure 4.13:First diamond deposit obtainec (Sample 47) The deposit was made usin
3% (w/v), pH 8.5,1.88 V/cm, 60 minutes.

In Figure 4.13a top view of the diamond deposit adhered tactrbide disc is show!
The surface of the diaond contained bumps and rid¢ As highlighted by the arron
in the imagethe edges experienced higher deposition due to the fact that sha
points or edges concentrate the electric . In this picture, the forceps are holding
carbidedisc onto which the deposit is adhe. The cracks at thedges of the deposit

contact with the forceps serve to show just hovtlbrihe deposiwas

After the information gathered from the first diamdodeposit, numerous sampwere

made. A summary of these deposits are | in Table 4.6.
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Table 4.6: Summary of EPD experiments of non-layecesamples performed at pH 8.5.

Sample | Particle . . Deposit Deposition
No. Size Substrate Time Voltage | Concentration Weight Rate
(um) (minutes) | (Volts/cm) (g/100mL) (mg/cmz) mlﬁlr(:q;
47 0.5um WC-13% Co 60 1.88 3% 14.2 0.24
48 0.5um WC-13% Co 120 1.25 3% 20.2 0.17
49 0.5um WC-13% Co 120 1.88 5% 53.9 0.45
50 0.5um DEC 120 1.25 5% 40.2 0.34
substrate
51 0.5um DEC 120 1 5% 15.8 0.13
substrate
52 0.5um DEC 120 0.83 5% 11.6 0.10
substrate
DEC
53 2um substrate 60 1.25 7% 105 0.18
54 2um DEC 60 1.25 10% 175 0.29
substrate

An SEM image of a monolithic 0.5um green deposia @fuplicate of sample 50 was
obtained (Figure 4.14).
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Figure 4.14: SEM image of the fracture surface of green deposit made using a 0.5um

diamond suspension with the same conditions as salafb0.

The resolution of the SEM image is not adequateughofor a thorough

microstructural analysis. It does however appeat tharticles are homogenously
packed. The sample also seems void of large flatedl structures which are
commonplace for sub-micron powders.

An SEM of a 2um green deposit of sample 50 wasimddain Figure 4.15. From this
image it was evident that particles were well pacKéere was no evidence to suggest
particle agglomeration.
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Figure 4.15: SEM image of the green deposit of asgle 53 made using a 2um diamond

suspension.

The green density and open porosity of the 0.5udnZarm green deposit as measured
using the Archimedes method in hexane are tabulatd@ble 4.7. This method may
give unreliable results and is thus an approximmat&d best, however no better
alternative to measuring green density was ava&laliiis method of calculating green
density does however give an indication that theeigrdensity was around 50% of the
theoretical. In the 0.5um sample, the bulk denasitgt observed porosity values are in
agreement with each other. In the 2um sample, tiseeelarger discrepancy which

could be connected with the faster evaporatioregbhe due to the larger pore size.
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Table 4.7: Comparison of the green density, and opeporosity of the 0.5 um and 2um
green deposits.

%
Time Voltage | Concentration éi r;:sei? Theoretical P(o)rpc))('esri]t
Sample Y| density Y

(minutes) | (Volts/cm) | (g/200mL) | (g/cm®) (%) (%)

0.5um green 120 1.25 5% 1.69 48.1 48
deposit

2pm green 60 1.25 10% 1.65 46.9 a7
deposit

4.3.1.5 Sintered monolithic diamond deposits

Samples 48 through to 52 were sintered, cut andipm to examine for evidence of
abnormal grain growth (AGG) and the efficacy of th&C substrates in helping
prevent the same. All of these samples sufferedh fr@rying degrees of AGG.

Examination of each sample was necessary to detertné causes.

Sample 48 was deposited onto ordinary WC-13% Ce. dpproximate thickness of
the diamond layer is 200pum. This entire sampleeseéf from abnormal grain growth
as is evident in Figure 4.16. The grains grew Marge indeed with some grains
growing larger than 100um in length. This phenomeisoknown to occur in sub-

micron diamond [51].
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Figure 4.16: SEM of the cross section of sample #éhich was made by depositing 0.5um
diamond.

Sample 49 was produced under the same conditiorsammple 48 except that the
concentration of the suspension was increased B&tnto 5%. The approximate

sample thickness was about 500um after sinterm§idure 4.17a) some grain growth
is evident to the left of the micrograph. HowevRGG was expected throughout the
entire sample. Upon closer inspection at the diaMC interface in Figure 4.17b), it

was evident that infiltration of the cobalt had weced into the diamond table. Thus
since grain growth had occurred to the left of Fegd.17a)where the sample was in
contact with the side of the cupping, it can beuas=d] that the grain growth had
occurred from the niobium cup and not the carbi@derdnd interface.
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Figure 4.17: SEM of the cross section of sample #fhich was made by depositing 0.5um

diamond.

Sample 50 was deposited onto a DEC substrate.hitianess of the diamond layer is
about 500pum. This sample was expected to show nds.ABowever, upon

examination of the cross-section in Figure 4.18ssive grains were evident. The
diamond-carbide interface shows discontinuous A@G&the top of the diamond table

shows continuous AGG along the niobium-diamondrfate.
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Figure 4.18: SEM of the cross section of sample 50.

Samples 51 and 52 were made at a lower voltage83MIcm onto DEC substrates.
This resulted in very thin deposits which were dalddaOum in thickness. Sample 51 is
shown in Figure 4.19. The entire sample sufferechfAGG. Sample 52 had much the

same appearance as Sample 51.
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Figure 4.19: SEM of the cross section of sample 51.

4.3.2 Diamond powder pressed standards

The diamond laminate sample was compared with fd52am standards, which were
prepared by the conventional powder pressing tdoggoThe morphology and EDS
results were analysed by SEM.

4.3.2.1 0.5um powder pressed standard

The 0.5um powder pressed standard was analyseEbly &d is shown in Figure
4.20. Massive grain growth was evident in the sang@spite the fact that the DEC

substrates and coated cups were used.
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Figure 4.20: SEM of 0.5um powder pressed standard.

Lighter and darker spots throughout the sample lanfound. These spots were
examined by EDS and were found to be regions ihdnigpr lower localized cobalt
concentration in the diamond table. This is a testiinhomogeneous packing of the

diamond powder, These spots are visible in Figuzé.4
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Figure 4.21: SEM showing light and dark spots in tb diamond table of the 0.5um

powder pressed standard.

4.3.2.2 2um powder pressed standard

The 2um powder pressed standard had also suffesgferated grain growth to the
same degree as the 0.5um powder pressed standedstdndard was analysed by
SEM and is shown in Figure 4.22.
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Figure 4.22: SEM of the 2um powder pressed standard.

As with the 0.5um powder pressed standard, ligttdark spots representing localiz
higher or lower cobalt concentrations were also gumesn the 2um powder press

sample. An occurrence of this with a rather pecwlieape is shown iFigure4.23.
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Figure 4.23: SEM showing light and dark spots in te diamond table of the 2um powder

pressed standard.

4.3.3 Deposition of laminate diamond.

Two laminate samples were made by consecutive deposf alternating suspensions
of 0.5um and 2um acid cleaned diamond. In bothsgake first layer was the 2um
layer. All suspension used in these experimenteve¢rpH 8.5 and deposition was
carried out on DEC substrates using an operatingag® of 1.25 V/cm. The
consequent layers were made by immediately movimy eélectrodes from one
suspension to the other after each layer. Thecehafithe number of layers was taken
arbitrarily. The conditions of these two samples tabulated in Table 4.8. From the
table it is evident that the deposition rate htkelor no dependence on the number of
layers.
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Table 4.8: Summary of EPD experiments of multi-layeed samples deposited at pH 8.5.

Time Total Total Total
Conc. (each Total Time Voltage Deposit Deposition
Se:\ln;ple (9/100mL) layer) number of Weight Rate
’ . layers . (Volt/c 2 mg.cm’
0.5um 2um (min) (min) m) (mg/cm?) g.min-l)
56 5% 10% 30 4 120 1.25 48.0 0.40
57 5% 10% 7.5 16 120 1.25 43.9 0.37

An SEM image was taken of the interface betweenldlgers of the green state of
Sample 56. The interface is shown in Figure 4.2dnFthe image, it is evident that the

interface is relatively straight and the two layare well bonded. No cracking was
observed from the drying step.

AccV  Spot Magn
15.0ky 3.0 b0Ox CL

Det WD Exp 1 50um

120 0  Green deposite Interface

Figure 4.24: SEM micrograph of the fracture surfaceof the interface between a 0.5um

and a 2um grade layer in a green deposit.
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4.3.4 Sintered laminate deposit

Sample 57 was sintered. The cut and polished sanvgsdenvestigated under an optical
microscope (Figure 4.25). The laminate was madéaee a total of 16 layers.

However, upon inspection of the microscope pictiireiould appear that more layers
are present due to the shifting of some layersAlS& was observed in the diamond
laminate. The sintered sample had a total avetagkniess of 946um.

Figure 4.25: Optical microscope picture of the diamand laminate sample showing the

overall structure.

The 2um grade diamond layers appear lighter wheawed under the optical
microscope and have an average thickness of 48ui1The 0.5um layers appear

darker and have an average thickness 40 + 1 pmaVémage thickness of the layers
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was measured in an area where the layers are mmifbinis area is shown in Figure
4.26. Under examination by SEM, the 0.5um graderlagippear lighter while the 2um
grade layers appear darker. This is opposite td timserved under the light

microscope. The layers appear relatively straightaniform in thickness.

7/26/2011

15.0kV AUX1

Figure 4.26: SEM micrograph of a uniform section shwing the morphology of the layers.

EDS was performed on the first four layers from thebide-diamond interface in an
area where the layers were uniform. These measutsmere performed to determine
differences in cobalt concentrations for these fay@he scanning area was taken

within the layer to be measured.
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The EDS scanor layer 1 and 2 are shown Figure 4.27 The first layer was a 2

layer and the second layer was a 0.5um |

Electron Image 1

Scale 335 cts Cursor: 0.000

100prm Electron Image 1

ull Scale 335 cts Cursor: 0.000 ke

Figure 4.27. EDS scans forthe first 2um layer (a) and the first 05um layer (b) of the
diamond laminate sample.

The semiquantitative results of the elemental concentratimasured &t EDS scan

areas for of the first four layers are tabulatedTable 4.9 Oxygen content we
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dismissed as an organic contaminant and the vadwadculated accordingly. The 2um
grade layers contain about 16% cobalt, which issic@rably less than the 0.5um
grade layers which contain about 25% cobalt. Thisatt is the residual cobalt which

is left in the diamond layer after infiltration diog sintering. The 2um grade layers
also have higher carbon content, at around 81%ooasl compared with the 72% for

the 0.5um grade layers. The 0.5um grade layers haher tungsten content. No

nickel is observed in the EPD layers. This is duéhe acid washing step done on the
diamond prior to EPD experiments.

Table 4.9: Table showing the EDS results of the fit four layers taken at a uniform area

in the EPD laminate.

Element

Weight%
Layer 1 Layer 2 Layer 3 Layer 4
(2pm) (0.5pm) (2pm) (0.5pm)
C 81 72 81 72
Co 16 25 17 25
w 2 3 2 3

The surface of the sample was analysed using |l@aeeeleration voltages, it was
discovered at that most of the surface cobalt reshpulled out during the polishing
of the laminate sample. This, combined with thet fdiat the EDS has not been
calibrated makes the EDS results questionable. , Tthessample was ion-polished to

ensure a flat surface. A comparison of the stangafished and ion-polished surface
images can be seen in Figure 4.28.
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Figure 4.28 Comparison of polishing techniques: a) 0.5um layestandard polish, b) 2um
layer standard polish, ¢ 0.5um ion polish,2um ion polish

SEM imagesvere taken at low acceleration voltages thepolished laminate surfac
By performing image analys on the ion-polished surface, more accurate cobe
content was determinedmage analysis works by setting colour thresholalsthe
different phase# the imag (Figure 4.29) Thus, the black areas correspond with
diamond phasand are assigned a green colothe white areas correspond with -
WC and Co phasemnd are assigned a red co. Due to the facthat both WC and C
both appear white on the image, summing their areasnsaeessar However, the W(
content in the PCD is typically low and thereforeadid estimation of Co content ¢

be ascertained.
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Figure 4.29:SEM Image analysis showing the phase thre-holding for the 2um layer in
a) and b) and the 0.5um layer in ¢) and ¢

From Figure 4.28it is evident tat the WC and Co pools are smaller in size in
0.5um layer. Even though the pools are smallehenO.5um layers, there are more
them, and this would translate to a higher -diamond phase conterThe 9 best
images for layer 3 and 4 respectivelere used for image analysis. The area ol
phases was calculated for these lg, converted to weight % and reportet Table

4.10.

Page | 89



Table 4.10: Table showing the phase composition lafyers 3 and 4 as measured by image

analysis.
Element Volume %
Layer 3 Layer 4
(2pm) (0.5pm)
C 73t1 61+2
Co+W 27%1 39+ 2

4.3.5 Defects

Several defects were noticed with the laminate $anihe most obvious of defects
are the skew and non-continuous layers. These tdefge clearly visible in Figure
4.30. A large dark spot is also present to thedkthe image in the centre; this is likely

to be a surface artefact.
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Figure 4.30: SEM micrograph of layer defects presdrin the diamond laminate.

Major defects were observed in the diamond layetheaedge of the sample close to
the niobium canister wall. Such defects includealimections and/or dislocations of

some of the layers. These discontinuous layerdeaseen in Figure 4.31
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Figure 4.31: Optical microscope picture showing damge sustained at the edge of the
sample.

Another defect observed is the inclusion of largexins in the finer grade layer. This
phenomenon is visible with higher magnification figure 4.32. These inclusions
appear as dark spots in the lighter area and ateibdited in a uniform manner

throughout the fine grade layers.
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Figure 4.32 SEM showing the inclusion of larger grains in thefine grade layer

4.3.6 Fracture of diamond laminate

The sintered diamond laminate sample was fractusedg the -point bend ji( to
determine if a crack would deflect between the fis. Evidence of crek deflection

would provide indication of existing residual sses in the sintered lamine

An optical microscope picture of the crack path barseen irfFigure4.33. The crack
was relatively straight and showed very little grdeflection. Areas where slight cra

deflection was observed are highlighted red inithage In these areas, the cra

propagates straight through the 0.5layer (darker layer) and defles when enterin

the 2um layer (lighter laye
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Figure 4.33 An optical microscope picture showing the directhn of a forced crack path

The load versus displacement graph as recordeladTinius Olsen machir for the
sintered diamond lamine is shown in Figure 4.34The graph showdoes not show
the characteristifracture profile expected for laminate compositkging fracture

analysis.
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Figure 4.34: Load vs. displacement graph of the siered diamond laminate as recorded

during 3-point bend testing.

Upon closer inspection of the sintered laminaterexexisting crack exhibiting clear
crack deflection was observed. This crack was faatrttie top of the sample in the last
six layers close to the diamond/coated cup interfddis crack is shown in Figure
4.35. It is suspected that the crack had occurrgthgl some point in the sintering
cycle. As confirmed by EDS, the light spots in ttack are contaminants introduced
during polishing. Although the crack did not defleamediately at the interface of the
two layers, it started to bend in the close vigirf the interface thus illustrating that
the residual forces did indeed have an impact erditection of the crack path. Similar
to what was observed for the controlled crack, dfeeck propagates straight through
the 0.5um layers (lighter layer) and deflects upoitering the 2um layers (darker
layers).
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Figure 4.35: SEM micrograph of a pre-existing crackshowing crack deflection in the

laminate material.

Page | 96



5. Discussion

5.1 Introduction

This section contains a discussion of the resuksented in Section 4. It is divided
into two main sections. The first describes theultsspresented for the EPD
experiments with alumina powder, and the secondries results for the EPD

experiments with diamond powder.

5.2 EPD experiments with alumina powder

5.2.1 Alumina surface chemistry

The development of a surface charge on particleeannEPD setup is of utmost
importance. A high surface charge will result imare stable suspension which will
resist sedimentation during the EPD process. Ciycia high surface charge also
results in improved electrophoretic mobility. Withigher electrophoretic mobility,

higher deposition rates are achievable during EPD.

The surface chemistry has a strong influence onrélaltant charge of the particle
once suspended in a liquid. The functional groupshe surface of these particles will
interact with the liquid media and additives to elep the charge. Thus, study and
optimization of the surface groups are fundameotahy EPD experiment.

The development of a surface charge on the pastad@ occur in a number of ways.
These mechanisms are not exclusive and may comjtteach other. Some of these
mechanisms include [68]:

1. Dissolution/precipitation,

2. Selective dissolution/precipitation,
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3. Selective adsorption,

4. Surface catalysis.

The mechanism for surface charge development afiakiin ethanol has been studied
[68]. It was shown that the surface of the alunmpaaticles acts as a catalyst for the
dissociation of the ethanol into a hydrogen ion anetthoxide ion. These ions are then
adsorbed onto the surface of the alumina partiziee to the fact that the ethoxide ion
has a higher tendency to be desorbed from thecsutifean the hydrogen ion, a positive
charge on the surface will result. This accountsth® positive zeta potential for
alumina in the alcohol. Upon addition of HCI, théhexide ions react with the
hydronium ion to form neutral water and ethanolisTtesults in the decrease of
ethoxide ions on the surface and thus a highettipestharge. A schematic of this
mechanism can be seen in Figure 5.1.
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When alumina is put into ethanol
it will adsorb a coating of ethanol
dissociating it into an ethoxide ion
adsorbed to a positive site and a
proton adsorbed to a negative site.

The negative ethoxide 1on is
more likely to be desorbed from
the surface, leaving the surface
with a net positive charge.

’
Qﬁf@g&ﬂ@v*ﬂ@r@

74A

When HCI (really hydronium chloride) is More ethoxide ions will now be desorbed
added the chloride ion will substitute for an due to their lower concentration in solution
ethoxide ion on the surface and the hydronium and chloride ions will desorb more easily

1on will react with an ethoxide ion to form due to their lower adsorption enerey leading
neutral water and ethanol molecules. to a rapid rise in surface potential.

@— %
@\ | e

74A

-
+ - 4+

Figure 5.1 (Top) Mechanism of surface charging for aluminam ethanol. (Bottom) Effect
of charged surface after the addition of HCI[68]

Due to the fact that the properties and behavibetlwanol and isopropanol are simil
aumina suspended in isopropanshould acquire a surface charge by the s
mechanism presente®ince deposits formed only on thehode, the surface of ti
alumina particle was likely to be positively chadg&his observation is in agreem
with the proposed mechanism of surface char
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5.2.2 Alumina deposition

5.2.2.1 Experimental considerations

The deposition of alumina is well documented byrBest al. [30]. In the setup, the
stainless steel electrodes were masked using Tdftdders. In the experiments
performed in this project; wax, plastic tape anaspt holders were used as masking
agents. Deposition did not occur on the wax maskisgs shown in Figure 4.1. This
later proved especially important during the kioetiudies of EPD since the edges of
electrodes would concentrate the electric field sg®Ult in higher deposition at the
edges. It was also suspected that deposits ocguwniithe edges of electrodes may also
have a connection with the cracking phenomenonndudrying. Since deposition
would also occur on the back of the working eledtrothe electrodes required
extensive masking, thus revealing only a controbeea for deposition. Therefore,
precise control of the deposition area was esdebliging presented a large problem
due to the fact that cracks would begin to appedhicker deposits during the drying
process. This phenomenon is known to occur duriggnd of some green bodies due
to capillary forces [28]. These forces cause theod# to shrink as the liquid
evaporates out the pores. Thus when a depositoagshrink on a stiff substrate, such
as an electrode, large stresses may develop. Téteseses are relieved by the
formation of cracks. Keeping this in mind, alumsamples were made by depositing
onto aluminium foil which allowed the deposit toyadm a more flexible substrate. This
method proved successful in preventing the craski®rg as any deposit adhered to
the masking agent was detached so that the deqmesdd contract freely during drying.
Although the temperature was not measured duriqgpgsigon, it is expected that it

would rise due to the fact that there is a curfienting through the suspension.

5.2.2.2 Deposition rates and green densities

From the derived Equation 2.4-®, = (Kk)ECt wherek is a constantE the applied
electric field,C the suspension concentration arlde time, it was clear that the weight
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of the deposit should have a directly linear relahip with the three experimental
parameters; voltage, time and concentration. Veltagd time were each tested while
keeping the other variables constant. Deposit weigtrsus both voltage and time,
showed a good linear relationship with &fiRof 99.1% and 99.5% respectively. The
third and last variable, concentration, was notetésThis is due to the fact that
creating multiple suspensions with exactly the sgieproved near impossible with
organic suspensions. Measurements in alcohol cénes@H meter to give readings
which do not stabilise and thus it was impossibledach a desired pH value. The
knowledge gathered during the kinetic studiesrovpd rather easy to achieve close to
the desired deposit weight in later experiments sbyply adjusting one of the

experimental variables.

The slope of deposit weight versus time in Figugréveals the deposition rate of the
EPD process. However, by interpolating the bestditd line, it is evident that the line
does not intercept through the origin as it wouddelxpected by Equation 2.4-2. The
intercept along the y-axis occurs at 3.0048 m@/cipossible explanation for this
phenomenon is an electric field drop [69] and isxdestrated in Figure 5.2. This drop
in voltage is caused by increasing deposit resigtduring deposition [70]. Since the
thickness of the deposits in literature data wasavailable, a direct influence of the
developing resistivity cannot be compared. Anotigolanation for this decrease in
deposition rate over time is due to the depletibchmrge carriers in the suspension
[27]. To accept these explanations, the graph whake to show a continual decrease
in the deposit weight over time. However, sinceghaph is linear and has af Rlue

of 99.5%, the cause of the y-intercept value mestilee to some starting phenomenon

which is not fully understood.
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Figure 5.2 Graph showing the difference between predicted ahexperimental yielc of
deposited ALO; from ethanol-HNO; suspensions using a constant voltage of 42.7V/
[69].

A possible explanation for this phenomenon couldthe sudden deposition
particles at close proximity to t electrode thus creating a small depletion zon
particles which takes some time to replenMore data points are needed for dep

weight at times below 5 minutes to fully understémd phenomeno

A comparison of the deposition rate obtained is thork was tabulated against the
obtained for alumina deposition in literatureTable 5.1. Adeposition rat of a 10%
(w/v) suspension made with a pH 5.0 at 100V/cm.84thg(cn?.min). This value
correlates well with the deption rates obtained by Besra et al. ][3Bven though a
higher voltage (166V/cm) and hiher concentration (20.2g/100mwas used in
experimentonducted by Besra et {30], a lower deposition rate was achieved. ~
is prdably due to the fact that 1 suspensions did not contain any awes to aid in
charging of the surfacdutanol also has a dielectric constant of 17.%clviis lower
than that of isopropanol which has a value of 18Bt&se two factors would contribt

to a lower surface charge of the particles and thlswer deposion rate. Van de
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Biest et al. [31] achieved a much higher depositrate. The reason for this

discrepancy could be due to the fact that ethaasl & higher dielectric constant of

24.3; however, it is unlikely that this change ieléectric constant could result in a

deposition rate which is an order of magnitude &rghan that presented in this work

and that of Besra et al. [30]. Maca et al. [71]iaetd even higher deposition rates in

isopropanol. This is probably due to the MCAA/PVaéddives which impart a much

higher charge on the patrticles.

Table 5.1: Comparison of alumina deposition ratesrad green density obtained in this

work and literature.

Colloidal suspension

Green Density

f Conc. Deposition Rate|
Formulation Voltage
Reference
Media Additives 9/100mL Viem mg/(cnf.min) % theoretical
density
50 0.98 46
This work Isopropanol HCI (pH<5) 10
100 1.84 45
Besraetal. | putan.1-of - 20.2 166 1.2 -
[30]
Van der
B'e[ztﬁt al. Ethanol HCI (pH<5) 10 16.5 11 53
30.8
Macaetal. | sooropanol| MCAA/PVE 13.9 (Constant 144 15, ~58-64
[71] current mode:
5mA)

Sample 42 had a green density of around 46%. Tdligevis lower than that achieved

by Van der Biest et aj30] and Maca et a[71] but is still within a reasonable range for

a green body prepared without applied pressuraaBssal. [28] suggest that since the

EPD of a particulate film is a kinetic phenomentire rate of accumulation of these

particles will ultimately affect their packing behaur. Thus particles deposited with a
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higher driving force are more likely to be influeacby disturbances in the suspension
media. Such disturbances can arise from flow patdue to stirring of the suspension
or perhaps sedimentation of the particles. In thegeers, it is also mentioned that at
higher voltages, particles do not have enough torfend the optimal packing position
since the higher driving force may reduce lateralvement of particles as they

deposit.

As a general guideline, Basu et al. [72] state thatlerate voltages of between 25-
100V/cm result in more uniform deposits than thesth voltages of greater than
100V/cm. Since both Sample 41 and 42 were made wdlages within this
recommended range, both were relatively uniformweler Sample 42, which was
made using a lower voltage had a slightly bettefase morphology. It is also
important to note that previous samples made wiltages of 175-200V/cm had a

highly irregular surface morphology.

5.2.3 Alumina sintering

Sample 41, which was made with a higher voltagd,ahslightly higher overall density
of 99.1%. However, it also had a higher open ptyasi 0.81%. Whereas, Sample 42
which was made with a lower voltage had a lowera\Véensity of 98.9% as well as a

lower open porosity of 0.46%.

Krell and Blank [73] have clarified that homogegeibf packing allows better
densification of a ceramic during sintering despite fact that it may have a lower
green density. This is evident in Figure 5.3 whgee casted green bodies show the

highest densification at the lowest temperature.
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Figure 5.3: Effect of the shaping method and greedensity on the temperature effect on

isothermal sintering for the same alumina powder [3].

Due to the fact that both EPD alumina samples liatl kigh densities after pressure-
less sintering without the use of any sinteringsaglich as magnesium oxide, it can be
concluded that the samples made by EPD had hightolgenous packing.

5.3 EPD experiments with diamond powders

5.3.1 Diamond surface chemistry

In contrast to the surface of alumina, the surf@wemistry of diamond is a little more

complicated due to the many surface groups availal diamond. Shergold and
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Hartley [66] suggest that the primary groups fowmdthe surface of diamond are a
combination of epoxide, carbonyl, carboxyl and loygt groups (Figure 5.4) as well
as saturated and unsaturated hydrocarbons. Reagtisaturated covalent bonds
present on the diamond give rise to its rich swfeltemistry. These bonds react with
water and oxygen to form a number of oxygen comgisurface groups [66]. Thus
the charge developed on the surface of these lgartipon immersion in a liquid are
due to ionization of these groups in addition ttecte/e ion adsorption from the

solution [74].
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Figure 5.4. Some of the possible surface groups dimmond [66].

In order to achieve successful electrophoretic déipa, particles must obtain
maximum charge. In polar solvents such as alcoaots water, polar groups on the

surface of the diamond must dominate in order toea® stable suspensions.
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Non-polar groups such as the plain hydrocarbongg@uid in giving the diamond non-
polar character. The ratio of polar and non-polaugs that exist on the diamond will
decide its hydrophobicity. For our purposes, it wasessary to have the polar groups
dominate so that the diamond exhibits stable belawn polar suspension media such

as water or alcohols.

Due to the relatively strong -OH and —COOH bands3260cm and 1600crt
respectively, it is suggested that these two grempshe dominant ionic groups on the
surface of the diamond.

The —COOH group is mildly acidic and will deprotémaccording to Equation 5.3-1.
—COOH + OH~ —» —C00™ + H,0 Equation 5.3-1

In strongly acidic environments, the —OH groupd wibtonate according to Equation
5.3-2.

—OH +H'* - —0H; Equation 5.3-2

The zeta-potential curves for the acid washed powdEigure 4.12 had an isoelectric
point (IEP) at pH 2.7. At this pH, the particlesvhazero charge on them and the
suspension of particles will collapse due to thek laf electrostatic forces between the
particles. At a pH below 2.7, it is possible tHa +OH groups protonate by Equation
5.2-2 to give the diamond particles a small positiharge. The adsorption of hydrogen
ions on the diamond surface may also contributihéopositive charge at low pH. At

pH above 2.7, the deprotonation of -COOH groups gieg the diamond a negative

charge by Equation 5.2-1. By using this mechanesrthe pH moves to higher value,
more and more —COOH groups would deprotonate regult a more negative charge
on the particle. The adsorption of hydroxide ioogdhe surface of the diamond may
also contribute to its gradual increase in negatitiarge in increasingly alkaline

environments. This behaviour gives the diamondctieracteristic zeta-potential curve
that was observed in Figure 4.12.
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By observing the zeta potential plots for diamondvater, a working pH of 8.5 was
selected for all aqueous suspensions for EPD. @é&son for this choice was due to the
fact that the zeta-potential achieves maximum valitle the minimum amount of base
addition. Achieving maximum surface charge with théimum amount of ionic
additives is important because it maintains a lowdzictivity of the suspension. When
the conductivity of the suspension is low, morerent is carried by the suspended
particles migrating in the electric field betweehe telectrodes and thus faster
deposition rates are achievable. A pH of 8.5 was dksirable due to the fact that zeta-
potential values are stable for pH ranges eithde 2af this value. Thus, slight
fluctuations in pH would still result in the sameta-potential and this would help

make experiments more reproducible.

Very little information exists on the zeta-potehtsudies of diamond suspensions,
therefore an accurate comparison with literature gioved difficult; however, in a
study on the effects of sodium oleate on the aguedispersion of detonation-
synthesized diamond, Xu et al. [75] reveals a petantial vs. pH plot for the
detonated nano-diamond. The diamond powders wese whshed with acids to
remove metal impurities. The zeta-potential plotsi®wn in Figure 5.5. Curve a)
corresponds with nano-diamond powder treated onlly perchloric acid to remove
atramentous impurities. Thus the powder in curveisajhe closest match to the
diamond powder used in this work. The detonateddeswsuspension used by Xu et al.
[75] has an isoelectric point at pH 4.3, which tsaaless acidic position than the
diamond used in this experiment. This may be aesaltr of the different surface
chemistry on their diamond due to the detonatiamt®sis process which introduces
additional —NH groups. In a similar fashion to —OH groups, -Nifoups would
protonate in the presence of acids to form sN#ius leading to more a positive
character in acidic environments. It is also ofentitat curve a) reaches a maximum
negative zeta-potential of around -20mV which igngdicantly lower than the

maximum used in this project (around -50mV). Thdism oleate treated powder does
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however achieve a maximum zeta potential of arotB@mV at pH 8.5 which

corresponds well with the results obtained in &xperiment.
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Figure 5.5: Zeta-potential vs. pH plot for detonatd nano-diamond treated with: a)
perchloric acid; b) sulphuric acid and potassium pamanganate; c) perchloric acid and
10°mol.dm®sodium oleate; d) sulphuric acid, potassium permaranate and 10°mol.dm™®
sodium oleate [75].

Organic suspensions are usually the preferred ehfmc EPD due to the fact that
alcohols do not hydrolyse at higher voltages. Tioeeg high voltages may be used
during EPD and this, in principal, would allow fastleposition times.

Zeta potential measurements proved to be valuabléelping to understand the

behaviour of the diamond in suspension beyondithigeld understanding provided by
Page | 109



the FTIR results. From Figure 4.11, it became evideat diamond suspensions made
in isopropanol required the suspension to be agedtfleast an hour before use due to
the fact that the zeta potential increases ovee.tifthe reason for this is unknown;
however the adsorption of hydrogen ions or othéiona at the isopropanol-particle
interface is likely.

Due to the limits of the scope of this project,d#n studies for diamond did not form

part of this research. However, under the supemwisif the author, the effects of

polymer binder Optapix 112 on 0.5um acid washedhdrad powder were performed

by Masilela [76]. A zeta-potential versus pH plot ficid washed diamond in water
and acid washed diamond in water with 1 wt% Optépshown in Figure 5.6. Despite

the fact that the zeta-potential for the acid wdspewder is lower than that observed
in Figure 4.12, the addition of Optapix binder hist case increased the maximum
surface charge by about 5mV. The binder also ise@®ahe zeta potentials over a
wider range of pH values. This could be attributethcreased electrostatic repulsions
between the patrticles. In Masilela’s paper [76jprsger and more adherent deposits
are also claimed.
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Figure 5.6: The effects of Optapix polymer binder o the zeta-potential of 0.5um acid
washed diamond in water [76]

Attempts to stabilize the suspension of diamondiges in organic media were
unsuccessful. Since the dielectric constant ofrgagnol is lower than that of water,
particles acquire a weaker charge when suspendie ialcohol. Control of the pH in
isopropanol media also proved to be difficult, amgexpected results were often

encountered as seen in Figure 5.6.

Attempts at trying to replicate isopropanol suspers using the iodine, acetone and
water method [36] did not yield a stable suspensiher. The suspension became
very hot to the touch during EPD thus indicatingttthe suspension had a high ionic
strength because of the additives. Another reasay be due to the fact that the
diamond powder used in literature was differenthte powder used in this project.

Because of varying amounts of metal impurities #redvast combinations of surface

Page | 111



groups possible, two batches of a diamond powden éom the same supplier, may

differ and thus behave differently in suspension.

5.3.2 Diamond deposition

5.3.2.1 Experimental considerations

In earlier work, Panitz et al. [77] described tHeOEof diamond particles smaller than
3pum. In this work, some of the limitations for tBBD of diamond are listed. The first
and most interesting limitation mentioned in thigerhture is that water-based
electrophoretic baths produce rough, irregular poar quality coatings, due mostly to
gas formation at the electrode. As one of the lEgtmitations of aqueous EPD, it is
well known that water will undergo electrolysis abltages above 5V [25]. The

diamond deposits in this project were made withogkimg voltage of 1.5V. During the

time of deposition, the suspension remained statile relatively little sedimentation.

No bubble formation was observed. Thus the worthis project shows that the EPD
of diamond in water can be achieved with few profdeby using voltages below the

threshold the voltage required for disassociation.

By observing the first diamond deposit obtainedrigure 4.13, it is evident that the
deposit around the edges of the carbide disc wah riuicker than that in the centre of
the disc. This is due to the fact that edges canatnthe electric field. This feature of
the current diamond EPD technology is unavoidaht® ia mentioned in the work by
Panitz et al. [77]. One possible solution to thmslglerm might include deposition onto a
larger, flat and smooth substrate and then ligm&chining the edges of the deposit so
as to remove the ridges around the edge and thke inft into the capsule assembly
for sintering. However, the diamond deposit waddarbrittle to allow one to handle it

and transfer it from the bigger substrate to thalEnone. As discussed previously,
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the use of a water soluble polymer binder such pigix 112 may help improve the

strength of the green deposits and thus allow épesit to be handled.

Panitz et al. [77] also mention that diamond phesien the deposit are held together by
hook-and-claw adhesion as well as Van der Waaltsefa With this in mind, the
overall thickness of the deposit is limited by ttihesive strength of the deposit. When
the weight of the deposit is larger than the colegorces within the deposit, the
coating may begin to sag. Panitz et al. [77] stiaé¢ deposits thicker than 250um are
likely to cause poor quality coatings. Usable dépagp to an approximate thickness

of 1000pum were made in this project.

5.3.2.2 Deposition rates and green densities

Even though such a low voltage was used for EP@iafond in aqueous media,
reasonable deposition rates were achievable dileetdact that such a high surface
charge was present on the diamond at pH 8.5. D@posrates of 0.10 to
0.45mg/(cm.min) were achieved. This deposition rate is coersiblly lower (an order
of magnitude) than that found for alumina and thisy be attributed to the fact that
alumina is a more polar molecule thus acquiringhéigcharge. A comparison of
diamond deposition rates with literature is showTable 5.2. The deposition rate in
this project is about two orders of magnitude lotiem that achieved by Zhitomirsky
[36]. This large discrepancy could be attributedhi® much higher voltages that can be

used in the alcohol EPD setup of used in the liteea

The deposition rate of the two multilayer experitseyield similar results. However,

when the multi-layered rates are compared with rttenolayer rates, a small but
noticeable difference is observed. Considering thah even number or alternating
layers are used, it is expected that the multidagenple’s deposition rate would be the
average of the either of its single components. él@x, the multi-layered deposits
show a higher deposition rate than either of tlspeetive monolayer deposits. Thus,

increasing the amount of times the electrodes gged into the suspension results in
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a higher deposition rate. This phenomenon was @iserved by Fischer et al. [26].
The literature doesn’t give a reason for this iaseein deposition rate. The increase
may be connected with the starting effect seenhi®rdeposition of alumina in Section
5.2.2.2. By taking into account that during thea®pon of multi-layered deposits, the

impact of the starting effect could be amplifiedtweach subsequent layer deposited.

Table 5.2: Comparison of monolayer and multilayer tamond deposition rates with

literature.
Concentration| Voltage Suspension Formulatioh DéejprsRate Green
Deposited Density
Reference . ) N -
Material (g/200ml) | (V/cm) Media Additives | (mg.cfomin™)
% TD
0.5um
This work diamond 5 1.25 Water NaOH 0.34 48
(monolayer)
2um
This work diamond 10 1.25 Water NaOH 0.29 47
(monolayer)
Diamond
This work laminate ‘?_éo('g”r?:)) 1.25 Water NaOH 0.40 -
(4layers) H
Diamond
This work laminate iéo(-gurf:)) 1.25 Water NaOH 0.37 -
(16 layers) H
. . 3-6pm .
Zhitomirsky diamond 3.35 200 Isopropand| lodine, Water, ~24 -
[36] Acetone
(monolayer)

The green densities of the diamond deposits (48%h&0.5um diamond and 47% for
the 2um diamond) are consistent with the greenigefoaind for the alumina sample
(46%). No mention of diamond EPD green densityrggucan be found in literature,
this may be due to the difficulty of obtaining acate measurements. As is evident in
dry powder packing, Panitz et al. [77] suggest timateasing the distribution of
particle size in the suspension may lead to areas®d green density in the deposit. By
inspecting the particle packing of the 2um gradeegrdeposit in Figure 4.15, it is

evident that the particles showed a very well pddkemogenous structure. The SEM

Page | 114




image of the green laminate in Figure 4.24 showmmtigpacking. Therefore it can be
said that the powder was well dispersed and pesticligrated individually towards the
electrode.

Although only limited experiments were possible tire scope of the project, the
experiments summarised in Table 4.6 show that tisesegeneral relationship between
the three variables (time, voltage and concentratiand weight of the deposit.
Suspensions with higher concentrations lead to slepaith higher mass provided the

other variables stay constant. Similarly, increasesltage result in faster deposition.

Sample 48, made from 0.5um diamond and sample &3eritom a 2 um powder, had
similar deposition rates even though the conceotraised to make sample 53 was
more than double sample 48. Thus it can be saidstigpensions made from 0.5um
diamond has a faster deposition rate than suspensiade from 2um diamond. This
is in line with the data collected by Yuan et &B] who found that the electrophoretic

mobility of gold nano-particles were inversely poojonal to the particle size.

A patrticle in suspension acquires a double layer tduthe developed surface charge.
During deposition, the electric field causes thargbd particles to accelerate from a
net-zero speed. The viscosity of the liquid cawsestardation force on the particle in a
direction opposite the movement and causes it teenat a terminal velocity. Thus
changes in the velocity of the particle can onlyboeught about by changes in the
forces acting on the particle. The viscous retéodafiorce, which is characterized by
Stoke’s law, is directly proportional to the sizé tbe particle [79]. Thus larger
particles, by virtue of their greater retardati@mce, will move at a slower velocity.
Since electrophoretic mobility is a function of tblearge to size ratio, decreasing the
particle size should result in higher mobility. Hewer, much dispute exists in
literature regarding the relationship of electragic mobility and particle size.
Abdoli et al. [80] determined that the depositicater of nano-aluminium nitride

powder was lower than the micro-sized powder. Was thought to be due to the fact
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that smaller particles, because of their highefaser area, attain a higher electrolyte
concentration around the particle and this causé®p in the zeta-potential. Similar
results were found with Hyam et al. [81] who stuldibe effects of ball milling on the

electrophoretic behaviour of boron patrticles.

5.3.3 Sintered diamond

5.3.3.1 Sintering of monolithic diamond deposits

The sintering of the first batch of diamond EPD phas yielded materials that had
AGG present. A summary of the samples and whetl@&&G Aad occurred is presented
in Table 5.3.

Table 5.3: Summary of the various sintering experirants performed and whether AGG

resulted.
Sample Substrate Cup AGG present
48 WC-13% Co Standard Cup Yes
49 WC-13% Co Standard Cup Yes
50 DEC Standard Cup Yes
51 DEC Standard Cup Yes
52 DEC Standard Cup Yes
0.5 micron powder pressed STD DEC Al203 Coated Cup Yes
2 micron powder pressed STD DEC Standard Cup Yes
Laminate sample DEC Al203 Coated Cup No

Sample 48 contained AGG throughout the entire saraplis evident in Figure 4.16.
This sample probably had abnormal grain growth ginepagated from the WC-Co as
well as the niobium cup interface. Sample 49 inuFegd.17 only suffered from AGG
in a small area. The reason for this is probablg tw the fact that this sample
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experienced uneven heating during the temperaaumg-4up stage. Thus portions of
the sample that experienced cooler temperaturenaidsinter to completion. The
reason for this is unknown, however this is knowrotcur occasionally in industry
and these samples are simply discarded as defamtsSamples 50; 51 and 52, DEC
substrates were used. The DEC substrate is knowontool abnormal grain growth at
the diamond-carbide interface by increasing thba@aconcentration in the cobalt melt
[48]. The micrographs of Sample 50 in Figure 4.1§gest that the abnormal grain
growth had occurred from the niobium-diamond irgeef and had progressed
downwards due to the fact that AGG at the niobiuamdbnd interface is continuous
while AGG at the WC-diamond interface is discontins. Therefore, the DEC
substrates proved to be effective in controlling@@t the diamond interface. This
however posed the problem of AGG occurring at tlediom-diamond interface. This
problem was solved by using niobium cups that a@ed on the inner surface with
alumina. These coated cups are hypothesized tesuGG at the niobium-diamond
interface since alumina is a stable carbide anbnaetil react with the diamond and the

cobalt.

The micrographs of Sample 51 in Figure 4.19 sugfest the effect of the grain

growth from the niobium-diamond interface was mprenounced in these samples
than in sample 50 due to the fact these samples mech thinner and thus the AGG
was able to progress throughout the entire diamablke. It is also suggested that the
AGG had started at the niobium-diamond interfacd had progressed downward

through the entire sample.

5.3.3.2 Comparison with powder pressed standards

Both of the powder pressed standards suffered A@®. This phenomenon is known
to occur in monomodal fine grade samples made bytrdditional powder pressing

technology [51]. It is known that the embedded diathin the carbide substrate helps
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supress AGG by increasing the diamond content @ ittfiltrating cobalt at the

interface. [48]

Despite efforts such as DEC substrates and coaies] the 0.5um standard shown in
Figure 4.20 still suffered from AGG. It is thougthtat this is due to the inefficient
packing of the diamond particles. The light andkdgyots occurring in the non-AGG
area of the 0.5um standard in Figure 4.21 correspath areas that have higher or
lower cobalt content as compared with that of teaegal bulk. It is suspected that
these spots occur with monomodal powder in speeifeas where packing of the
diamond powder before sintering was not homogendhss a spot lighter than the
bulk corresponds with an area where the packinthefpowder was less dense and
thus more of the infiltrating cobalt occupied thgace. The converse phenomenon is
expected for the darker spots where the densitiiefocalised packing of the powder
was higher than the bulk. These spots were alssepten the 2um standard as is

visible in Figure 4.23 and it is thought that thed occurred due to the same reasons.

5.3.3.3 Sintered diamond laminate

By examining the diamond laminate after HPHT treatt(Figure 4.25), it is possible
to see that the diamond laminate was properly gdtéThe AGG that was present in
the powder pressed standards was not observedheittiamond laminate. The reason
for this is due to the fact that the 2um partickese deposited as the first layer and
served to buffer the 0.5um layer from the areactlyan contact with the substrate.
Thus, by the time the cobalt had infiltrated throtige first 2um layer and reached the
0.5um layer, it would be sufficiently saturated twiissolved carbon to prevent the
abnormal growth of diamond grains. The spots saethe powder pressed standards
were not observed in the sintered EPD sample. iBhlsecause the EPD technique
allows a more homogenous packing of particles aspewmed to dry powder pressing
[82]. Thus, because of the homogenous particleipgakf the EPD process, localized

areas of different density within a layer were observed.
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The sintered laminate had coarse layers with anageethickness of 48 + 1 um, and
fine layers having an average thickness of 40 sl @loser control could possibly be

achieved by adjusting the time of deposition foe onthe layers.

The ion-beam polishing of the sample before SEM fdmage analysis ensured a flat
surface for the electron beam. Since the cobalt ptsoremained intact after ion-beam
polishing, a more accurate determination of non-dimond phase was possible. EDS and

image analysis results are compared in

Table 5.4. Since WC and Co were indistinguishabiend image analysis, they were
added together and the sum was reported. As is tknowliamond sintering, the WC
content in the PCD table is typically low and ti@s + W sum is a reasonable estimate
of the cobalt content.

Table 5.4: Table showing the comparison in phase alysis between EDS and image

analysis for layers 3 and 4.

Element Weight%
Image Analysis EDS
Layer 3 Layer 4 Layer 3 Layer 4
(2pum) (0.5pm) (2pm) (0.5pm)
C 731 61+2 81 72
Co+W 271 39+ 2 19 28

Although EDS and image analysis offer differentues, both techniques are in
agreement that the 0.5um layers contain more coiegthl. This corresponds well with
Miess and Rai [54] who found that the cobalt conterPCD is inversely proportional
to the grain size. Even though the finer powder $rasller pores, it is known that
when working with relatively fine grade incomprdseiceramics, the finer the starting
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powder, the higher the overall volume of the pdresgreen compact will have [83].
Since the pores are infiltrated by liquid cobaltidg the heating stage of sintering, the
finer grade diamond due to its higher porosity antller pore volume can by means
of better wetting, uptake more cobalt into the Pager. Thus this will result in a

higher residual cobalt concentration [83].

5.3.3.4 Defects

Several defects were observed with the laminatekarihe most obvious of which
was the skew and non-continuous layers (Figure)4.BBis may be related to the
speed of the incoming particles and effect of theirsg action in the cell. These
defects would thus get progressively worse with dieposition of each consequent
layer. A possible approach to achieving smoother straighter layers would entail
lowering the operating voltage and/or the concéiomaof the suspension so that
slower deposition takes place. Decreasing the sitierof the stirring action during

deposition may also help but at the expense oflachisettling rate.

The non-continuous layers were thought to be dudatbage sustained to the green
deposit during assembly into the coated niobiumfouaintering. Since the geometry

of the cup tapers slightly at base, the depositldvsuffer damage at the edges when
pushed right to the end. A dramatized illustratudrthis is shown in Figure 5.7. This

effect would be further enhanced during the colchgaction stage of the sintering

process. A possible solution to this problem wdoddthe use of straight-ended cups
that do not have the tapering.
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Direction of insertion

Coated niobium cup

Carbide substrate

Diamond laminate

/ Cup tapering

’ ‘ Direction of damage

Figure 5.7: lllustration showing the effect of thecup tapering on the edges of the diamond

laminate.

Another defect is the inclusion of coarser graimghie fine grade layers as shown in
Figure 4.32. This was due to cross-contaminatiarsed by the repeated movement of
electrodes from one suspension to the other. Nposited particles adhered to the
electrode holder and counter electrode from on@esuson would be released when
submerged into the other suspension. This phenomerost likely also occurred with

fine grade particles contaminating the coarse gmadgension, but evidence of this
was not observed since the fine grade particleddvdigsolve and re-precipitate onto
the larger particles during sintering. The crosstamination of particles could

possibly be reduced or eliminated by incorporatmgvashing step before each
subsequent submersion of the electrodes into ther guspension. Such a washing
procedure could involve dipping the electrodes irdistilled water to allow

contaminated particles to be liberated before susioeinto the other suspension.

5.3.3.5 Fracture analysis

Crack propagation by means of the 3-point bendhigwed very little sign of crack

deflection. The load-displacement curve for theiteate (Figure 4.34) is fairly smooth

and does not show the jagged saw-tooth type grapbcéed for layered materials.
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Similarly, inspection of the crack path under theroscope (Figure 4.33) shows no
significant crack deflection. It is thought thaetkack of deflection is caused by the
thermal expansion mismatch of the carbide substat® the diamond. Tungsten
carbide has a higher thermal expansion co-effictaah the diamond (Table 5.5).
Thus, during the cooling stage of the sinteringleythe WC substrate will want to
contract stronger than the diamond. However, duthéoconstraint of the diamond
table, compressive stresses are generated at #reowld-carbide interface after

sintering (Figure 5.8).

Diamond layers
e (:,:I-\\__ Compressive forces
N  — 7 on diamond
_ —‘N‘ —ft————————— Tungsten carbide substrate
— — Tensile forces on WC subsirate

Figure 5.8: Schematic illustration of the compressie forces generated due to the

mismatch in thermal expansion between the diamondnal the substrate.

The compressive stress on the diamond at the tadhithe diamond-carbide interface
is likely to be higher than the residual stresdest €xist between the individual

diamond layers.

The residual stresses due to thermal mismatghcan be estimated by using Equation
5.3-1 [84] by assuming that the mismatch only rssinbm different thermal strains of
the different layers. Ideal elastic materials amdjlecting the influence of external
surfaces by considering infinitely long plates fargher assumptions necessary to fulfil

the requirements of the equation [84].
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Oresi = :—ivi(c_{ — ap)AT Equation 5.3-1

Where E;, a, and v; are the Young’'s modulus, thermal expansion co-efiic and
Poisson’s ratio of thé" layer respectively andT= T,-Tret WhereTret is the stress
relax temperature during sintering (1000°C [49])l @gis room temperature. The term
a is defined as the averaged thermal expansionfmestt of the laminate (Equation
5.3-2).

N Eitja;
Zl=1 1_Vi
N Eiti
Zi:ll—vi

Rl
I

Equation 5.3-2

Wheret; is the thickness of thd' layer andN is the number of layers. By using the
values listed in Table 5.5, it is possible to aldte the residual stresses present in the
sample. By using Equation 5.3-1, it is estimateat the diamond table would have a
compressive stress of about 755MPa. This valubgedo the value obtained by Chen
et al. [49] who found through Finite Element Anady§~EA) a maximum compressive

stress at the interface to be 690MPa.

Table 5.5: Physical properties of PCD, WC-Co and Co

Property PCD WC-Co Co
E (GPa) 890 [85] 579 [85] 215 [86]
a (10° K™ 4.5 [87] 5.2 [85] 16.8 [86]
v 0.07 [85] 0.22 [85] 0.32[86]

Since the physical properties of 0.5 and 2um sadteliamond could not be found, the

values were calculated by using the law of mixtumed the volume fractions of PCD
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and Co obtained by image analysis. By using Eqndii8-1, it was estimated that the
2um layers experience a compressive stress of dl38WPa and the 0.5um layers
experience a tensile stress of about 160MPa. Freisetestimations, it is clear to see
that the compressive stress existing in the dianmtabte as a result of the thermal
mismatch with the substrate is much larger tharstress fluctuations in the individual
diamond layers. As such, the crack would propagdteout deflection near the

substrate interface.

The compressive stress in the diamond table woetdine smaller further away from
the interface. At a distance sufficiently far frone@ compressive forces of the interface,
the energy of a propagating crack is likely to bech higher than the local stress

fluctuations in the individual layers and thus redlection would be seen here either.

Interestingly, crack deflection was found with &+eisting crack in Figure 4.35. Due
to the absence of cobalt in the crack, it can Baraed that it had developed during the
cooling stage of the sintering cycle. This cracksvieund at the top of the sample
opposite the carbide-diamond interface. Thus, its vafficiently far from the
compressive forces of the carbide substrate to sboack deflection. As was
hypothesized in Section 2.6.2, the crack propagsttagght through the 0.5um layers
and deflects just after entering the 2um layerss Tdue to the fact that the 0.5um
layers have higher cobalt content, thus these $aggperience more tensile forces than
the 2um layers. However, upon entering the 2unrJdlge crack path begins to deflect
from its original direction. This is due to the fabat this layer has lower cobalt
content, causing this layer to experience more cesgve stresses thus causing it to
deflect. A schematic diagram showing the distrilnutof the expected stresses in the

layers is shown in Figure 5.9.
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2um 0.5um

Figure 5.9 A schematic diagram showing the stress distributin in the layers

From a biomimetic point of viewtwo aspects of mimicry werevident in this proje.
The first aspect considered is that in biologiogtems the forming techniques of
organisms are harcbded in their genetic ma-up and as a resulthése organisms ci
use the bod resources to build new material. Thus biologsyatems will always hav
the advantage in that mild processing conditiors @eeded to achieve the desi
outcomes. In this sense, EPD as a forming techniggeine= relatively mild condition:s
(room temperature and pressure) when compared other traditional forming
techniquessuch as cold compacti. The second biomimetic aspeeas the intention fc
the microstructuréo resemble that of nacre. In this regard, a laysteucturecould be
formed using the EPD technolc. Although the expected toughening mechanism
nacre and diamond laminate are completely differdwat idea for the latter material w
conceived by inspiration from the former. As suchprbimetics may still play
promising and key role in the development and aesfduture material:
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6. Conclusion and recommendations

The purposes of the work presented in this projece:

» Firstly, to addresses the plausibility of makingliamond/diamond laminate
structure using two different alternating gradesdamond by using EPD
technology;

» Secondly, to deal with the ability to sinter thegdeed deposit such that a
densified sample with functionally graded cobaltemt is achieved,

* And lastly, to observe the layered sample for engd of alternating residual

stresses as evidence for crack deflection andpbssibly a tougher material.

To acquire the technology of EPD as well as develdpasic understanding of the
technique, tests with alumina powder were conduttefbre experiments with the
EPD of diamond were carried out. From these trgimxperiments, EPD proved to be
an effective shaping technique that allows homogenmacking of ceramic particles
onto a substrate. Deposition parameters such &s wioftage and concentration allows

for a reasonably precise control of weight of tbatmg.

With knowledge obtained from the alumina portiontbé work, the deposition of
diamond was investigated. Due to problems encoedtetth the organic suspensions
of diamond particles, an aqueous suspension wasenhdStable suspensions of
diamond were achieved by changing the pH of theeagsi suspension to become
alkaline. Any further surface-group modificationtbe diamond powder showed little
improvement to the zeta potential in aqueous mediar optimization of the aqueous
suspension, diamond could be deposited directlp tumigsten carbide substrates. An
electric field of 1.25V/cm was sufficiently low tprevent bubble formation at the
electrodes by electrolysis. However, having sudbvadriving force of the particles
also affected the deposition rates which were lgwiterature standards. Multi-layer
deposition was possible by submerging the electiodeut and of the respective
suspensions.
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The diamond laminate produced by EPD could be rgdt®n a HPHT press using DEC
substrate and alumina-coated niobium cups withoyt®GG. The sintered sample had
a total average thickness of 946um with 2um graaeaohnd layers having an average
thickness of approximately 48 + 1 um and the 0.9javing an average thickness of
approximately 40 = 1 um. As hypothesized, the 0.3pyers showed higher cobalt
content than the 2um layers as demonstrated by BED& image analysis

measurements.

In theory, the differing cobalt content of the d@m layers was expected to produce
alternating residual stresses which would resultreck deflection. However, upon
fracture analysis using 3-point bend strength memsent, very minimal crack
deflection was observed. The load versus displanergeph obtained during the
fracture did not show any of the typical saw-toplbts evident in layered materials. It
is thought that the compressive forces of the darbBubstrate were sufficiently high to
overcome the smaller residual forces within theetay material necessary for crack
deflection. However, a pre-existing cooling crackswound, away from the carbide

interface, which exhibited the expected crack a#tha behaviour.

Considering the novelty of both the agueous dejposiof diamond as well as the
sintering of diamond deposits produced by EPD, sdefects in the material were
expected. A more detailed investigation into defemttrol is necessary. Due to the
constraints of time and resources, only one laraimats made for testing and analysis.
Further optimisation of the deposition techniques tise of surfactant binder and the
redesign of the sintering capsule are recommendettitionally, quantitative
exploration of different grades of diamond, layentrol and the effect of the carbide
substrate on crack deflection are also recommeritlgdre work done in this direction

could yield a tougher diamond cutter.
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