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Diamond, an allotropic form of carbon, is the hardest mineral known to man. The
flawless, or virtually flawless, pieces of diamond, when cut and polished, have
always been valued as the most precious gems. Except rarity of gemstones and their
decorative merits, there are also many other properties which make diamond a
unique material [1]. It has the highest thermal conductivity at room temperature,
the highest bulk modulus and the highest critical tensile stress for cleavage, an
extremely high thermal conductivity, very low coefficients of friction and 
thermal expansion, and it is relatively inert to chemical attack by common acids and
bases.

Until now, only few of these properties have fully been exploited in advanced
industrial applications due to limited size and high price of diamond. The latest
progress in diamond synthesis, however, is starting to remove the existing barriers,
opening new opportunities for diamond as an advanced engineering material.

1.1 Historical Development of Diamond Tools

The modern application of diamond tools is roughly a century old although the early
use of diamond as an engraving tool goes back to 350 BC [2]. In Christ’s time, splin-
ters from broken diamonds were first applied as a set in iron handles, i.e. metal-
bonded diamond tools [2,3].

The next milestone in the history of diamond tools was to take place in 1819,
when the first patent for a diamond wire-drawing die was granted to Brockendon in
England. At that time, however, it proved impossible to implement this invention into
practical use and it took around 40 years until the first diamond wire-drawing die
was successfully made and utilised by Milan and Balloffet in France [2].

Meanwhile, in 1824, Pritchard started to use shaped diamond wheels to grind
and polish microscope lenses [2–4]. These wheels were made by hammering dia-
mond grits, of adequate fineness, into the surface of a cast iron body [3].

In 1854 a French engineer Hermann applied for a patent for a single-crystal dia-
mond tool for cutting, turning and shaping hard stones which, upon improvements
made a year later, was converted into a tool with multiple diamonds [2]. A few years
later, in 1862, Leschot of Geneva was granted a patent covering a complete drilling
rig which was to find practical application on a broader scale more than a century
after the first description of a primitive diamond rock drill had appeared in Diderot’s
Encyclopaedia [2,4]. 

The first diamond circular sawblades for cutting stone were developed by
Fromholt in France in 1885. Thirteen years later, a large diameter blade was first
used in practice in the Euville stone quarries. The early blades used Brazilian car-
bonado diamonds set around their periphery. Carbonado was a valued material at
that time [4] because, being a cryptocrystalline mass of small crystals locked in ran-
dom directions, it was strong and resistant to cleavage. Such carbonado blades were
utilised to cut limestone and marble during the construction of large buildings in
Paris in the 1900s [2].

2 Powder Metallurgy Diamond Tools
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Further progress in the tool production routes took place in the period between
1927 and 1931, when the earliest patents describing the manufacture of metal
matrix abrasive tools, by making them from powders, were issued in the USA and
Great Britain. According to Gauthier (1927) [5], the powder mix was to be consoli-
dated by cold pressing only, whereas Neven (1931) was probably the first to suggest
hot pressing [6]. The first metal powder used was electrolytic iron. 

The idea of bonding diamond by means of metal powders dates back to 1883,
when Gay described the manufacture of abrasive materials by incorporating tradi-
tional abrasives, such as quartz or emery, in a metal matrix [6]. He mentioned the
use of brass, iron or steel powders and proposed to make a good use of powder met-
allurgy techniques, such as hot pressing or infiltration, to form the matrix [6]. It had
taken, however, a few decades until the inventions of the 1920s and 1930s made
refinements to the Gay’s ideas and apparently speeded up the development of dia-
mond grit impregnated tools which were finally introduced to industrial application
around 1940 [2].

Bonds other than metal were also being developed during this period. In 1925 the
Bakelite Corporation took out a patent on the first phenolic resin bond [7]. In the
early 1930s resin-bonded wheels, containing ‘fragmented’ natural diamond grit,
were patented by Wickman Ltd. in England (1933) [2], Voegeli & Wirz in Switzerland
(1934) [2], and Norton Co. in the USA (1934) [8].

Until the early 1950s the developments in diamond tools were relatively slow. In
that period only mined diamond crystals were available. These were formed millions
of years ago, under conditions of intense heat and pressure acting on the carbon,
and later ejected to the surface by volcanic eruptions.

Much faster developments in the tool manufacturing technology, which have
been seen over the last 50 years or so, may chiefly be attributed to the ‘invention’ of
synthetic diamond. Efforts to manufacture synthetic diamond crystals date back at
least several hundred years. They had remained fruitless until 1953, when positive
and fully reproducible results were obtained by a team of researchers at ASEA [9].
Quite independently, and entirely without knowledge of what ASEA had been
doing, General Electric announced its capability to manufacture synthetic dia-
monds on an industrial scale in 1955 [10]. While ASEA kept the diamond experi-
ments secretive, GE was first to describe the process in the scientific literature [11]
and patented it [12].

Permanent progress in the manufacturing technologies fostered the commercial
importance of synthetics, which is now accounting for over 95% of all industrial
diamonds consumed [13]. It is worthwhile to mention that the last five decades wit-
nessed a spectacular, 50-fold or so, increase in the total consumption of industrial
diamond. Over this time modern production techniques based on diamond tooling
have been implemented into evolving areas of industrial activity enabling to do the
job faster, more accurately and at less cost. They revolutionised machinery and pro-
cessing techniques in the stone and construction industries, road repair, petroleum
exploration, woodworking, cutting frozen foods, production of various parts and
components made of glass, ceramics, metals, plastic and rubber, etc. 

Introduction 3
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The milestone progressions and developments, which followed commercialisation
of synthetic diamond on a broader scale, can be listed chronologically as follows:

1960s: Metal-clad diamond was developed for application in resin bonds, which
coincided with the introduction of polyimides by Du Point [14]. Wire saws
for sawing stone were produced in Italy in 1969 [15]. They contained dia-
mond grit embedded in an electrodeposited metallic matrix. Cubic boron
nitride (CBN) was introduced to the industry in 1969 to complement dia-
mond in machining ferrous alloys [16].

1970s: Synthesis of high-quality ‘saw’ diamond was developed for demanding
stone working applications such as sawing granite [17]. Polycrystalline dia-
mond (PCD) became available on a broader scale and made extensive
inroads into applications which had been the domain of cemented carbides
[17,18]. 

1980s: Coated ‘saw’ grits were introduced into broader application [19]. A new
class of phenol-aralkyl thermosetting resins, offering improved tool per-
formance, was developed for application in resin-bonded diamond and CBN
grinding wheels [14]. 

1990s: Major breakthroughs in low-pressure synthesis of polycrystalline diamond
by chemical vapour deposition (CVD) were achieved. This resulted in com-
mercialisation of CVD diamond coated cutting tool inserts [20], twist drills,
and ‘free-standing’ thick CVD diamond films [18] brazeable to the tool sup-
port.

In the new millennium the market for diamond tools continues to grow rapidly.
The most recent figures [19] indicate that the demand for diamond abrasives
reached an impressive volume of 1 billion carats in 2000, as compared with approx-
imately 380 million carats in 1990 and 100 million carats in 1980. The current
trend is to diversify into applications still dominated by traditional abrasives with
particular interest in developing linear blades for sawing granite as well as in apply-
ing diamond grits on a broader scale in the surface finishing operations [21].
Nowadays the rapid diamond price decline [22] makes industrial diamond a com-
moditised product capable of competing, in terms of its price/performance ratio,
with conventional abrasives such as silicon carbide and aluminium oxide. 

1.2 Classification of Diamond Tools

The term ‘diamond tools’ has a very broad meaning. The existing classifications of
diamond tools are based on various criteria, such as the quantity of diamond
involved and its origin, outward appearance and internal structure of the tool, its
application, etc. 

For the purpose of this book it is convenient to arrange the tool types into catego-
ries which would be distinctive with respect to the various manufacturing methods
involved. Such a classification is shown in Fig. 1.1. 

4 Powder Metallurgy Diamond Tools
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1.2.1 Loose Diamond Abrasives

A loose diamond micron powder constitutes the simplest diamond tool (Fig. 1.2).
The existing diamond sizing standards define micron powders as nominally finer
than around 84 µm although various sizing criteria and techniques are utilised
[23]. Both natural and synthetic micron abrasives, mostly in a paste or liquid sus-
pension form, are used for a wide variety of fine grinding and polishing operations.
The most typical applications are preparation of metallographic, ceramic and min-
eralogical specimens [24], finishing of diamond cutting tools [25], profiling and cal-
ibration of diamond wire-drawing dies [26], polishing gemstones, sizing and
finishing hardened steel and tungsten carbide tool components [27], etc. 

1.2.2 Single-Crystal Diamond

Single-crystal diamond tools, both natural and synthetic, are used as cutting tools,
dressers and wire-drawing dies. Poor availability of large natural stones, variations in
their quality, and time-consuming diamond selection and tool tip preparation proce-
dures have, however, markedly restricted the consumption of natural stones over the
last decade or so. The recent developments in high pressure–high temperature dia-
mond technology make it possible to produce synthetic single-crystal diamonds hav-
ing sufficient size and consistency of shape, crystallographic orientation and
performance not achievable with natural products [18,28,29].

Introduction 5
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Figure 1.1 Classification of diamond tools.
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1.2.2.1 Cutting/dressing tools
Diamond cutting blanks and dresser logs are produced by laser cutting of raw
monocrystals [30]. Synthetic diamonds are more regular in shape than natural
stones and the crystallographic orientations of each crystal are easy to define.
Therefore large synthetic crystals can readily be cleaved into plates and laser cut [28]
to produce suitable shapes in a broad range of sizes, up to around 8 mm as standard
[18,30], with crystallographically orientated sides and cutting edges as shown
schematically in Fig. 1.3.

Because diamond is an anisotrophic material, its rate of wear varies with the crys-
tallographic orientation. For instance, for the planes of the form {100} the direc-
tions exhibiting the highest and the lowest resistance to wear are 〈110〉 and 〈100〉,
respectively [31]. This becomes a matter of practical concern in the case of synthetic
diamond dresser logs where it is easy to affect the wear resistance of the tool by rotat-
ing the blank about its longitudinal axis to use the most wear-resistant crystallo-
graphic directions as the working directions. 

The single-crystal diamond tool blanks have long been applied for high-precision
machining of non-ferrous metals [28,30,32], unsintered carbide blanks [32], plas-
tics and glass [28,30], wood and laminates [25], dressing of profile grinding wheels

6 Powder Metallurgy Diamond Tools

Figure 1.2 Loose diamond micron powder products.
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[28–30], etc. Nowadays the synthetic diamond tools are used on much broader scale
due to the ease of fabrication, improved brazeability onto the tool holder, extended
tool life, and reduced machine downtime for the repolishing/resharpening opera-
tions [30]. They are also gaining ground in applications where natural diamonds
were traditionally used, such as in hardness testing indentors, scratching and scor-
ing styli, small engraving tools, as well as in measuring instruments [30].

1.2.2.2 Wire-drawing dies
In performance terms natural diamond has long been valued as an ideal die mate-
rial. The main drawback of natural stones is their high cost since only high quality
crystals are entirely suitable for the die fabrication process which includes laborious
inspection and flatting operations [33]. The advantage of synthetic monocrystalline
diamond blanks is that the opposing faces of each blank are easily produced by cleav-
ing a suitably grown crystal on the octahedral {111} plane [28]. From that point on,
the die fabrication process is virtually identical to that of natural diamond dies.
Initially, the die blank is mounted in a suitably shaped casing with carefully selected
powdered filler metals [28,34] by means of high-frequency induction heating and
under moderate pressure. After laser piercing, the die opening is profiled and pol-
ished ultrasonically with a shaped steel needles and abrasive diamond slurry. The
final operation consists in calibrating the bearing zone of the die with oscillating
wire which pulls diamond slurry through the bearing area.

These days high-grade synthetic single-crystal die blanks are being used in
increasing quantities displacing natural diamond dies. Synthetic stones have low
and controlled level of metallic inclusions, which allows superior fracture resistance
[28], and are capable of withstanding temperatures exceeding 1000°C in a non-
oxidising environment. By synthesising stones suitable for fabrication of die blanks
with a predefined crystallographic orientation it is possible to eliminate the problem
of uneven die wear which frequently occurs with natural diamond dies [33].
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Figure 1.3 Crystal structure of diamond (left) and idealised shapes of single-crystal diamond tool 
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Single-crystal diamond dies find increasing application in drawing ferrous alloys,
non-ferrous metals and alloys, precious metals, and high temperature drawing of
refractory metals, offering unrivalled productivity and quality of the finest sizes of
wire [33].

1.2.3 Bonded Diamond Grits and Powders 

This is by far the largest group of diamond tools used in a variety of workpiece
machining applications. They consist of diamond particles, either mono- or poly-
crystalline, which are embedded in diverse metallic or non-metallic matrices by var-
ious fabrication routes.

1.2.3.1 Electroplated tools
One of the earliest applications of metal-bonded diamond tools manufactured by
electro-deposition of the working layer onto a metallic tool body was in dentistry
[35,36]. Nowadays diamond electroplated tools are used on a broader scale for saw-
ing, grinding, boring, profiling, brushing, and surface-finishing of glass, porcelain,
cemented carbides, refractories, plastics, and other materials.

The formation of the diamond-impregnated layer starts with bringing diamond
grit, or powder, into contact with the working face of a rigid, or flexible, metal body
whereas the rest of the tool is masked off with lacquer [37] or wax [38]. The whole
assembly is then submerged in an electrolyte where a coating of a suitable metal
matrix is electro-deposited until its thickness is sufficient to hold one layer securely
in place, or occasionally more than one layer, of diamond particles. The metal most
frequently applied is nickel [37] but nickel alloys, such as Ni–Co [39,40], Ni–Mn or
Ni–Co–Mn, may also be used [39] by simultaneous deposition of the required metals
from mostly their sulphate solutions, with various additives, under strictly controlled
conditions. For better adhesion with the substrate, the tool body is often pre-coated
in the absence of diamond [40] (Fig. 1.4). 

Both natural and synthetic diamond grits, and powders, are used for electroplating.
Synthetic crystals often require purification prior to electro-deposition since metallic
inclusions, originating from the metal solvents used during diamond synthesis, may
promote harmful overplating of the abrasive particles [41]. Natural diamonds, being
inherently free from metallic inclusions, do not require any chemical or thermo-chem-
ical pre-treatments and are perfectly suited for the tool fabrication by electroplating.

1.2.3.2 Vitrified bond tools
A characteristic feature of vitrified bond diamond tools is high porosity which
amounts up to 55 vol% of the diamond-impregnated layer [37,42]. The pores play
an important role since they provide clearance chambers for storing and removing
the detritus generated during grinding. Another advantage of high porosity is good
distribution of the coolant throughout the tool–workpiece contact area.

Compared to the other types of diamond-impregnated tools, vitrified bond dia-
mond tools have found only limited application [43]. The unique properties of

8 Powder Metallurgy Diamond Tools
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vitrified matrices, however, such as a relatively long tool life and dimensional accu-
racy, ease of dressing, and ability to work at elevated temperatures when combined
with a friable diamond grit ensures that the tools remain sharp during use with the
minimum of re-dressing [44]. This makes them useful in grinding single-crystal and
PCD diamond tools [42], cemented carbides and ceramics [45] as well as certain
composite materials [37].

The main compounds used to produce vitrified bonds are SiO2, Na2O and CaO that
comprise the basic glass [42]. Some other constituents, such as SiC, Al2O3, B2O3,
ZnO, K2O, as well as feldspar, clays and other natural minerals, are also added in
varying proportion to modify the characteristics of the material [37,42]. The pow-
dered bond-diamond abrasive mix, with diamond concentration typically between
75 and 150 (18.75–37.5 vol%) [46], is either cold pressed and fired in a furnace at
900–950°C [47] in an inert atmosphere or, preferably, hot pressed at around 730°C
[42]. The advantage of the latter route is markedly shorter processing time at lower
temperature. Such a procedure yields tools with lower porosity and is less detrimen-
tal to the diamond toughness if a synthetic abrasive has been chosen (Fig. 1.5). 

1.2.3.3 Resin-bonded tools
In the vast majority of cases resin bonds are based on either phenolic resins or, more
thermally stable, phenol-aralkyl resins [14]. They are used in the form of a very fine
powder which accounts from around 30 to 40 wt.% of the bond in dry and wet

Introduction 9

Figure 1.4 Electroplated tools. (Courtesy of EHWA Diamond Ind. Co., Ltd.)
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grinding wheels, respectively. To impart strength to the bond, the resins are mixed
with SiC filler [37]. Various oxide-base drying agents, graphite or polytetrafluoro-
ethylene lubricants, as well as aluminium, copper or silver powders are also added in
small amounts in order to reduce and dissipate the frictional heat generated in grind-
ing [14,37]. The bond components are carefully mixed with a suitable amount of nat-
ural or friable synthetic diamond grit. The mix is poured into a mould and hot pressed
to shape the abrasive rim which is subsequently attached to the tool body by using a
suitable adhesive [14]. Optionally, the mix may be hot pressed directly onto the tool
hub which has undercuts on its circumference in order to aid mechanical keying. For
perfect bonding a thin film of heat-resistant adhesive is usually applied [14]. 

Depending on the wheel application the diamond concentration may range from
around 50 to 125 (12.5–31.25 vol%) [48]. Most resin-bonded diamond tools
(Fig. 1.6) take advantage of metal-clad abrasives which possess improved retention
and heat dissipation characteristics as compared with unclad diamond [45]. The
metal cladding options are nickel-base alloys, copper or silver. Nickel-clad diamonds,
containing 30–60 wt.% nickel alloy, may have a rough, ‘spiky’ surface which aid
diamond retention in the bond under severe grinding conditions [48,49]. Copper-
clad diamond, containing 50 wt.% copper is mainly dedicated to dry grinding appli-
cations. Silver-clad diamond, containing 50 wt.% silver, has recently been developed
for cemented carbide grinding with straight oil coolant [50,51]. As in certain nickel-
clad grades, the spiky silver coating formation enhances bond retention. It has also

10 Powder Metallurgy Diamond Tools

Figure 1.5 Selection of vitrified bond tools. (Courtesy of EHWA Diamond Ind. Co., Ltd.)
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been found to reduce friction between the tool and the workpiece [51]. By increasing
thermal conductivity of the working rim of the grinding wheel both silver and cop-
per perfectly improve heat dissipation, thus reducing the severity of the heat pulse to
the generally temperature-sensitive resin bonds [45,51].

Resin-bonded diamond tools offer cost-effective grinding where close dimensional
tolerances and good surface finish are critical. For that reason they have found appli-
cation in grinding of cemented carbides [37,52], oxide and non-oxide ceramics
[53,54], glass [54], as well as in fine grinding and polishing of natural stones [55].

1.2.3.4 Metal-bonded tools
In the production volume terms, metal-bonded tools account for around two-thirds of
the whole bonded-grit diamond tool market [43]. In the metallurgical sense, the term
‘metal bond’ should be applied to electroplated products rather than to metallic-
matrix diamond composites which, after all, most frequently occur in the colloquial
technical language as ‘metal-bonded’ or ‘sintered’ tools. As characterised by the lat-
ter synonym, the distinctive feature of what, for the purpose of this book, has been
classified as ‘metal-bonded diamond tools’ (Fig. 1.7) is an application of different
powder metallurgy (PM) techniques to the manufacture of the diamond-impreg-
nated working layer. 

The various PM fabrication routes as well as the most important application issues
for metal-bonded diamond tools are dealt with in detail in the next chapters of this book. 

Introduction 11

Figure 1.6 Resin-bonded tools. (Courtesy of EHWA Diamond Ind. Co., Ltd.)
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1.2.4 Polycrystalline Diamond (PCD)

Since the early 1970s, PCD has become established as a high-performance and cost-
effective alternative to conventional tools in the most demanding industrial applica-
tions, such as high-temperature drawing of wire [34], machining of metal matrix
composites [56], fibre-reinforced plastics, high SiAl alloys [18], and abrasive wood
composites [57], drilling in various rock formations [58], etc. 

PCD is produced by consolidating together accurately sized, high-quality dia-
mond powder in the presence of either metallic or non-metallic binding phase at
temperatures between 1200 and 1600°C and at high pressures of the order of
6 GPa [59]. When cobalt is used as the solvent/catalyst metal, it promotes the con-
version of graphite, which has formed at exposed grain surfaces, into diamond
through a dissolution–reprecipitation process under conditions of diamond thermo-
dynamic stability. This leads to a marked amount of intergrowth between the ran-
domly orientated diamond grains [59]. The final grain size depends on the average
grain size of the diamond starting powder which, in commercially available grades,
varies from 2 to 50 µm [59,60]. As would be expected, fine-grained PCD grades are
tougher and enable better surface finish to be achieved, whereas the coarse-grained
grades are more resistant to wear.

The presence of around 8 vol% cobalt in the commercial grades of PCD impairs the
mechanical properties of the material after its prolonged exposure to temperature in
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Figure 1.7 Metal-bonded tools and diamond-impregnated tool components.
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excess of 700°C. There are two reasons for this. First, the presence of cobalt pro-
motes diamond graphitisation and, second, the large difference between the thermal
expansion coefficients of diamond and cobalt leads to high internal stresses at ele-
vated temperature [34,61].

In order to impart better thermal stability to the material it is necessary to either
leach out the residual cobalt from the PCD composite or to replace the metallic phase
with a suitable non-metallic binder [62,63]. When silicon is used, instead of cobalt,
a catalytically inactive SiC binder is created by the reaction between silicon and dia-
mond. Since the thermal expansion coefficient of SiC is very close to that of dia-
mond, the PCD grades which contain SiC, typically around 19 vol% [59], can
withstand processing at temperatures up to 1200°C in an inert or reducing atmos-
phere [59,62]. 

1.2.4.1 Wire-drawing dies
The smaller PCD wire-drawing die blanks are produced as free-standing cylinders or
hexagons, whereas the larger cylindrical blanks are bonded to a supporting tungsten
carbide ring [34,60]. The die manufacture is essentially the same as in the case of
single-crystal dies with an additional possibility of piercing the die blank by electric
discharge machining (EDM) if there is sufficient amount of cobalt in the PCD mass
to render it electrically conductive [26,64]. 

The PCD dies are currently manufactured as either containing cobalt or ther-
mally stable grades [60,64]. Both products are ideally suited to economic production
of wire on multi-line machines, where fast drawing speeds, die life and product qual-
ity are crucial. Unlike single-crystals, PCD dies are available in the full range of sizes
and therefore they can be used to draw wire from 20 mm diameter down to micron
sizes [64] (Fig. 1.8). 

1.2.4.2 Carbide-backed blanks
PCD turning, reaming, boring, sawing and milling tools are produced exclusively as
cemented carbide-backed blanks [65,66]. For rock drilling applications the carbide-
backed PCD blanks are used as a complement to the thermally stable unbacked mate-
rial [67,68]. The PCD layer is integrally bonded to the cemented tungsten carbide
substrate at ultrahigh pressure and high temperature in the presence of cobalt. 

The commercial products are available as discs, of diameter up to 74 mm, or in a
variety of shapes and sizes suitable for direct tipping cutting tools. The individual
tool inserts are made from PCD discs by cutting with wire EDM [69] or laser [70] and
edge grinding with either mechanical means or spark erosion (rotary EDM) [69].
These inserts are subsequently induction brazed or mechanically clamped to the
desired tool body (Fig. 1.9).

1.2.4.3 Thermally stable PCD (TSP) bits
With the advent of thermally stable PCD, in the early 1980s [62], it has become pos-
sible to produce TSP bits and TSP hybrid bits (Fig. 1.10) by means of PM technology.
These products are widely used in mining and geological exploration drilling to
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Figure 1.9 Selection of PCD cutting tools and semi-finished products.

Figure 1.8 PCD wire-drawing dies. (Courtesy of Sanxin Wire Die, Inc.)
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complement the other drill types, such as impregnated diamond bits, surface-set dia-
mond bits, carbide-backed PCD bits as well as conventional cemented carbide insert
bits [71].

A detailed account of TSP bits PM fabrication by means of the infiltration tech-
nique is given in Chapter 4. 

1.2.5 CVD Diamond

An alternative route to synthesise diamond is by various chemical vapour deposition
(CVD) techniques, which consist in deposition of metastable polycrystalline diamond
film from a gaseous phase onto a suitable substrate maintained at between 700 and
1000°C [17,18,72]. In general, a mixture of carbon carrier gas, typically 1%
methane, and hydrogen is introduced into a CVD reactor where the gases are decom-
posed, below atmospheric pressure, by utilising various energy sources, such as the
electric arc, hot filament, microwaves, combustion flame, etc. The use of hydrogen
facilitate removal of non-diamond deposits, whereas the diamond film is allowed to
nucleate on the substrate and grow. As no metal catalysts are used in the synthesis
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Figure 1.10 Hybrid core bits. (Courtesy of Asahi Diamond.)
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process, the CVD diamond is free from metallic inclusions and therefore it is ther-
mally stable. 

1.2.5.1 Free-standing plates
Recent developments in the CVD diamond deposition techniques have enabled fabri-
cation and commercialisation of free-standing diamond plates up to around 1.2 mm
thick. These plates are cut to size and shape required by a particular application by
laser or EDM. The latter technique, however, may be used exclusively for boron-
doped CVD diamond grades that are electrically conductive [73]. To date, the thick-
film CVD diamond has mostly been used to complement some PCD products, such as
dresser logs [74,75], turning inserts [76], and surgical blades [74]. 

1.2.5.2 Coated tools
Thus far CVD diamond coated drills and turning inserts have not made significant
progress in industrial application mainly due to problematic preparation of the cut-
ting edge and the ease of delamination of the diamond layer [18]. To overcome the
latter limitation, special grades of SiC [20], Si3N4 and TiC/TiN pre-coated cemented
carbide [77] have been utilised as the most suitable substrate materials. The diamond
coating has a thickness of typically 20–30 µm and covers only a small working part
of the tool [20].

The CVD diamond-coated tools seem to have a great potential for industrial
exploitation, especially in machining graphite, metal matrix composites and SiAl
alloys [17]. However, further technological improvements are necessary to increase
their quality and to decrease the fabrication costs that are still too high, particularly
with regard to PCD [18].
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It is of critical importance to the diamond tool design and fabrication that the tool-
maker fully understands the complex interactions occurring between the tool and
machine, the workpiece and the application conditions. Figures revealed recently
indicate that the PM products account for around 62% of all diamond-impregnated
tools [1]. Interestingly, production of sawblades and drills for stone cutting and con-
struction applications has been identified as the biggest segment accounting for
around 61% of the overall consumption of industrial diamonds in Europe being the
largest market worldwide [2]. Therefore, for obvious reasons, it seems justified to pro-
vide in this chapter analytical descriptions of machining of a ceramic-type work-
piece with diamonds in various sawing and drilling operations. As both sawing and
drilling with diamond-impregnated tools are generally considered as grinding
processes with geometrically indeterminate cutting edges, the proposed models may
readily be fitted for most grinding operations as well.

2.1 Circular Sawing

Sawing brittle materials, such as stone, concrete, ceramics, etc., by means of a dia-
mond-impregnated saw consists in wearing away its mineral constituents by passing
rigid grits over the machined surface. The diamond crystals, acting as cutting edges,
are firmly held in a matrix, which wears progressively exposing fresh particles while
those protruding sufficiently to cut are subjected to mechanical degradation to be
finally dislodged. 

In order to attain the economically best sawing conditions, an ideal balance
between the tool life and cutting rate has to be achieved. The harder the workpiece
to be cut, the stronger the diamond type to be selected is a general rule while the
matrix has to erode at a rate compatible with the diamond breakdown. An incorrect
choice of the matrix and/or the diamond type, size and concentration yields a tool
that wears away excessively or refuses to cut altogether. 

Regardless of the choice of diamond and matrix, there are other factors, which
have a strong effect on the sawblade performance. The most important are:

● segment, or cutting rim, manufacturing method and parameters [3–11],
● workpiece properties [11–19],
● sawing conditions [13,17,20–26],
● cooling efficiency [27–29],
● quality of the segment-to-metal core joint [30–34],
● metal core design and tensioning [22,24,35–41],
● machine condition and operator’s skills [13,17,42].

Obviously, all the above-mentioned items are closely interrelated and therefore
each of them may prove critical and must not be neglected.

With circular sawing, the blade rotates in a constant direction at high peripheral
speeds of typically 25–65 m/s. This leads to the development of a tail of matrix
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behind each individual diamond particle, as shown in Fig. 2.1, which acts as a sup-
port during cutting. 

To provide enough space for chip removal, parameters characterising the sawing
operation have to be considered in conjunction with the composition of the cutting
rim so not to thicken the slurry excessively, thus avoiding harsh wear conditions for
the matrix. The direction of sawing, whether upwards or downwards, may also
affect the tool behaviour and justify a modification to the sawblade specification. 

Its effect is two-fold. First, the relative orientation of the resultant cutting force
and the support frame is different in down- and up-cutting as shown in Fig. 2.2. 

In either mode unstable sawing conditions appear when the resultant force deviates
too much from the direction of maximum rigidity, thus generating harmful vibrations
in the system [43–45]. Assuming that the spindle support in Fig. 2.2 is positioned 
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Figure 2.2 Forces acting on a sawblade in down-cutting (left) and up-cutting (right) modes.

ESJH_PMLD_CH002.qxd  8/26/2005  9:26 AM  Page 23



vertically, an increasing ratio of the tangential to normal force (Ft/Fn) results in lower
stability in the up-cutting mode while in down-cutting an opposite effect is observed.

Second, the diamond loading conditions change dramatically when reversing the
sawblade rotation as illustrated in Fig. 2.3.

In down-cutting, diamond particles penetrate into the workpiece to full depth
while coming in contact with it. Thereafter as the diamonds track across the abraded
surface layer, they emerge progressively and finally lose contact with the workpiece.
In contrast to down-cutting, in the up-cutting mode diamonds gradually increase
the depth of penetration to achieve the maximum values while leaving the kerf.
Consequently, the diamond breakdown is facilitated by downward rotation of the
blade that, by its nature, creates additional, pulsing impact forces acting on crystals,
which enter the cutting zone.

It has been proved experimentally that the wear pattern over the circumference of
a sawblade depends on the cutting mode as well [46]. In up-cutting all the segments
are subjected to wear at fairly the same rate, whereas in down-cutting the wear rate
of an individual segment is variable. Sites prone to accelerated wear tend to move
around the sawblade periphery in the direction opposite to that of its rotation. Such
a ‘spiral’ wear process is attributed to the aforementioned impact pulse loading of
the cutting diamond grit causing increased removal of material in the kerf of an
order which prevents the subsequent diamonds from engaging [46]. 

Assuming that a workpiece is cut by a thin sawblade that contains a single raw of
equally spaced diamond cutting edges of the same width as the steel centre and
located at the same height, then the chip removed by an individual diamond particle
attains the maximum thickness hmax [11,47],

hmax � �� ���� (2.1)
1

�
D2

1
�
a D

ZA
�

vs C w
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Figure 2.3 Kinematic diagram of diamond crystals that come in contact with workpiece in down-cutting 
(left diamond) and up-cutting (right diamond) modes.
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where ZA is the cutting rate (being a product of feed rate vf and depth of cut a), vs the
blade peripheral speed, C the surface concentration of cutting edges, w the width of
cutting edge, a the depth of cut and D the blade diameter.

It is noteworthy that by putting together a number of such thin sawblades and
rotating each of them on the spindle at a random angle it is possible to produce a
simplistic model of a continuous rim sawblade with a quasi-random distribution of
cutting edges on its periphery as demonstrated in Fig. 2.4.

Although it is difficult to approximate the actual values of C and w, relation (2.1)
has an important practical meaning. It quantifies the effect of the combination of dia-
mond related parameters, sawing conditions and tool size on the maximum chip
thickness, thus aiding the toolmaker in optimising the segment composition. Although
in the field practice, the severity of segment wear conditions is determined by many fac-
tors and independent judgement of a particular situation must always be exercised, the
maximum chip thickness appears to be a reliable preliminary indicator [11].

Another important parameter is the local, cumulative chip thickness H, defined
as the instantaneous thickness of the overall chip accumulated at a certain position
between the cutting rim and the workpiece [11,47]. The local value of H depends on
the direction of sawing, angular spacing of the cutting edges and their position.
Assuming that the cuttings, carried by the coolant, are moving in the same direction
as the blade at a constant rate of vs/2, the cumulative chip thickness distribution
throughout the cutting zone is different for down- and up-cutting conditions, as
shown in Fig. 2.5 [11,47].

In down-cutting, large amounts of debris are generated by diamonds entering the
zone, thus leading to rapid thickening of the slurry which promotes harsher wear
conditions for the matrix. In up-cutting, the slurry thickening process is slower since
diamonds attain the maximum material removal rate when leaving the zone.
Importantly, for a continuous rim blade the mean cumulative chip thickness at the
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outlet of the cutting zone does not depend on the cutting mode and can be derived
from the following relation [11,47]:

H�down(π/2) � H�up(ψ0) � � heq (2.2)

where heq is commonly referred to as the equivalent chip thickness.
The situation changes dramatically when the workpiece is cut by a segmental

sawblade. The debris generated by each working diamond travel along the trailing

ZA
�
vs
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Figure 2.5 Numerically generated cumulative chip distribution diagrams in down-cutting (left) and 
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part of the segment to be finally expelled into a slot behind it. In this case, expression
(2.2) is no longer valid since certain volume of the cuttings, which depends on the
blade design, is trapped in the slots. The mean cumulative chip thickness depends on
the length of the trailing section of the segment which indicates the advantage of
shorter segments, with the same rim-partition ratio (L1/L2), when excessive matrix
wear is observed. 

It has to be emphasised that slots incorporated into the cutting rim of a sawblade pre-
vent excessive accumulation of debris in the cutting zone. However, a reliable quantifi-
cation of H for this particular case is problematic because unknown amount of debris
travelling with a slot is sucked back into the cutting zone of the incoming segment.

2.2 Frame Sawing

In frame sawing, which has long been utilised on a broader scale in sawing stone
blocks, the blade is subjected to a reciprocal sawing action at a slow sinusoidal speed
with a maximum of around 2 m/s. The reciprocating movement of the blade slows
down the removal of stone detritus from the cut. This creates severe wear conditions
for the matrix and facilitates diamond pullout since there is no build-up of matrix
tail, and forces act on diamond grits in alternate directions. Schematic illustration of
the cutting zone characteristic of frame sawing is presented in Fig. 2.6. 

By analogy to circular sawing, in the frame sawing model it is assumed that a
stone block is cut by a thin, linear sawblade that contains a single raw of equally
spaced cutting edges of the same width as the blade and located at the same height.
From Fig. 2.7 it is evident, that the instantaneous horizontal speed of the sawblade
depends on the flywheel position.

Under such conditions, the maximum chip thickness is attained while altering the
movement direction and may be approximated as [11,47],

hmax � arc cos� � (2.3)
ls � 2L3
�

ls

vf
�
ns

Machining with Diamonds – Theoretical Model 27

Matrix

Sawblade reciprocating movement

Diamonds

Clearance

Stone

Figure 2.6 Schematic representation of the cutting zone in frame sawing.
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where ns is the flywheel rotational speed (number of rotations per minute), ls the
length of stroke and L3 the spacing of cutting edges.

By contrast to circular sawing, the frame saw acts at a slow horizontal speed and
consequently the impact on the diamond is low. Therefore, the matrix resistance to
wear takes priority over the diamond strength.

Obviously application of high feed rates in combination with a small number of
insufficiently protruding cutting edges results in high penetration depths and hence
short tool life. From relation (2.3), however, it becomes evident that harsh wear con-
ditions are also created on so-called ‘slow frames’ [48], which are characterised by
low flywheel rotational speed and small length of stroke. 

2.3 Wire Sawing

A diamond wire has become a standard stone quarrying tool. Due to its adaptability
to suit most sawing tasks, improved sawn-surface texture, reduced noise and vibra-
tion; it is also being increasingly used in a variety of stone and concrete sawing
operations [49–52]. In contrast to any other type of metal-bonded tools, in a wire
saw the diamond-impregnated beads are attached at regular intervals to a flexible
support which is composed of many high strength stainless-steel strands twisted
together to form a rope. 

The cutting action consists in pulling a properly pre-tensioned wire saw across
the workpiece as schematically presented in Fig. 2.8.

It is essential for the tool performance that the diamond beads are firmly fixed in
place on the rope and wear in a uniform manner over the whole working surface.
Therefore the wire saw should rotate in the kerf, but the beads must not rotate
around the steel rope holder [53]. In industrial practice a correct selection of the
sawing method usually yields satisfactory results [53,54], but pre-twisting the wire
around its centre axis before a continuous loop is assembled [54,55] and a proper
diamond bead design [56] may also aid in its uniform wear.

Contrary to circular and frame saws, the diamond wire has no clearly defined
shape and is considered to be completely flexible. Therefore the simple model used to
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derive equations (2.1) and (2.3) cannot be applied to wire sawing operations, except
in the case shown in Fig. 2.8a, for which the maximum chip thickness may be esti-
mated from the equation 

hmax � (2.4)

where vs is the wire linear speed. It should be emphasised, however, that equation (2.4)
holds when the wire has already been fully engaged and its deflection is small and
sustainable at a near-constant level. 

In the quarry-type machines, presented in Figs. 2.8b and 2.8c, both the length
and shape of the cutting zone vary markedly with time and hence no simple algo-
rithm exists whereby hmax could be estimated. As a further complication a contribu-
tion from the wire driving system to some scatter of forces acting on the working
part of the diamond wire is also expected. 

In the simplistic model of the diamond wire cutting zone, shown in Fig. 2.9, it is
assumed that the forces acting on a single cutting point are in equilibrium. 

For small values of α the normal diamond loading force Fl can be approximated
as follows:

Fl � 2Ft sin(α) � Fc

vf L3
�

vs
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where Ft is the rope tensioning force and Fc the centrifugal force.
Substituting

Fc � , sin(α) �

where mL is the mass per unit length of the wire saw and r the local radius of curva-
ture of the cutting zone. 

The loading force may finally be evaluated as follows:

Fl � (Ft � mLvs
2) (2.5)

The loading force has a direct bearing on the diamond penetration depth and, as it
may be inferred from the existing experimental data [57], there is a virtually perfect
linear relationship between these two parameters. Therefore equation (2.5) implies
that, when the operational variables are fixed, the theoretical local chip thickness
depends on the wire saw curvature. 

Initially, as illustrated in Fig. 2.10, the wire bends sharply at the corners (A), but
has a tendency to adopt more regular shape (B) as sawing proceeds. It is quite com-
mon that the cut is far from completion when the wire saw carriage approaches the
end of the track. Therefore the wire saw has to be shortened and, immediately after
sawing has been restarted, the rope is forced away from its rectilinear movement
when it enters and leaves the cutting zone (B’). Thereafter the wire saw loop
smoothes round (C) and its curvature increases (D). 

As it is evident from the above example, the configuration of the cutting zone is
complex and alters with time, and hence there is no simple method whereby the chip
thickness distribution throughout the cutting zone could be assessed. Attempts have
been made to gain more detailed insight into the wire sawing mechanisms by com-
puter simulation [57,58]. Even though the preliminary results are promising,

L3
�
r

L3
�
2r

mLL3vs
2

�
r
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Figure 2.9 Forces acting on a diamond wire.
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numerical modelling still lacks versatility and, as yet, has not become instrumental
in optimising the bead composition and wire saw design. 

2.4 Core Drilling

In core drilling, the bit rotates in a constant direction at peripheral speeds of between
1 and 10 m/s [59] and with its active part remaining in a quasi-continuous contact
with the workpiece material. This leads to the development of matrix tails behind the
exposed diamonds, as in the case of circular sawing (see Fig. 2.1). 

Figure 2.11 implies that the kinematic conditions of chip formation in core
drilling are relatively simple as opposed to the previously discussed diamond sawing
techniques. 

Assuming that the drilling crown contains a single raw of equally spaced dia-
mond cutting edges of the same width as the core barrel and located at the same
height, then the chip removed by an individual diamond particle has a constant
thickness,

h � hmax � (2.6)

The closed-ring geometry of the cutting zone imposes severe restrictions on evacua-
tion of drilling swarf from the kerf. In order to prevent excessive tool wear by abrasion
it is essential that a cooling fluid flows through the centre of the coring drill barrel in
sufficient amounts to wash the cuttings away. In most cases, water is pumped into the
narrow channel between the core barrel and the drilled material. To ensure easy fluid
circulation the drill bit crown has to possess either segmental or quasi-continuous rim
design with special waterways incorporated into it in the latter case. 

vf
�
vsCw
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2.5 Concluding Remarks

In actual situations, the cutting edges are never located at the same height but are
distributed at random. Therefore, merely a small proportion of diamonds retained on
the tool surface interact with the workpiece being subjected to particle breakdown
cycles wherein the height of protrusion and geometry of each cutting edge alter 
progressively [60].

Furthermore, the chip formation process is influenced in a complex manner by
additional factors such as

● instantaneous topography of the machined surface,
● workpiece properties (mineralogical composition, strength, hardness, grain

size, etc.),
● magnitude of forces acting between the tool and the workpiece,
● stress distribution in the workpiece,
● temperature generated and its distribution throughout the cutting zone, 

as well as many other system dependent variables and incidental events.
The existing theories of sawing of natural stone and ceramic materials discrimi-

nate between primary and secondary chip formation processes [61,62]. The former
operates in front of each cutting diamond where the debris is produced by an action
of tensile and compressive stresses generated alternately in the workpiece by a mov-
ing diamond. The primary chip contributes significantly to formation of a front crater
and chip removal grooves behind each working diamond as illustrated in Fig. 2.12.

Concurrently, the workpiece material is deformed by compressive stresses gener-
ated beneath the cutting diamonds. As soon as the load has been removed an elastic
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reversion leads to critical tensile stresses, which cause brittle fracture whereby sec-
ondary chip is produced behind the diamond. 

It has been well documented that when scratching brittle ceramics the material
removal consists in chip formation by plastic flow and brittle fracture mechanisms
[63–68]. When the diamond penetration depth is sufficient to cause cracks to
appear, a chip is created due to brittle fracture of the material. As presented schemat-
ically in Fig. 2.13, there is a zone of irreversible plastic deformation below the groove
made by tangential movement of an abrasive grain along the abraded surface and
two main crack systems, radial and lateral, derived from that zone.

The radial cracks, which are considered to cause strength degradation, are cre-
ated by the action of the wedge-shaped abrasive when high normal load is applied
and they may continue to propagate as the load is removed due to the residual ten-
sile stresses acting on the tip of the crack. The lateral cracks are initiated when the
load is removed and may propagate to carry on with the residual stress relaxation
process. Material removal by fracture is generally associated with lateral cracking
provided that the force on the wedge-shaped indentor is above a certain critical value
which depends on the mechanical properties of the workpiece material.
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Figure 2.12 Surface topography of a circular sawblade segment.

ESJH_PMLD_CH002.qxd  8/26/2005  9:26 AM  Page 33



It has been found experimentally that the specific material removal energy,
defined as 

Esg � (2.7)

strongly depends on the equivalent chip thickness [66]. For low heq values ductile
flow is the predominant mechanism and no crack formation is observed. This results
in intense heat production by friction and higher tangential cutting force due to
wear-flatting of diamond particles. Conversely, for high heq values there is an intense
formation of both radial and lateral cracks, which are responsible for the reduction
in workpiece strength and easier material removal respectively. Therefore, as the
material is already fragile it may partially be removed by a raking action of the tool
which lowers the tangential force. 

The description of material removal process based on the equivalent chip thick-
ness heq has, however, a serious shortcoming as it takes no account of factors that
affect the cutting forces. 

First, the brittle fracture zone does not appear until a certain critical chip thick-
ness has been attained [68] and the crack formation process is apparently affected by
the magnitude of the impact forces acting on the workpiece. It is therefore reason-
able to assume that Ft, and consequently Esg, depends on the maximum chip thick-
ness, i.e. on the kinematics of the cutting process. 

Industrial practice has given evidence of this [69]. As shown in Fig. 2.14, for con-
stant cutting rate and blade peripheral speed, which renders heq constant as well, the
power consumption in circular sawing of granite, which is a product of Ft and vs,
increases when deeper cuts are made, i.e. when hmax is being reduced. 

Ft
�
wheq
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Figure. 2.13 Schematic representation of the plastic deformation zone, radial and lateral cracks produced by
scratching brittle material with a wedge-shaped abrasive [64–67].
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Second, detailed analysis of forces acting on a circular sawblade indicates that the
normal to tangential force ratio strongly depends on the process parameters [26]. As
documented in Table 2.1, the tangential force per unit length of contact remains vir-
tually unaffected by the sawing conditions whereas its normal counterpart varies to
a large extent.

Interestingly, the normal force per unit length of contact ideally correlates with
the maximum chip thickness. The perfect inverse relation between the normal load
per unit length of contact and maximum chip thickness implies dulling of the cut-
ting points at low diamond penetration depths. 
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The tool design and composition of its cutting layer play a key part in economic
machining of materials where great demands are made on the tool life, its free-cutting
ability and also on the precision of the job, edge quality and surface finish.

3.1 The Effect of Tool Design on its Performance

The tool design has been found of paramount importance especially in the case of
circular sawing by means of segmental sawblades. The proper choice of slot geome-
try and arrangement of segments gives improved tool performance in terms of qual-
ity of the cut, noise, abrasive wear and fatigue life of the steel centre, flow of coolant
to the cutting zone and reduced segment wear by abrasion. 

Industrial experience has resulted in the adoption of several segmental sawblade
shapes, which have been found to perform well in a wide range of applications. These
basic shapes are shown schematically in Fig. 3.1.

Blades with narrow slots (see Fig. 3.1, type 1) are recommended for sawing hard
materials, where good edge retention and surface finish have to be achieved. 

By substituting each long segment with two, or more, shorter segments (type 2), it
is possible to decrease the abrasive action of the slurry by shortening the trailing part
of the segment and allowing greater flow of coolant into the cutting zone. Besides, the
uneven spacing of segments, especially when the number of segments per tooth varies
around the blade circumference, may slightly reduce the noise generated during
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cutting by eliminating natural resonant vibrations being induced by the segments con-
tacting the workpiece at a regular frequency [1]. 

The application of a forward rake to each slot (type 3) or giving the slot a keyhole
shape (type 4) have been found to hinder the fatigue crack initiation at the slot base
thus having a beneficial effect on the life of the steel centre [1]. 

The fatigue life of the steel centre often becomes a critical consideration in saw-
blades used under heavy-duty conditions as well as in large diameter blades for stone
sawing. In the first case, application of high cutting rates on hard materials give rise to
increased cutting forces, which must be transmitted by the steel centre. In the second
case, the largest steel centres are very expensive and have to be used a number of times
to render the stone sawing process economically viable. Wide slots (type 5) are best
suited for these applications since they effectively prolong the fatigue life of the centre.

Wider slots allow more efficient flushing of the swarf from the cut and, therefore,
they are also readily used for fast sawing operations as well as in circular sawing of
very abrasive materials. The presence of very abrasive particles between the sides of
the blade and the workpiece may cause rapid side wear of the slotted rim leading to
premature loss of segments. To prevent this, a number of wear protective segments
(types 6 and 7) are incorporated into the blade periphery [2]. As each of these seg-
ments can effectively protect up to five trailing teeth, it has been found necessary to
execute every sixth segment in this way. Alternatively the leading edge of, typically,
every second slot has to be reinforced with abrasion resistant cemented carbide
inserts or stellite coatings (type 8). 

There are many ways in which diamond-impregnated segments may be designed.
The basic classification of sawblade segments is given in Fig. 3.2, although various
combinations of the types shown therein as well as many other less common execu-
tions [3–5] may also be found in the industrial practice. 

Although uniform and simple-shaped segments are cheaper to manufacture, the
application requirements may justify selection of complex designs. 

The application of tapered segments has the advantage of decreasing the power
consumed for sawing through reducing the lateral friction of segments against the
stone. 

There are two reasons for using segments incorporating a diamond-free base.
First, they can hardly be worn down to the steel support and, therefore, it is cost-
effective to withdraw the diamond from the base section of a segment. And second,
the diamond-free layer of suitable fusion characteristics is required if the applied
method of fixing the segment to the steel centre is by means of laser welding since a
carbon-containing material would embrittle the steel support after welding.

The so-called ‘sandwich’ is a three-layer segment in which the outer layers differ
from the inner one in their susceptibility to wear, whereas the multi-layer segments
consists of a few diamond-impregnated layers separated by markedly thinner dia-
mond-free zones [6,7]. Both types have been found superior to the conventional seg-
ments in the circular sawing applications due to desirable saddle-like or corrugated
wear profiles being developed at work, as illustrated in Fig. 3.3, which impart a self-
guiding characteristic to the sawblade and prevents it from deviating in the cut.
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3.2 Metal Matrix Selection

The two basic functions of the metallic matrix are to hold the diamond tight and to
wear at a rate compatible with the diamond loss. The wear resistance of the matrix
has to correspond with the abrasiveness of the workpiece material, so that neither
the diamond grits protrude insufficiently nor they are lost prematurely. A too ‘soft’ a
matrix wears faster than the diamond, which results in the possibility of diamond
pullout. On the other hand, an extremely wear resistant matrix could wear more
slowly than the break down of the diamond, causing the segment surface to polish.
This phenomenon is commonly known as ‘glazing’.

When a hard and dense material is machined, very little debris is formed and only
as a fine powder. Under such conditions the matrix wear is slow. On the other hand,
when an open-textured and gritty material is machined at high processing rates, a
great quantity of coarse debris is released, which usually creates harsh wear envi-
ronment for the matrix.
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Wear resistant layers

Less wear
resistant layer

Diamond-free layers
Steel centre
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Figure 3.3 Wear patterns of conventional (left), sandwich (centre) and multi-layer type (right) diamond-
impregnated segments.

Multi-layerTapered
(uniform or complex

internal structure)

Uniform Diamond-free base Sandwich

Figure 3.2 Basic types of sawblade segments.
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The workpiece machining conditions have also to be taken into consideration.
During frame sawing, for example, the removal of detritus from the cut is hindered
by the reciprocating motion of the sawblade. Hence, the wear rate of the matrix is
always higher in comparison with circular sawing when the blade rotates in the
same direction improving debris removal conditions. 

The second and equally important function of the matrix is to hold the diamonds
for as long as possible. The matrix capacity for retention of diamond grits is a com-
plex, system-dependent property, which is affected by the material characteristics
and application conditions as well. 

The hold on the diamond may be mechanical or mechanical in combination with
chemical. The potential retentive properties of the matrix are often assessed by its
yield strength since to break the hold on a diamond particle the yield strength of the
matrix has to be exceeded [8]. The pulling off force, however, is a function not only
of the level of elastic deformation around the diamond but also of its shape, which
can promote stress concentration. Hence the notch-sensitivity and ductility of the
material are also important parameters [9,10]. 

Although in the vast majority of matrices the hold is purely mechanical, a great
deal of effort has gone into improving retention by means of supportive chemical
bonding. This can potentially be achieved by using alloys, which contain carbide-
forming elements. Some of these alloys may melt at the hot pressing temperature to
wet and flow over the diamond particles [11]. Consequently, islands of carbide nucle-
ate on the diamond surface and grow with concentration of the reactive element to
form a continuous interfacial layer. After this point is reached, the interface ceases to
strengthen and may weaken as the carbide thickens due to the development of flows
or porosity. Additionally severe diamond surface degradation is often observed due to
the formation of too thick carbide layers. Since the optimum concentrations of car-
bide formers are far less than those needed to induce wetting, there are technical
problems in utilising the most strongly bonding alloys as matrix materials.

To deal with these problems many attempts to bond diamonds in the solid state
have also been made by examining various chromium [12,13] and tungsten
[12,14] containing powders. On an industrial scale, however, this technique
appears to be impracticable. The enhancement in the tool performance hardly ever
recompenses for the additional powder treatment and necessity for graphite mould
protection, as the mould also reacts with the powder being consolidated and may
easily be destroyed during disassembling. Besides, the carbide forming elements
impair ductility of the matrix. For instance, an excess of chromium in a cobalt-base
matrix results in markedly increased porosity, due to the Kirkendall effect, or even
formation of undesirable, brittle σ -phase [13]. For the above reasons, the recent
trend is towards using metal-coated diamonds rather than chemically reactive
matrices.

The segment manufacturing process determines the degree of diamond degrada-
tion. The properties of the diamond grit in the final product depend greatly on the
segment processing temperature and chemical composition of the matrix. Synthetic
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diamonds begin to lose strength beyond 800°C. Due to the presence of metallic
inclusions, the decline is fairly rapid at temperatures in excess of 1000°C. Therefore,
the thermal stability of a diamond grit must be taken into consideration when the
matrix powder requires hot pressing at temperatures of around 1100°C.

In addition to a drop in strength, surface graphitisation takes place for both syn-
thetic and natural diamond grits. The process commences at ~700°C [15].
Obviously the percentage of diamond converted into graphite should be minimised,
otherwise the tool life can be reduced. This is especially important in applications for
which fine grit sizes are required. Generally, the finer the grit, the higher the tem-
perature and the longer the hot stage processing time, the greater the degree of
graphitisation. Metals showing appreciable solubility for carbon, e.g. iron, cobalt,
nickel, etc., increase the possibility of severe surface attack and subsequent loss of
diamond before it can be utilised [16,17]. 

Last but not the least, the higher the processing temperature the higher the con-
sumption of hot pressing consumables, which often renders the production eco-
nomically non-viable. As the hot pressing route is common in the manufacture of
diamond-impregnated tool components, it is reasonable to classify the matrix pow-
der mixtures according to the hot pressing temperature required to near-full densifi-
cation of the segments. Such a classification based on the main segment fabrication
limitations is provided in Table 3.1.

3.2.1 Cobalt Powders

Cobalt and cobalt-base alloys have been the most widely used as a base matrix mate-
rial for diamond-impregnated tools for long. Unlike other metals, cobalt powder

● is available in a variety of grades, which differ in particle size and size distri-
bution, particle shape, chemical purity, etc.,

● can be cost-effectively consolidated to virtually theoretical density, by means
of hot pressing, under relatively low temperature/pressure conditions.
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Table 3.1 Segment fabrication limitations.

Hot pressing Degree of diamond degradation Consumption of hot press
temperature (°C)

Grit type: low-grade Grit type: high-grade
consumables (graphite moulds

synthetic (irregular, synthetic (blocky, 
and electrodes, segment release

friable, with high crystalline and thermally
agents, ceramic insulators, etc.)

content of metallic stable) or natural
inclusions)

�900 Low Low Small
900–1000 Medium Low Medium1

1000–1100 High Low to medium High1

1Vacuum or inert gas atmosphere decreases consumption of graphite.
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In a hot pressed condition, cobalt

● shows excellent diamond retention properties due to unique combination of
high yield strength and toughness,

● has adequate resistance to abrasive wear, which can further be modified by
admixing other powders prior to consolidation.

The experimental evidence show that the microstructure, phase composition, hard-
ness, mechanical strength, ductility and resistance to wear of hot pressed cobalt
vary widely with the powder properties and parameters of the hot pressing cycle
[18–23]. The key factors that determine the choice of a particular powder grade
include the mean particle size, and the type and content of impurities.

Particle size affects the densification temperature which, in turn, determines the
degree of diamond degradation and, when in excess of 1000°C, causes excessive
consumption of hot press consumables (see Table 3.1). With the air-operated equip-
ment (see Fig. 4.6) this may render the process economically non-viable. 

Under moderate pressure of 30–35 MPa, most of the commercial cobalt powders,
listed in Table 3.2, require to be held for 2–3min at 700–900°C to achieve near-full
density. As a rule, the coarser the powder, the more difficult it is to eliminate the
residual porosity. The coarsest grades retain 4–5% of pores, even after hot pressing
at 1000°C, which markedly degrade mechanical properties of the material.

In the tool-making practice cobalt powders coarser than 3 µm are readily mixed
with bronze, which aids densification and renders the matrix suitable for processing
less abrasive materials.

The majority of cobalt powders are made by chemical methods that have been
reviewed elsewhere [23,25]. It is noteworthy that the powder’s chemical, physical
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Table 3.2 Commercial cobalt powders and their properties.

Grade designation Fisher sub-sieve size (µm) Typical impurities1 (ppm) Producer

SMS ~0.9 — Umicore
Ultrafine ~0.9 Ag-940, S-45
Extrafine ~1.4 —
400 mesh ~4.5 Ca-290, Si-215, S-100
CoUF ~0.9 Mg-250, Na-170, S-140 Eurotungstene
CoF ~1.25 n/a
CoFS ~1.4 n/a
CoC ~1.6 n/a
CoD ~1.8 n/a
CoH ~3.5 n/a
Submicron ~0.8 — OMG
Extrafine ~1.5 —
400 mesh ~4 —
Ultrafine 0.85–1.1 Mg-300, Na-130, Ca-100, Si-60 Sandvik [24]
Extrafine 1.15–1.5 Mg-200, Na-160, Ca-150, Si-60

1Average values without oxygen.
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and technological characteristics are specific to the type and purity of the precursor
material and the production route. 

Impurities such as oxygen, sulphur and stable oxide and sulphide formers, e.g.
magnesium, calcium, sodium, etc., can strongly influence the development of
microstructure with temperature thus affecting the post-consolidation properties of
the material.

Oxides impede grain growth through anchoring the grain boundaries. In general,
the higher the oxygen content of the powder the stronger the effect of oxide phase
on the grain size stability with temperature. Consequently, the material resists
recrystallisation far beyond its complete densification temperature and retains
higher hardness and yield strength at the expense of ductility.

There is sufficient evidence that sulphur imparts brittleness to cobalt even when
present in trace amounts of 50–60 ppm [26]. Sulphur may also stimulate grain
growth at temperatures exceeding 877ºC, due to formation of a liquid phase pene-
trating the grain boundaries and promoting their migration [23], which is typical of
the Ultrafine hydrometallurgical powder from Umicore. 

In the hydrometallurgical process, organic compounds are added to prevent
growth and agglomeration of the cobalt particles [27]. This organic material forms
a layer on the particle surface that minimises formation of metal oxides when the
powder is stored in contact with air [28]. Therefore, the powder purifies itself during
hot pressing to yield material virtually free from oxygen [23,28].

If powders are contaminated with magnesium, calcium, sodium and/or other ele-
ments, which form thermodynamically stable oxides and sulphides, then the mate-
rial obtained thereof displays excellent grain size stability with the consolidation
temperature and is not sensitive to sulphur-induced grain growth.

SEM micrographs of selected commercial cobalt grades used as matrix powders
for diamond tools are shown in Fig. 3.4.

3.2.2 Cobalt Substitutes

The 1990’s collapse of a strategic, Zairean cobalt supply led to serious concerns
about cobalt’s price stability [29]. Uncertainties facing supplies from Africa initiated
an eager search for cheaper options. Consequently an extensive, market-oriented
research on novel powders was triggered with the intention to substitute expensive
and prone to unpredictable price fluctuations cobalt [30] with suitable alternatives. 

The industry’s evolving technological sophistication has led to the development of
several low-cobalt and cobalt-free powders which consist of a combination of at least
two elements, which are co-precipitated to yield pre-alloyed agglomerates of sub-
micron-sized particles [31–33]. The manufacturing processes still undergo modifi-
cations to couple the product’s excellent hot pressing characteristics with field
performance similar to cobalt.

The chemical compositions and particle sizes of the cobalt substitutes have been
compiled in Table 3.3. 
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Typical morphologies of powders comprising the Cobalite and Next families are
illustrated in Fig. 3.5.

3.2.3 Other Matrix Powders

Except in tools made by the infiltration process, the other powders are most com-
monly used as additives to cobalt, or its substitutes, with the intention to aid densifi-
cation and to modify the matrix wear and retention characteristics. Iron, copper, tin,
bronze alloys, tungsten, tungsten carbides and nickel alloys are used extensively. 

Iron can be dangerously reactive with diamonds at high tool fabrication temper-
atures due to considerable solubility of carbon in austenite [14,15]. Nonetheless,
moderate iron additions to cobalt (10 wt.% [23]) and Next range powders (20 wt.%
[43,44]) markedly improve ductility of the matrix and, in the latter case, increase its
yield strength [43,44]. There are many types of iron powders but mostly the finest
grades have been utilised on a broader scale in diamond tool matrix compositions.
Fine iron powder, prepared by thermal decomposition of iron pentacarbonyl [45], is
illustrated in Fig. 3.6.

Additions of pre-alloyed bronze series powders, elemental copper and tin, used
separately or in combination, usually assist densification of the matrix and reduce its
resistance to wear thus rendering the tool more suitable for processing less abrasive
materials [23].

Tin, pre-mixed tin bronzes and, in certain cases, pre-alloyed bronzes become
molten at the hot pressing, or sintering, temperature. The amount of liquid, even if it
appears as a transient phase, must be limited so that the parts retain their shape and
minimum flash is forced out of the mould when the consolidation is performed by hot
pressing. Besides the liquid phase strongly affects the degree of diffusion alloying
between the matrix-forming components, therefore careful control over heating rate,
time, temperature and pressure-at-temperature is required for reproducible results.
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Table 3.3 Typical chemical compositions and mean particle sizes of commercial cobalt
substitutes.

Designation Chemical composition1 (wt.%) Fisher sub-sieve Producer

Fe Cu Co Others
size (µm)

Cobalite 601 70 20 10 — ~4.9 Umicore 
[33–36]

Cobalite HDR 66 7 27 — 6–7
Cobalite CNF 68.4 26 – Sn-3, W-2 ~2

Y2O3-0.6
Next 100 26 50 24 — 0.8–1.5 Eurotungstene 
Next 200 15 62 23 — 0.8–1.5 [37–42]
Next 300 72 3 25 — ~4
Next 900 80 20 – — ~3

1Oxygen not taken into account.
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In the case of tin bronzes, larger amounts of either pre-mixed or pre-alloyed mate-
rial are sometimes applied shifting the matrix composition to the bronze-base side.
The various bronze formulation and consolidation conditions may largely affect the
final material properties due to great complexity of microstructural modifications
that can be produced. Figs. 3.7–3.9 compare morphologies of copper, tin and tin
bronze powders typically used in the manufacture of diamond-impregnated tools. 

Tungsten is one of the strongest and most rigid metals with strong atomic bond-
ing affinity for carbon in the diamond, which results in the formation of a thin film
of tungsten carbide at the interface between the tungsten and the diamond.
Tungsten carbide does not decompose upon cooling and hence causes virtually no
damage to the diamond [14]. These excellent characteristics may contribute to the
firm anchoring of diamonds in the matrix, by providing both mechanical support
and chemical bonding, as well as to the increased matrix resistance to wear.

The finest powders are commonly used in segments produced by the hot pressing
route, whereas the coarser grades are better suited to the manufacture of diamond
tools by infiltration. Fig. 3.10 shows a typical example of a fine tungsten powder.

Tungsten carbides are often used in various amounts for increasing the matrix
resistance to abrasion. There are many types of tungsten carbide powders, which dif-
fer in the chemical composition, particle size, shape and microstructure. 
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Figure 3.6 Carbonyl iron powder (Fe CN, BASF).
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Figure 3.7 Electrolytic copper powder (FL, ECKA MicroMet).

Figure 3.8 Gas atomised tin powder (30 GN -350, ECKA Poudmet).
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Figure 3.9 Water atomised tin bronze powder (25 GR 85/15 -325, ECKA Poudmet).

Figure 3.10 Fine tungsten powder (HC 300, H.C. Starck).
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The conventional-type fine tungsten monocarbide powder, produced by solid-state
diffusion carburisation of tungsten metal powder at high temperature under protec-
tive atmosphere [46], is an irregularly shaped polycrystalline material characterised
by a comparatively high particle porosity and variable particle microstructure [47].
Consequently, the powder exhibits poor flow and packing characteristics. 

The so-called ‘macrocrystalline’ tungsten monocarbide is a low-porosity,
non-agglomerated powder produced by a proprietary aluminothermic process,
which consists in growing WC crystals from the tungsten ore concentrates via a
self-sustaining exothermic reaction [48,49]. This process yields polygonal particles
that may be up to two orders of magnitude larger than those produced from the tra-
ditional carburisation, as compared in Fig. 3.11.
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Figure 3.11 Tungsten monocarbide powders most suitable for: (a) hot pressing/sintering (DS 250, H.C. Starck);
(b) infiltration (Macrocrystalline WC, Kennametal).

ESJH_PMLD_Ch003.qxd  8/27/2005  4:44 PM  Page 53



The commercial macrocrystalline tungsten carbide powder is available in a wide
range of sizes ranging from 1.2 to 420 µm [50]. Due to excellent wetting, flow and
packing characteristics this powder is especially well suited to the manufacture of oil
exploration and mining bits by the infiltration process. It may also be used to modify
the wear properties of diamond-impregnated saw segments except in situations
where its poor compactibility becomes critical.

Other types of tungsten carbide powders are two-phase eutectic WC/W2C car-
bides. These powders are manufactured by either the traditional casting process
[46,50] or by sintering in vacuum [46], and find applications similar to the macro-
crystalline monocarbide. Although chemically similar to each other, the vacuum
fused powder, shown in Fig. 3.12, is more isotropic and chemically uniform, and has
lower porosity than its chill cast counterpart.

In coarse mesh sizes eutectic carbides are readily used to increase resistance to
abrasion but may also act as a secondary abrasive in infiltrated oil and gas explo-
ration bits. The finer sizes are better suited for the manufacture of tools by the 
hot pressing route that are utilised for sawing and drilling of abrasive materials. 

An alternative method of improving the resistance to abrasion of the matrix is to
add hard pre-alloyed nickel-base powders. A great number of gas atomised
Ni–Cr–Si–Fe–B–C grades have been developed and made available on the commer-
cial scale to date [51,52]. The powders are essentially finer than 150 µm and have
near-spherical particle shape, as illustrated in Fig. 3.13.
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Figure 3.12 Coarse eutectic tungsten carbide powder (KF110, Kennametal).
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The pre-alloyed nickel-base powders are less effective in aiding resistance to
abrasion of the matrix than tungsten carbide powders. Important economic and
technological advantages can, however, be achieved by substituting tungsten car-
bides with nickel-base alloys because they are cheaper, have lower specific density
and, becoming soft at elevated temperatures, do not impair the hot compressibility
of the matrix.

The other additive powders which are occasionally encountered in the tool-
making practice comprise carbonyl nickel, atomised tool steels, manganese and
manganese–nickel bronzes, tin-titanium bronzes, zinc, lead, molybdenum, boron,
aluminium and chromium [53–57]. 

3.3 Diamond Grit Selection

To meet the individual requirements of a given application, a number of diamond-
related parameters must be taken into consideration. The following have the great-
est significance:

● diamond type,
● grit size,
● concentration.
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Figure 3.13 Nickel-base pre-alloyed powder (HMSP 1560-00, Höganäs).
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3.3.1 Diamond Type

The processed material primarily determines the type of diamond abrasive used in
the tool. A good general rule is the harder the workpiece, the stronger the diamond
grit has to be selected.

Diamond manufacturers provide the toolmakers with a wide range of natural and
synthetic grits of varying properties such as mechanical strength, thermal stability
and matrix retention characteristics.

Natural grits, made by crushing mined diamond boart, are free from metallic
inclusions and hence, they show excellent thermal stability. Natural diamond parti-
cles can retain their original mechanical strength even up to 1400°C, whereas syn-
thetic grits begin to lose strength beyond 800°C [58]. From the matrix retention
viewpoint, crushed crystals possess excellent bonding characteristics, which result
from the many re-entrant surfaces. This makes the natural diamond advantageous
for frame sawing of marble, limestone and other less hard stones. On the other hand,
the irregular diamond surface impairs mechanical strength. In more rigorous appli-
cations, this drawback may successfully be dealt with by using rounded diamonds,
which are designed and processed to cope with high-impact forces [59]. The rounded
shape implies, however, that higher cutting forces are generated and hence rigid and
more powerful machines are required. It is reasonable to choose rounded natural
grits for manufacturing processes, which involve high hot pressing temperatures
and give priority to low tool fabrication costs. 

The two mentioned natural diamond abrasives are illustrated in Fig. 3.14.
The main advantage of using synthetic diamond is that it can be designed and

manufactured to satisfy virtually any specific application requirements. In response
to the diversification of the demands of the market, two major diamond grit families
of different particle characteristics have been developed. By using either a cobalt- or
a nickel-base alloy as a catalyst/solvent in the diamond synthesis crystals of differ-
ent internal structure can be obtained. The ‘cobalt’ grades are characterised by the
presence of ordered arrays of metal inclusions within each particle, whereas in the
‘nickel’ grades the impurities are uniformly distributed throughout the particle
resulting in excellent transparency and cosmetic appearance and higher ability to
retain mechanical strength after processing at high temperatures [60]. Fig. 3.15
exemplifies the difference between the two synthetic diamond families.

It has been well documented that the group VIII metals are responsible for cat-
alytic graphitisation of diamond [61]. As transformation from diamond to graphite
results in a volume increase of about 56%, the combination of graphitisation
stresses and thermal stresses, originating from the mismatch in the thermal expan-
sion coefficients at the diamond/catalyst metal interface, causes weakening or even
shattering of the diamond particles [59]. Consequently, the amount and manner in
which inclusions are distributed within each crystal in conjunction with its thermal
history will affect the diamond’s wear behaviour. 

It has been observed in practice that grits manufactured by the cobalt alloy-based
synthesis process, where inclusions are well aligned and ordered in a geometric pattern,
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show a tendency to fracture in more irregular manner compared to their counterparts
from the nickel alloy-based synthesis. This feature may either be beneficial to the tool,
promoting a free-cutting behaviour at low material removal rates, or disqualify the tool
for heavy-duty applications [60]. 

Over the past four decades, laboratory techniques have been developed for the
quantification of the strength and thermal stability of diamond grits. The current
industry standard procedure is an impact test, which consists in vibrating a cylindri-
cal test capsule that contains the diamond sample and a test ball that impacts the dia-
mond particles in the capsule [62–65]. The diamond may either be examined in the
untreated state or after heat treatment at elevated temperatures [60,65]. The latter
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Figure 3.14 Natural diamond abrasives with (a) re-entrant surfaces and (b) rounded. 
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procedure helps to predict the complex effects of segment thermal processing on dia-
mond strength [58], although the matrix itself may accelerate the diamond degrada-
tion due to chemical reactions occurring at the diamond/matrix interface [16,17]. 

There are two ways of grit strength determination. The first is based on the half-
life concept, i.e. the time required to reduce 50% of the diamond below the size of a
breakdown sieve is determined. The second consists in measuring the percentage of
diamond remaining on a breakdown sieve upon fixed comminution time, which is
commonly termed the ‘toughness index’ (TI) or the ‘thermal toughness index’ (TTI)
if the sample has additionally been annealed prior to testing.

Another technique, which has recently been developed, is the so-called ‘compres-
sive fracture strength’ (CFS) test [66,67]. It uses two rotating rolls connected to a
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Figure 3.15 Synthetic diamond abrasives produced by using (a) cobalt-base alloy and (b) nickel-base alloy as a
catalyst/solvent in the diamond synthesis process.
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spring, load meter and data acquisition system to dynamically load and crush indi-
vidual diamond crystals in a test sample. The force required to fracture each crystal
is measured and processed to finally provide the average value as well as compre-
hensive information on the distribution of crystal strengths in a population. 

Whichever method has been selected, it provides useful grit strength indicators
that help the toolmaker to design the segment composition and fabrication process
and also to predict the grit wear behaviour in application.

In addition to the grit strength indicators, the diamond manufacturers have
developed means to define the diamond shape [67] as an equally important product
quality. As exemplified in Fig. 3.16, the ideal crystal morphology of synthetic dia-
mond can range from a pure cube to a pure octahedron. 

The actual morphologies, created by the synthesis process conditions, lie between
these two extremes and are termed ‘cubo-octahedral’. As it is possible to assign the
so-called ‘morphology index’ [68] or ‘tau’ parameter [67,69] to any diamond crys-
tal, sophisticated image-analysis techniques have been developed to serve as a pow-
erful tool in the quantification of particle morphology. Thereby the shape, which
term encompasses some more structural features such as particle aspect ratio, its
surface morphology, edge geometry, etc., may also be determined. Nowadays, highly
specialised computerised systems are capable of capturing and processing extensive
image analysis data to yield quantitative particle shape information as well as mean-
ingful population statistics. Better shape recognition has a direct impact on the prod-
uct consistency and also contributes to the creation of toolmaker-oriented, grit
ranking systems [60]. 

The diamond shape itself will obviously affect the particle integrity and breakdown
characteristics in use. Therefore diamonds which have a regular, cubo-octahedral
shape are stronger than irregular crystals with less well-defined edges and rough
faces. However, less crystalline grits are more free-cutting in application and show
improved retention in the matrix. Since weaker diamond crystals with good retention
properties are generally required in frame sawing, appropriately selected synthetics
are seen as having potential to increasingly replace natural grits in this application.
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Figure 3.16 Diagrammatic representations and numerical codes of various synthetic diamond morphologies.
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3.3.2 Grit Size

Commercial diamond abrasives, both natural and synthetic, are classified into two
broad bands of grit sizes. These are commonly referred to as ‘saw’ and ‘wheel’ grits.
Within each band the grit size is defined by two sieve aperture sizes, of the top and
bottom defining sieves, as required by the existing standardised procedures [70].
Certain saw diamond grits are additionally characterised by a so-called ‘particle per
carat’ (PPC) count [71]. The PPC specification guarantees the number of patricles
per carat to a strict tolerance for each standard mesh size and thus aid in the prod-
uct consistency.

The saw diamond abrasives are coarser than 80 US mesh and find extensive appli-
cation in a variety of sawing, drilling and milling operations where fast material
removal rates are essential. The general guidelines for diamond sizes used in the most
typical tool applications are as follows [72–76]:

20/30 US mesh – circular sawing and drilling of very abrasive sandstone, fresh
concrete and asphalt; drilling of reinforced concrete; frame
sawing of abrasive sandstone.

30/40 US mesh – circular sawing and drilling of stone, concrete, reinforced con-
crete and asphalt; frame sawing of abrasive sandstone.

40/50 US mesh – circular sawing, drilling and milling of stone (e.g. granite, dior-
ite, gabbro, less abrasive sandstone, limestone, dolomite, mar-
ble), concrete and refractories; wire sawing of stone and
construction materials; calibrating of stone slabs.

50/60 US mesh – circular sawing and drilling of very hard fine-grained igneous
stone (e.g. granite, granodiorite) and refractories; circular sawing,
frame sawing and drilling of fine-grained sedimentary and meta-
morphic stone (e.g. limestone, marble); calibrating of stone slabs.

60/80 US mesh – circular sawing, drilling and milling of glass; calibrating of
ceramic tiles.

There is a general tendency to apply finer grits for slow, secondary sawing opera-
tions where perfect surface finish and edge definition are matters of great concern.
In any brand of diamonds the finer grits, being relatively stronger, are also recom-
mended for sawing harder and more difficult to cut materials. 

The main advantage of using coarser grit is a bigger potential for faster cutting
rate. This is because a coarse grit attains higher protrusions, and hence produces
greater clearance, and enables easier swarf ejection when a larger volume of work-
piece material has to be removed per tool revolution. However, if too coarse grit is
used on very hard materials, the penetration of each particle is limited and either
excessive pullout occurs or large wear flats appear on the diamonds [77].

Diamond abrasives finer than 80 US mesh fall in the wheel range and are gener-
ally used for grinding operations. Most commercial products are available as stan-
dard in a full complement of nine sieve sizes, from 80/100 down to 325/400 US
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mesh [78–80], to meet the requirements of the consecutive grinding steps, which
eliminate the marks left by the previous surfacing operations. Thus, a calibrated, or
sawn, surface can be gradually changed to a semi-finished surface capable of being
polished.

3.3.3 Concentration

The amount of diamond in a segment or bead is based on a scale in which 100 con-
centration is equivalent to 4.4 carats/cm3 (25 vol%). All other concentrations are
proportional.

The diamond concentration, in conjunction with the diamond particle size, gov-
erns the number of cutting points per unit area of the working face of the tool. As
demonstrated in Table 3.4, the total number of diamonds and pullout sites is pro-
portional to the concentration and inversely proportional to the grit size.

Which concentration to use depends on a number of factors. When designing the
tool composition, the material to be processed and its properties should be consid-
ered first. In general, the easier to cut and more abrasive the workpiece, the higher
should be the diamond concentration.

When applying high concentration to increase the tool life, a sufficiently high
machine power must be available. Otherwise the load on an individual grain is
correspondingly low, i.e. the grain penetration depth is shallow, which results in pol-
ishing the diamond. In such a case, little or no cutting action is observed and the tool
requires redressing. 

On lowering the diamond concentration, the load on an individual diamond
becomes comparatively high, increasing the amount of material removed per grit
particle until a certain critical point is reached. When the grit strength/toughness is
exceeded the diamonds start to shatter or are pulled out of the matrix prematurely.

It is interesting to note that only a relatively small proportion, i.e. about 24–26%
[82,83], of protruding diamonds has the correct height of protrusion to actively
work at any given time.
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Table 3.4 Total number of diamond crystals and pullout sites per square centimetre of sur-
face area on a worn segment [81].

US mesh size Diamond concentration

15 20 25 30 35 40

25/35 14 19 24 29 34 38
30/40 22 30 37 45 52 60
35/40 26 34 43 51 60 68
40/50 38 51 63 76 88 101
50/60 65 87 109 131 153 174
60/80 85 114 142 170 199 227
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3.3.4 Coated Grits

As already mentioned (see Section 3.2), the very important role of a matrix in
diamond-impregnated segments is to hold the diamond crystals for as long as possi-
ble. In general, the proportion of each diamond particle which performs work is
small when compared with that portion which is lost because the matrix is unable to
retain it. Figures lower than 25% are considered normal [84], because the vast
majority of metallic matrices rely on purely mechanical retention of the diamond. In
particular, it is not easy to develop a matrix capable of effective utilisation of very
strong synthetic grits, characterised by perfectly defined blocky shape and smooth
faces. Therefore, the diamond itself has to co-operate with the matrix so as to min-
imise its excessive pullout. 

As illustrated schematically in Fig. 3.17a, during deformation of the matrix, which
gives support to a loaded diamond, a slip of metal along the face of the diamond
occurs. The static coefficient of friction for diamond on metals is very small and
ranges between 0.1 and 0.15 [85]. Therefore the metal is nearly free to slip laterally
at the interface. The situation changes dramatically when the coefficient of friction is
high. Growing frictional forces increase the pressure necessary to produce plastic
yielding thus strengthening the matrix under the diamond [23,86,87]. In the
extreme case, as exemplified in Fig. 3.17b, strong adhesion of the matrix to the dia-
mond surface compels slip to take place within the skin of the metal near the diamond
rather than at the interface itself. 

In the tool-making practice, there are two possible ways whereby the diamond-to-
matrix bonding strength can markedly be improved by increasing friction at the
diamond–matrix interface. The first method consists in thermal or chemical treating
the diamond grains with the aim to roughen their surface [88–90]. The known
processes have, however, an essential disadvantage that a relatively large quantity of
material must be removed from the diamond surface before its topography guarantees
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Figure 3.17 Effect of friction on deformation of the matrix by a diamond crystal: (a) local combination of normal
pressure p and coefficient of friction µ produces frictional force that counteracts the lateral slip of material; (b) 
strong chemical bonding between matrix and diamond causes slip to occur at certain distance from the interface.
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satisfactory improvement in the bonding strength. There is also a considerable risk
that such surface etching may harm the diamond’s integrity and strength. Therefore,
in the case of the saw diamond grits, this method has not found broader application.

Much more effective way to improve diamond retention in the matrix leads
through coating the crystals with a thin film of strong carbide former such as tita-
nium (Fig. 3.18a) [84,91–99], chromium [92–97] or silicon [100]; but zirconium
[92], tungsten, tantalum, molybdenum, niobium or alloys thereof [101] may also be
applied. An additional layer [84,93,101,102], or layers [92], preferably nickel-
based, may optionally be applied with the intention to protect the carbide former
from oxidation, to render the material ‘compatible’ with the matrix material, and to
minimise diamond pull out in soft matrices by additional mechanical interlocking
provided by a spiked morphology of the coating (Fig. 3.18b) [102].
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Figure 3.18 Diamond abrasives coated with (a) a single layer of titanium carbide (SDBTCH, Element Six), and 
(b) an additional layer of nickel alloy (MBS SB, GE).
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The most suitable methods for deposition of the primary carbide-forming layer
produce strong chemical bonding with limited exposure to harmful thermal cycles.
Various chemical vapour deposition (CVD) techniques are most preferred
[93,97,101] but other methods, such as metal vapour deposition [92,103] or
packed salt cementation [93], may also be used.

The primary carbide layer is relatively thin (0.1–10 µm) but the secondary layer
is usually applied in an amount of between 20 and 60 wt.% of the abrasive grits
[93,102]. Therefore, the total weight of the coating must be precisely known and
taken into account during the preparation of the matrix–diamond mixture. 

The benefits to be obtained when using coated diamonds are: improved tool life
[93–99], especially significant at low blade peripheral speeds [84] and at high cut-
ting rates [98,99,104]; diamond protection from surface graphitisation, oxidation
and attack by aggressive matrix components [91,93–99]; and strengthening of
flowed diamonds through ‘healing’ surface defects [104]. 

The extended tool life is apparently attributable to the increased number of work-
ing crystals and their increased protrusion, as well as to enhanced transmission
of dynamic strain to the tool shank which may further inhibit premature cutting
point failure [86,87]. It should be emphasised, however, that improper tool manu-
facturing conditions often give rise to coating failure and has a detrimental effect on
tool performance in application. The most serious hazards are: oxidation of the coat-
ing due to application of highly oxidised matrix powders; dissolution of the coating
in the matrix which may occur during prolonged exposure to too high temperature
during the hot pressing or sintering process [98].

Although, earlier the use of coated grits was mainly restricted to process granite
[94], the current trend is towards developing titanium-base alloy coated medium-to-
low grade grits for sawing less demanding materials such as marble, limestone, slate,
sandstone, etc. [96,97,100,105].
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CHAPTER 4

Diamond Tool Fabrication
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A typical fabrication process consists of two separate stages. The diamond-
impregnated tool components are initially produced by the PM route and then, in 
the final stage, they are attached to the tool support which may require further 
processing. 

In certain cases, however, e.g. in the manufacture of continuous rim sawblades or
infiltrated drill bits, these two stages are combined in a single process in which the
consolidation of the diamond-impregnated layer takes place simultaneously with
cementing it to the tool shank.

4.1 Powder Metallurgy

The production route for all metal-bonded tool components involves a number of PM
operations before the consolidated products are inspected for quality. The major
manufacturing steps are shown diagrammatically in Fig. 4.1. 
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Figure 4.1 PM diamond tool production process.
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4.1.1 Matrix Powder Preparation

Basically, the matrix powder preparation consists in mixing the selected component
powders so as to achieve the pre-determined chemical composition, and particle
shape and size distribution considering the final product application. This operation
is often carried out using pendulum motion mixers.

Binding agents and lubricants, e.g. paraffin oil, monoethylene glycol, etc., are
often added to the powder at this stage, in amounts up to 2 wt.%, so as to reduce dust
and prevent segregation when the powder is subsequently handled or processed; but
also to minimise wear of steel dies and to reduce oxides during subsequent cold and
hot pressing operations, respectively.

4.1.1.1 Granulation
When the powder is to be cold compacted on a press working on a volumetric die fill-
ing principle, a further granulation treatment is necessary to obtain required flow
and packing characteristics of the powder (see Fig. 4.2). Granulation may be carried
out in a variety of ways [1–3] but, practically, two techniques have became wide-
spread in the diamond tool industry. The older one, employed in the so-called
‘Spartan’ granulators, is based on high-speed mixing principle [1,3,4]. The latest
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Figure 4.2 Matrix powder in as-granulated condition.
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technique is based on a mechanical rolling (rounding) process, which additionally
enables diamond particles to be ‘ingranulated’ in a single step process [5]. 

Irrespective of the processing route, organic binders, e.g. poly(butyl methacry-
late), poly(alkyl methacrylate), polyvinyl butyral, paraffin wax, etc., dissolved in suit-
able solvents, are used to cement the powder particles together, thereby imparting
desired mechanical strength to the granules. It is important that the binder has suit-
able thermal properties, which permit its complete removal from the material at the
hot consolidation step. Otherwise, the segments have higher residual porosity, which
may degrade their quality and create problems with brazing to the steel support. 

4.1.2 Matrix–Diamond Mixture Preparation

The diamonds may either be used in as-received condition or coated with a suitable
powder prior to mixing with the matrix powder [3–6]. Undoubtedly, the mixing
process has a great effect on the quality of the final product. Non-uniform distribu-
tion of both matrix powder particles and diamond crystals will cause premature
wear of the segment. Therefore when each diamond crystal is separately coated with
the matrix powder, the formation of diamond clusters in the segment is practically
eliminated and consequently better diamond distribution is guaranteed. 

Another advantage of using powder-coated diamonds is longer life of the cold
press steel dies due to efficient separation of hard abrasive particles from the com-
pacting tool elements. 

Finally, by proper selection of the coating composition aiming at increased resist-
ance to wear, as compared to the surrounding matrix, it is possible to markedly
increase the diamond particle protrusion, as shown schematically in Fig. 4.3, and
thereby to improve the tool life and its free cutting characteristics [7].

The most widely used powder coating method consists in preparing a homoge-
neous slurry of the matrix powder with a solution of an agglomerating binder dis-
solved in a volatile organic solvent and spraying the slurry onto a bed of warm
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Figure 4.3 Positive effect of a wear-resistant coating on diamond particle protrusion.
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air-fluidised diamond grits for a time until a coating of desired thickness has been
deposited on each abrasive particle [4,6,8,9]. Glycerol, polyethylene glycol and liquid
paraffin have been found as the most suitable binding agents, whereas ethyl alcohol,
trichloro-ethylene and iso-propanol are typically used as solvents [4,6]. Experience
has shown that the amount of the organic binder in the coating should not exceed 
3 wt.%. 

A final heating step may optionally be employed to make the diamond-containing
granules stronger or even to eliminate porosity from the metallic coating [8].

4.1.3 Cold Pressing

Cold pressing is always applied as a pre-sintering operation and prior to hot pressing
in the manufacture of saw segments having a layered structure (see Fig. 3.2).

Optionally, the cold pressing step can be utilised in fabrication of uniform tool com-
ponents by the hot pressing route. Although additional equipment is required, by
using green segments it is possible to increase productivity of the hot pressing process
since, as exemplified in Fig. 4.4, the purpose-designed graphite mould yields more
segments per hot pressing cycle than the conventional one filled with loose powder.

Typical cold pressing operations are performed in steel dies, at low to medium pres-
sures, utilising the double-action pressing principle. There are two types of machin-
ery used in the diamond tool industry. The conventional presses are fitted with either
vibratory or screw powder feeders and precision scales used to weigh out the correct
amount of the diamond–matrix mixture to fill the die. Alternatively, the machines
may incorporate feed shoes operating on the volumetric filling principle. The gravi-
metric presses offer higher flexibility necessary to manufacture segments in smaller
quantities [10]. By contrast, despite higher investment costs attributed in part to
obligatory use of granulated powders, the volumetric equipment is the preferred
option for mass production of small segments due to its 3–4 times greater through-
put, longer life of steel dies and lower cost of other pressing consumables [11,12].
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Figure 4.4 Graphite moulds designed to accommodate either loose powder mixture (left) 
or green segments (right).
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4.1.4 Hot Pressing

The hot pressing process consists of a simultaneous application of heat and pressure
so as to obtain a product nearly free from internal porosity. Compared to the con-
ventional cold pressing/sintering PM route, hot pressing requires merely 2–3 min
hold at markedly lower temperature, but under a compressive stress, to reach higher
density level.

Due to the limited resistance of commercially available synthetic diamonds to ele-
vated temperature, as well as to the growing demand for excellent mechanical prop-
erties of the matrix, the intrinsically rapid hot pressing technique has gained a
widespread use in the production of diamond-impregnated tool components.

As shown in Fig. 4.5, hot pressing of diamond-impregnated segments, or beads,
is generally realised in high-resistance graphite moulds by passing electrical current
directly through the mould.

This method offers high efficiency in segment production and, at elevated tem-
peratures, assists in protecting both the metal powder and diamond grit against oxi-
dation. The protection is attributed to the formation of a CO/CO2 reducing
atmosphere inside the graphite mould which, in the old-type equipment shown in
Fig. 4.6, is exposed to air.

The modern hot presses, exemplified in Fig. 4.7, are fitted with protective gas
chambers wherein the moulds are heated in nitrogen and therefore their service life
is markedly increased.
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Figure 4.5 Schematic representation of the hot pressing process.
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Figure 4.6 Hot pressing operation carried out in air.

Figure 4.7 Hot press equipped with a protective atmosphere chamber.
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The principle of direct resistance heating has some limitations with respect to the
size and geometry of the tool components. Experience has demonstrated that the
production of continuous rim sawblades and grinding wheels is slow and energy
consuming due to large dimensions of these tools. Furthermore, difficulties are very
often encountered in assuring uniform temperature distribution across the mould.

Therefore, more favoured equipment for this application is a furnace press
wherein the graphite mould, or preferably steel die, is heated by radiation and con-
vection [13,14]. To increase productivity, the furnace may consist of two separate
stations for pre-heating/de-waxing and for final consolidation, respectively [14].
Modern furnace presses enable simultaneous processing of several steel dies, piled
one on top of the other, in inert gas within less than 1 h and with several-fold lower
power consumption as compared with the directly resistance-heated equipment.

4.1.5 Sintering

Sintering is an indispensable step in fabrication of numerous structural and tool PM
components. Nonetheless, its application in the manufacture of diamond-impreg-
nated tools is limited by restrictions on the composition, mechanical strength and
dimensional accuracy of the final product. The common use of reducing hydrogen-
containing atmospheres ensures an oxygen-free environment that is important to
the protection of diamonds subjected to longer dwelling time at higher processing
temperature, as compared with hot pressing, to obtain a fully dense product; but,
such a treatment softens the matrix by removing oxide particles thus promoting
recrystallisation and grain growth. Additionally, non-uniform density in the green
segment, incorporating very fine matrix powders, inevitably leads to its distortion
and lack of dimensional consistency after sintering.

The conventional cold pressing/sintering route has, however, been adapted on a
broader scale to the production of wire saw beads [15–17], but can also be used for fab-
rication of continuous rim and occasionally segmental sawblades [18]. As opposed to
other techniques, cost savings and higher rates of production achieved by the use of
furnace sintering outweigh, in certain cases, the shortcomings of this operation.

4.1.6 Hot Isostatic Pressing

Hot isostatic pressing (HIP) consists in the application isostatic pressure produced by a
hot inert gas to a suitably pre-consolidated powder mixture so as to obtain a fully dense
material. The green parts are pre-sintered in a conventional sintering furnace to reach
such a density when all pores are closed [17]. This makes the material suitable for direct
HIP treatment. Alternatively, the pre-consolidated parts must be encapsulated in evac-
uated glass tubes prior to HIP as shown in Fig. 4.8. The semi-finished parts are loaded
into the pressure vessel of a hot isostatic press, which is evacuated and purged several
times with the pressurising gas, typically argon, before the HIP cycle begins [19]. 

The HIP units are capable of achieving pressures up to 200 MPa [20] and there-
fore allow marked reduction in the consolidation temperature as compared to the
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Figure 4.8 Medium-size hot isostatic press, used for production of diamond-impregnated beads and segments; and
glass-encapsulated wire saw beads prior to final consolidation by HIP. (Courtesy of EPSI N.V.)
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hot pressing technique. This opens up new technological opportunities because HIP
can follow the hot pressing operation to eliminate residual porosity from segment
compositions that require extremely high hot pressing temperatures, often exceed-
ing 1100°C, with the risk of diamond degradation reduced to a minimum. 

Over the last few years, the HIP technology has been gradually introduced into
the fabrication of diamond tools with a marked trend to apply HIP in the mass pro-
duction of wire saw beads [21]. 

4.1.7 Infiltration

Infiltration is ideally suited to make rotary surface-set diamond bits, TSP bits and TSP
hybrid bits used in drilling in earth formations. As shown schematically in Fig. 4.9,
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Figure 4.9 Sectional view of mould assemblies used for production of core head type (a) surface-set bits and 
(b) TSP (or TSP hybrid) bits.
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the process consists in filling the interconnected pores of loose powders, placed in a
graphite mould, with a liquid infiltration alloy having a lower melting point. 

The infiltration process comprises a series of steps, beginning with an operation
in which a single layer of coarse diamonds is positioned directly in the mould and
arranged in a desired pattern to create the working face of the bit (see Fig. 4.9a). In
the case of the TSP and TSP hybrid type bits (see Fig. 4.9b), thermally stable PCD rec-
tangles are located across the mould base-plate with some extra pins placed in the
gauge sections to reinforce the ID and OD portions of the bit [22]. Various displace-
ment parts, which are removed after infiltration to provide internal drilling fluid pas-
sages, may also be mounted at this stage within the mould [23]. The diamonds are
disposed in pre-machined sockets and secured with a conventional adhesive to pre-
vent their dislocation during subsequent operations.

In the next step, a tubular steel blank is positioned within the mould and held in
place by a suitable fixture. Then the matrix-forming powder, or matrix–diamond mix-
ture, is introduced therein and compacted by tamping or vibration. The matrix pow-
der usually comprises particles of tungsten carbide and/or eutectic tungsten carbide
but metal powders, such as tungsten, iron, nickel, cobalt and copper, may also be
used [24,25]. The particle shape, size and size distribution of the matrix powders
should be carefully selected to attain required tap density of the material and also to
avoid its shrinkage during high-temperature processing. Generally, it is undesirable
to use very fine matrix powders since they sinter readily leading to inconsistent com-
position and dimensions of the final product. Small amounts of fine powders may,
however, be used to fill the interstices between coarse particles without encountering
any sintering problems. To ease mould loading, the powdered material is sometimes
applied in a liquid hydrocarbon carrier [23], which vaporises when heated.

Once the powder has been placed in the mould, in such a way that it surrounds a
certain portion of the steel blank, a suitable infiltration alloy, preferably in the form
of coarse shot, pellets or pre-cut chunks, is positioned adjacent to the matrix powder.
The amount of infiltration alloy should be carefully calculated so that there is a
slight excess of liquid to be machined off after solidification. Various copper-base
materials containing zinc, nickel, tin and manganese as the major constituents are
readily used as infiltration alloys [24]; but small amounts of other elements, such as
iron, molybdenum, silicon, led, silver, cadmium, phosphorus and chromium
[24–26], can also be added to enhance wetting, lower the infiltration temperature
and reduce dissolution of the solid matrix components in the melt.

The whole mould assembly is placed in a furnace and heated so that the infiltra-
tion alloy melts and is drawn, by capillary action, into the powder mass bonding it to
the steel blank. Depending on the melting range and viscosity of the infiltration alloy,
the process is carried out at temperatures typically ranging between 950 and 1200°C
[27], preferably in a reducing atmosphere [26] or vacuum [25–27]. The controlled
atmosphere may not be needed if a suitable low-melting-point flux is applied [27]. 

After infiltration, the mould is cooled down. Then the bit is removed from the
mould and, if the steel blank has not been suitably prepared prior to infiltration, its
projecting end is welded to a threaded upper body to fit a drill string.
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4.1.8 Other Consolidation Routes 

In addition to the above-mentioned processes, there are other ways in which a mix-
ture of diamond grit and bonding powders may be consolidated to form a cutting
tool, e.g. by brazing [28,29], laser cladding [30,31] or extrusion [32]. Of these, the
first two techniques have gained some industrial significance and deserve a concise
description here.

4.1.8.1 Brazing
This technology consists in applying a thin uniform coating of braze-diamond slurry
on the working face of a suitably shaped tool body and heating the part thus pre-
pared in vacuum to produce a single layer of diamond grits firmly bonded to the sub-
strate [28]. Alternatively, the diamonds can be set on the tool in a regular manner
[29], which enables the spacing between individual grits to be optimised and pre-
vents the formation of either multiple-coated or diamond-depleted areas. In this
case, the steel carrier is first covered with an array of tiny glue drops by means of an
automatic glue dispenser [29]. Diamond grits are then sprinkled and glued to the
surface. Finally, a suspension of suitable braze powder is sprayed over the diamond
prior to placing the part in the furnace.

Both so-called ‘active’ brazes and nickel-base brazes are suitable for this applica-
tion [28]. The active brazes are relatively soft silver-base alloys containing titanium
as the active element, which improves the alloys’ wetting characteristics and aid in
chemical bonding of the diamonds. The nickel-base alloys are mechanically stronger
and contain a combination of chromium and silicon, which elements play an
equally important role as titanium does in the active brazes. The optimum brazing
temperatures range from 900–950°C up to 1000–1050°C for the active and nickel-
base brazes, respectively.

The main advantages of tools produced by brazing are: small consumption of dia-
mond grits; perfect control over amount and distribution of cutting edges; and excel-
lent grit protrusion. As a result, the ‘brazed’ tools offer a good combination of high
cutting rate, low power consumption and extended tool life. 

4.1.8.2 Laser cladding
A technique that is coming increasingly into use in powder metallurgy is laser sin-
tering. A modification of this technique has also been implemented into the diamond
industry to produce small circular sawblades for sawing stone, concrete and asphalt
[30,31].

The laser cladding process involves a direct deposition of diamond-impregnated
material onto the rim of a low-carbon steel centre. The diamond grit and matrix pow-
der are supplied in a controlled manner to a mixing unit and subsequently injected
through a nozzle into the focal point of a laser beam, wherein the matrix powder is
melted in an inert atmosphere and fused to the substrate. The process takes place
adjacent to the rim of a slowly rotating steel centre that is securely clamped between
two chilled moulds. The moulds project beyond the steel centre to form a cavity,
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which determines the thickness and shape of the cutting rim. By simultaneously con-
trolling the matrix-diamond mixture supply and feed rate of the substrate, it is possi-
ble to deposit either segmental or continuous cutting layer of a suitable height. 

Rapid solidification of the metallic melt, results in a fine-grained structure and
excellent mechanical properties of the matrix material. Tin bronzes appear to be ide-
ally suited for laser cladding and are exclusively used as the base alloy to which tita-
nium is added to enhance wetting and to reinforce the hold on the diamonds by
chemical means [31]. Moderate additions of tungsten carbide powder may also be
applied to increase the resistance to wear of the matrix [31].

4.1.9 Deburring

Some diamond-impregnated-tool components, e.g. sawblade segments, grinding
segments, etc., require cleaning and removing edge residuals after consolidation.
This is carried out during the deburring operation, which is usually performed by
means of tumbling the segments with coarse alumina or silicon carbide grit. 

4.1.10 Quality Control

The quality control of diamond-impregnated tools, or tool components, is frequently
limited to a hardness test [33]. The Rockwell B test is the most widespread technique
due to its simplicity and inexpensiveness. A properly densified matrix-diamond mix-
ture acquires a narrow hardness range which, to a great extent, is affected by the
matrix composition. On the other hand, if the structure of the segment deviates sub-
stantially in any respect, or if the densification is incomplete, the hardness does not
fall within the specified range. Incompletely densified materials usually have
extremely low toughness, which results in poor wear resistance and diamond reten-
tion properties of the matrix. Therefore, if there is any doubt about the hardness
readings, the evaluation of the final product density becomes another important
quality check [33]. To secure accurate density values, the measurements must be
performed by means of the water-displacement technique [34].

In the case of infiltrated drill bits, visual examination is routinely used to assure
correct diamond setting and protrusion but non-destructive techniques, such as
radiography, may also be utilised to detect internal flaws and discontinuities in the
bit crown [35].

4.2 Finishing Operations 

In the vast majority of situations, the end product of the PM processing cannot be
directly applied as a tool and must be subjected to further finishing operations. These
are mainly connected with attaching the diamond-impregnated segments, or beads,
onto a suitable steel carrier that is also prepared to cope with the forces applied 
during use.
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4.2.1 Radius Grinding

A great range of different sawblade diameters would require the toolmaker to keep
in stock all the shapes of segments and a large number of various graphite moulds
used to manufacture these segments. To solve this problem, a single segment type
having a diamond-free base is often produced to fit any steel centre in a pre-set range
of diameters after the required radius has been ground on the base.

The radius grinding operation may also be needed to prepare segments for laser
welding. Modern laser welding equipment uses a focused laser beam 0.1 mm wide.
Therefore the radius on the base of the segment has to be executed with great accu-
racy in order to ensure that the segment perfectly fits the steel centre. 

These days, highly sophisticated equipment, capable of sorting the segments
according to size, is being designed for mass production use [36] but the older-type
swinging arm grinders and manual grinding can also be used.

4.2.2 Brazing/Laser Welding

Diamond-impregnated segments need to be attached to a suitably shaped steel sup-
port to obtain a sawblade, core drill or grinding wheel. In general, either brazing or
laser welding may be used at this stage. Brazing is well established in the manufacture
of tools for wet processing of natural stone, which can be re-tipped; whereas laser
welding is mainly used in the mass production of small diameter, dry cutting circular
blades. In the latter case, the heat generated during sawing softens conventional
braze joints and hence there is a risk that a whole segment breaks off the steel centre
during a high rotational speed dry cutting operation. Since the bending strength of a
laser-welded seam may achieve 1800 MPa, compared with 350–600 MPa for the
brazed joint [37], laser welding practically eliminates the possibility of segment
detachment. 

The brazing operation may be carried out either on a dedicated brazing machine
fitted with high-frequency induction heater controlled by an optical pyrometer [38]
or manually using a gas torch. Prior to the application of temperature, fluxed seg-
ments and a braze foil are positioned on the edge of a fluxed tool body and attached
by mechanical means or magnets. 

It is essential that the heat and thermal stresses generated during brazing do not
weaken and/or deform the tool shank. It may become critical in brazing segments to
circular sawblades, where temperatures above 700°C should generally be avoided
and brazing time must be kept to a minimum. In this case, the best solution is to use
a microprocessor-controlled brazing machine equipped with a water-cooled clamp
that protects the slot-base section of the steel centre from overheating. 

Laser welding imposes restrictions in selection of the steel centre and segment matrix
material. Low-carbon steels of low hardenability are most frequently used to avoid for-
mation of brittle martensite in the heat-affected zone due to rapid cooling after the laser
beam has passed. For that reason, the segment must also have a diamond-free base
made of a suitable material to yield a strong flawless welded joint with the steel. 
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An important advantage of laser welding is its high productivity with operator
intervention reduced to a minimum [37]. The capital expenditure is high, but may
fully be compensated for by very high volume production, e.g. in the low-price DIY
tool sector.

4.2.3 Truing and Dressing

The objective of the truing operation is to render the segments concentric with the bore
of the tool body, to clean their sides and reduce lateral run-out. The subsequent dressing
operation is performed so as to remove the matrix from around the diamond particles, to
produce sufficient protrusion and allow efficient cutting from the outset. Contrary to
truing, dressing is carried out in the down-grinding mode, i.e. the blade and grinding
wheel turn in the same direction which exerts less impact on diamond particles [39]. 

4.2.4 Tensioning

Tensioning is an established practice in the manufacture of diamond sawblades
since the segments themselves, even when perfectly tailored to the application
requirements, do not guarantee the proper action of the whole tool [40,41]. 

The circular steel centre accumulates stresses during fabrication. Since they are
never perfectly symmetrical, the sawblade is incapable of spinning without wobble.
Therefore, the steel centre must initially be subjected to an operation of neutralising
the unequal stresses to cause it to lie flat. Skilful ‘levelling’, as it is generally termed,
is then followed by the actual tensioning which consists in the addition of extra
stress to stretch the centre section, which counteracts the centrifugal force tending
to elongate the rim section of the rotating blade.

Special precautions must be taken during material selection and tensioning of saw-
blades intended for application on multi-blade tile sawing machines [42]. They operate
with a large number of sawblades ganged closely together on a single spindle and there-
fore, the failure of a single tool is immediately transmitted to the others and involves car-
rying out complicated operations to recondition the whole set of sawblades. 

Except the final checks of the blade’s lateral run-out and stress condition, which
have been fully mechanised and computerised [43–45], the steel centre mechanical
servicing remains an arduous effort consisting of rolling and hammering by a skil-
ful and experienced saw smith.

4.2.5 Wire Saw Assembly

At the PM stage, the production of wire saw beads yields a semi-finished product
comprising a fully consolidated diamond-impregnated ring firmly secured on a solid
cylindrical core, which subsequently require to be bored through and threaded [16].
The beads and spacers are then alternatively mounted at regular intervals on a steel
rope by means of simple assembly equipment [46] or automatic machines [47]. It is
essential for the tool performance that the diamond beads are tightly held in place
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and do not rotate around the rope. The recent tendency is to use injection-moulded
plastic or vulcanised rubber to separate the individual beads and to provide a water-
tight protection of the rope against abrasion by aggressive slurries [48]. The older
type of diamond wire, with helical spring spacers and stopping rings [49], which can
easily be assembled or repaired in the field, may still be employed for sawing marble
and other non-abrasive materials.

To achieve rotation of the wire in the cut, so as to produce a uniform wear over
the whole working surface of the beads, the wire saw is suitably pre-twisting around
its longitudinal axis before the continuous loop is assembled by means of a clamping
pipe or threaded connecting sleeves.
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The microstructure of a material influences its properties such as the mechanical
strength, hardness, ductility, resistance to wear, etc. It is therefore of key importance
to understand the relationship between the properties of raw powders, processing
conditions and microstructure of the consolidated product.

5.1 Processing to Near-full Density

This is obviously the matter of the utmost concern that the matrix, wherein the dia-
mond grits are embedded, has been processed to virtually theoretical density prior to
application. It is well documented that the finer the powder the more prone it is to
densification [1–12]. 

Typical hot pressing curves for different cobalt powder grades are presented in
Fig. 5.1. 

It is generally recommended that the pressure is restricted to around 35 MPa,
which is the safe limit for most mould graphite grades.  

Additions to cobalt of pre-alloyed bronze series powders, elemental tin or copper, used
separately or in combination, decrease the hot pressing temperature and/or pressure,
whereas the reverse is observed in the case of tungsten and tungsten carbide powders. 

The situation may change when powders are consolidated by the conventional
cold pressing/sintering route. Fig. 5.2 shows the as-sintered densities of three com-
mercial cobalt powders obtained from different production routes.

As would be expected the densification of green compacts is facilitated when sin-
tering is carried out in hydrogen. It is important to note, however, that certain cobalt
powders produced by the hydrometallurgical process, such as the Umicore Ultrafine
grade, which are virtually free from oxygen (see Section 3.2.1), may also be sintered
in vacuum to achieve near-full density at reasonably low temperature. On the other
hand, difficulties are encountered in sintering powders containing oxygen combined
as stable oxides, e.g. the Eurotungstene CoC grade, which are non-reducible with
hydrogen under the sintering conditions.

The pre-alloyed cobalt alternatives (see Table 3.3) are generally characterised by
an excellent compressibility at elevated temperatures. As documented in Fig. 5.3, for
most of them the near-full density can be attained at between 650 and 800°C.

Certain matrix powders characterised in Fig. 5.3 shall, however, pose densification
problems when subjected to the pressure-less sintering process, as illustrated in Fig. 5.4.

From Fig. 5.4 it is apparent that the Next 200, Next 900, and Cobalite CNF pow-
ders are well suited to densification by furnace sintering, whereas it proves difficult
to eliminate porosity in Cobalite 601 and Next 300 which, as in the latter case, may
retain intolerable amount of pores even after sintering at 1100°C. 

In addition to the capacity of the powder to densification by sintering, it is equally
important to what extent the matrix interacts with the diamond during prolonged
exposure to higher temperature as compared with consolidation by hot pressing. 

The high-grade diamond grits shown in Fig. 5.5, which have been extracted from
sintered segments, exemplify the large difference in magnitude of surface attack
exerted by two different iron-base matrices.
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Diamonds embedded in Cobalite CNF retain their original colour and shape, whereas
Cobalite 601 powder, which requires very high sintering temperature of 1100°C to be
properly consolidated (see Fig. 5.4), causes massive degradation of diamond crystals,
through their dissolution in austenite, thus disqualifying the product for application.

Experience has demonstrated that oxygen contained in the powders may also
have a harmful effect on the surface and edge quality of the diamond grits especially
when the sintering process is carried out in vacuum [19].
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Figure 5.1 Hot pressing curves showing dependence of final density on (a) powder type and temperature
(compiled from Refs. [1,5,12]), (b) time at temperature and pressure [1].
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Another disadvantage of the conventional cold pressing/sintering route is a ten-
dency to form microcracks in the matrix at the cooling-down stage after sintering.
They usually originate from sharp diamond edges and can be detected as surface
defects during the final inspection of wire saw beads [20] or in a fractured material,
as shown in Fig. 5.6.
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Figure 5.4 Sintering curves for selected cobalt substitutes. 
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5.2 Grain Size

The possibility of increasing the mechanical strength of a metal by reducing the
grain size has long been observed and utilised in steels and other common metallic
materials. The grain size strengthening occurs as a result of restrictions imposed on
the movement of dislocations by the greater grain boundary surface area, and is
quantified by means of the Hall–Petch equation

σy � σo � Kdg
�1/2 (5.1)

where σy is the yield strength, dg the average diameter of the grains and σo and K are
constants for the metal. 

In diamond-impregnated tool components the grain size of the matrix can be
affected by varying the properties of the starting powders and conditions for their
consolidation, as exemplified in Fig. 5.7. The most important powder characteristics
include its chemical and phase composition, chemical homogeneity, mutual solubil-
ity of component elements, amount of impurities such as oxygen and sulphur, mean
particle size and particle size distribution. 
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Figure 5.6 Fracture surface of sintered cobalt matrix showing extensive cracking within diamond pullout sites.
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Except in the infiltrated tools (see Section 4.1.7), very fine powders are the pre-
ferred choice for most applications. Such powders usually yield a matrix charac-
terised by a fine-grained microstructure after consolidation by hot pressing
(Fig. 5.7a). During the pressure-assisted densification, a combination of low process-
ing temperature, short time at temperature and presence of finely dispersed oxides
may effectively impede grain growth in the majority of the matrix compositions.

It is well known that oxides retard grain growth by exerting a pinning action on
the grain boundaries. This mechanism may prove ineffective when the grain growth
is stimulated by a liquid phase penetrating the grain boundaries, as has been
observed in cobalt contaminated with sulphur and consolidated at a too high tem-
perature (Fig. 5.7b) [12]. It is likely that the liquid Co–Co4S3 eutectic, which may
locally appear above 877°C [21], penetrates grain boundaries and enables their
rapid migration, notwithstanding the presence of a dispersed oxide phase [22].

In contrast to hot pressing, the consolidation of matrix powders by means of the
cold pressing/sintering process generally favours grain growth due to the longer pro-
cessing at higher temperature in a reducing gas. The common sintering atmospheres
enable the reduction of unstable oxides and thus grain growth frequently concurs
with the attainment of near-full density when the residual oxides and pores cannot
efficiently block the movement of grain boundaries (Fig. 5.7c). 

Pores are an inherent part of virtually all sintered materials. There is a thermody-
namically justified affinity between the pores and grain boundaries that gives a higher
chance that a pore will remain attached to a grain boundary thus contributing to
deceleration of grain growth [23]. Examples are available [12] that around 5% poros-
ity in the form of finely dispersed voids is capable to impede grain growth in cobalt. 

If porosity is the controlling factor, the expected grain size can be connected with
the amount and size of the pores by the general relationship [24]

dg ∝ (5.2)

where the average sizes of the grains and pores are denoted as dg and dp, respectively,
and Vp is the volume fraction of the pores. 

From relation (5.2) it is evident that the inhibiting effect of pores on grain growth
decreases rapidly when the sintered single-phase material approaches its theoretical
density. In that case the fine-grained structure cannot be preserved except in situa-
tions when other grain growth inhibitors are present in the material at the sintering
temperature. These include finely dispersed stable oxides, which can intentionally be
introduced to the material in a suitable amount at the powder production stage [18],
and the presence of a mixed-phase solid structure throughout the isothermal sinter-
ing stage (Fig. 5.7d), that occurs in many dual- and multiple-component systems [25].

5.3 Recovery and Recrystallisation

The compacting pressure applied to the powder confined in a die, or mould, has to be
above the yield strength at the temperature applied. This leads to the strengthening

dp
�
Vp
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of the material by increasing the density of lattice defects, such as dislocations,
vacancies, interstitial atoms, etc. At the hot consolidation step, recovery occurs at
slightly elevated temperatures and enables some stress relief in the material due to
the reduction in number of point defects and rearrangement of dislocations.
Recrystallisation occurs at higher temperatures, typically above 0.4 homologous
temperature, and eliminates the strain hardening by the nucleation and growth of
new grains containing few dislocations. Because the density of lattice defects is
greatly reduced, the recrystallised metal has a lower strength but a higher ductility. 

The temperature at which a metal undergoes complete recrystallisation depends
on a number of factors. The most important are the melting temperature, amount of
cold work, time of annealing, and presence of oxides or other finely dispersed phases.

The influence of oxides on recrystallisation is complex. It has been proved exper-
imentally that oxide particles randomly dispersed throughout a metal provide pre-
ferred nucleation sites by distorting its crystal lattice. However, the finer the particles
the less faulted the structure around them and, consequently, the more difficult 
the nucleation of new grains [26]. Equally important is the oxide inter-particle spac-
ing. It has been established that the oxide phase can effectively retard nucleation
when the critical recrystallisation nucleus is bigger than the oxide inter-particle dis-
tance [26]. Besides, the impeding action of finely dispersed oxides facilitates better
stress-relief through prolonged recovery thereby lowering the driving force for
recrystallisation. 

As documented by the X-ray back reflection patterns in Fig. 5.8, cobalt contain-
ing moderate amounts of oxygen shows little evidence of recrystallisation even after
hot pressing at virtually 0.7 homologous temperature (see Fig. 5.8c); whereas
advanced recovery and recrystallisation are evident in a low-oxygen material (see
Figs. 5.8a and 5.8b). 

For the coarsest 400 mesh powder hot pressing at around 950°C is common.
Despite lower tendency to oxidation the material retains typically up to 5% of resid-
ual porosity, which acts in the similar way as fine oxide particles, and thus resists
recrystallisation during the high temperature processing (see Fig. 5.8d).
Interestingly, earlier studies of this 400 mesh grade, cold compacted and furnace
sintered in either vacuum or hydrogen atmosphere, have indicated incomplete
recrystallisation even after 1 h hold at 1300°C [27]. The powder contains relatively
high amounts of calcium and silicon (see Table 3.2). These elements are well known
to form extremely stable oxides [28], which remain intact up to at least 1300°C to
hinder recrystallisation and grain growth. 

Generally, the higher the oxygen content of the powder the stronger the effect of
the oxide phase on impeding nucleation of new grains and grain size stability with
temperature. Consequently, the material resists recrystallisation and retains high
hardness far beyond its complete densification temperature. Such a reduced sensi-
tivity of the matrix powder to temperature contributes to the formation of an elon-
gated plateau on the hardness vs. consolidation temperature curve and is recognised
in the tool-making practice as a feature that guarantees consistency in the segment’s
quality despite unexpected fluctuations in the pre-set processing temperature.
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5.4 Phase Composition

The complexity of matrix compositions encountered in actual industrial situations,
which are believed to aid either the manufacturing process or the tool performance
[29], often leads to an absurd case when it is neither possible to control the system
nor lay the foundations of its scientific understanding. It is simply not possible,
within the limited length of this publication, to analyse the whole spectrum of
matrix microstructures but it is indispensable to identify the key factors affecting the
formation of various phases and the relations between the phase composition and
properties of the matrix material.

The effects of powder characteristics and densification route on the microstructure
and phase composition of cobalt have thoroughly been examined in several reviews
[1,12,27,30–32]. Cobalt exists in two allotropic forms, a hexagonal close-packed
(HCP) stable at temperatures below about 421°C, and a face-centred cubic (FCC) sta-
ble at higher temperatures [33]. The allotropic transformation has a martensitic
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Figure 5.8 X-ray back reflection patterns of cobalt obtained from various powders hot pressed for 2 min at
950°C and 35 MPa: (a) Co Ultrafine (Umicore), 0.06 wt.% oxygen; (b) Co Extrafine (Umicore), in-mould

reduced [12] to 0.16 wt.% oxygen; (c) Co Extrafine (Umicore), 0.44 wt.% oxygen; (d) Co 400 mesh
(Umicore), 0.20 wt.% oxygen.
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nature and is associated with low free-energy change [33] which accounts for its
sluggishness and sensitivity to the material processing conditions. In particular the
grain size and degree of strain hardening achieved during consolidation influence the
stability of the two allotropes, finer grain size and increased density of lattice defects
favouring retention of the cubic form after cooling to room temperature.

The FCC structure (ε phase) transforms into the HCP one (α phase) by a slight
shift in the atom locations which alters the stacking sequence of close-packed crys-
tallographic planes [30]. Providing an external energy source, such as mechanical
deformation, readily activates this process [30,32]. As exemplified in Fig. 5.9, shear
stresses applied to the wear surface of a diamond-impregnated segment during stone
sawing operations encourage the transformation.

The only means of preserving the FCC or mixed FCC/HCP structure in mechani-
cally deformed cobalt is by alloying. For cast cobalt-base alloys the strongest cubic

Microstructure of the Matrix 97

In
te

ns
ity

(a
rb

itr
ar

y
un

its
)

45 50 55 60 65 70 75 80 85 90 95

2 theta, deg.

Cobalt matrix

Wear surface of
a working segment

εC
o

10
.1

α
C

o
20

0

Figure 5.9 X-ray diffraction spectra recorded on as-consolidated specimen and working segment [32].

ESJH_PMLD_CH005.qxd  9/19/2005  12:55 PM  Page 97



phase stabilisers have been identified and arranged in order of decreasing effect, viz.
aluminium, niobium, titanium, iron, zirconium, tungsten and tantalum [34]. Other
elements such as manganese, nickel, molybdenum, tin, and vanadium, are also
reported to behave alike [35], although their ability to stabilise the α phase is weaker.
In the PM materials aluminium, niobium, titanium and zirconium pose a hazard
during consolidation since they combine easily with oxygen and therefore their
response to stabilisation of the FCC structure is poor; whereas iron, especially in the
form of a fine carbonyl powder, appears to be most suitable. In practice, addition of
10 wt.% iron to cobalt has been found extremely effective in stabilising the FCC
structure, which generally results in marked improvement in the ductility of the
material at the expense of its hardness and yield strength [12].

As it is seen from Fig. 5.10, alloys containing from about 10 to 24 wt.% iron have
a thermodynamically stable two-phase structure, whereas further increase in the
iron content yields a body-centred cubic (BCC) crystal structure which extends over
the whole range of compositions up to pure iron.

It is important to note that the equiatomic cobalt–iron alloy undergoes a transfor-
mation from its disordered to its ordered state when cooled below 730ºC. In practice,
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the ordered α� phase can exist over a considerable range on either side of the stoi-
chiometric composition without becoming unstable. 

Experimental observations of near-stoichiometric cobalt-iron compositions
clearly indicate that the commercial powders are readily densified to virtually theo-
retical density by hot pressing at temperatures ranging from around 660ºC for pre-
alloyed powder [36] to 870°C [37] for pre-mixed material. However, ordering
imparts brittleness to the material [37] thus imposing restrictions on its broader
industrial application.

The fabrication of tool components for diverse non-critical applications involves
the use of various bronze compositions. To date, tin bronzes combined with cobalt
have gained the greatest practical significance. For a given matrix composition, the
major distinction among the materials is the form of the starting bronze powder, i.e.
a mixture of elemental powders of copper and tin, fully pre-alloyed powder, or a com-
bination of these two. When pre-mixed elemental powders are used a transient liq-
uid phase appears, when tin melts above 232°C, and interacts with the solid phases
during the hot consolidation step leading to diffusional homogenisation of the alloy.
If the material is consolidated by the hot pressing technique, the external pressure
aids densification and pore collapse, but the short hold at relatively low temperature
may be insufficient for creating a perfectly homogenised alloy. As demonstrated by
the microstructures and X-ray diffraction spectra in Fig. 5.11, the microstructural
inhomogeneity and marked peak broadening observed for the material made of
mixed copper and tin powders indicate imperfect structure obtained in this case.

It is found in many systems that additives induce formation of intermetallic com-
pounds in the consolidated material during its hot processing and cooling steps [25].
Intermetallic compounds usually nucleate at grain boundaries or interphase bound-
aries. As a consequence, they contribute to reduced mechanical properties. For this
reason, in alloys of practical interest it is unfavourable if the minor components
interact with the base metal to form brittle intermediate phases during the powder
consolidation treatments. 

Interestingly, the addition of pre-mixed bronze, containing 15 wt.% tin, to cobalt
do not cause formation of detectable quantities of intermetallic compounds,
although the hexagonal βCo3Sn2 phase is easily identified in a copper-free alloy con-
taining 10 wt.% tin, as evident from Fig. 5.12.  

The discussion up to now has mainly focused on the development of phase struc-
ture during hot pressing. In the case of tool components produced by the conven-
tional cold pressing/sintering process the formation of various phases during the
entire sintering cycle is critical because it governs the densification of the material. 

In general, very fine powders are the preferred choice for the sintering process due
to enhanced sintering properties of fine-grained and fine pore structures formed at
the cold pressing step. The initial porosity is readily eliminated during sintering by
vacancy diffusion from pores to the adjacent grain boundaries, which act as vacancy
sinks, if the sintering parameters assure adequate diffusion rates and retention of
fine-grained structure throughout the entire sintering period. This may well be
exemplified by the consolidation of fine iron powders [38], which attain porosity of
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around 4% after cold pressing at 490 MPa followed by sintering for 1 h at 900°C in
hydrogen. An increase in the sintering temperature results in markedly lower final
densities due to lower diffusion rates and a rapid grain growth in the γ phase (austen-
ite) as compared with the α phase (ferrite). The grain growth isolates pores in the
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centre of large grains and slows down their elimination through the vacancy diffu-
sion towards the grain boundaries. 

The results obtained for fine pre-alloyed iron-copper powders corroborate the
importance of the phase structure at the sintering temperature as the parameter
controlling the rate of densification. Addition of copper to iron tends to stabilise the
austenite, which has the FCC structure, and therefore higher shrinkage rates are
observed within the ferrite field, i.e. in the BCC α phase, than above the eutectoid
temperature of 850°C [21], as is exemplified by the sintering curve for Next 900 in
Fig. 5.4.

If alloying is necessary, pre-alloyed powders are generally better suited for sintering
than their pre-mixed counterparts. In the latter case, diffusional homogenisation of the
sintered material often leads to pore formation by the Kirkendall effect due to unequal
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diffusion rates of the alloy-forming elements [39]. Additionally, if any of the mixed con-
stituents melts to form a transient liquid phase on heating to the sintering temperature,
large pores may result from solubility of the liquid in the solids thereby contributing to
reduced mechanical properties of the sintered material. This has been observed in sin-
tered tin bronzes obtained from pre-mixed powders where the tin melts and spreads into
the copper structure thus generating pores at the prior tin particle sites [39,40]. 
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An important requirement of the matrix is to firmly hold the diamond particles.
Under the application conditions the diamond–matrix interactions occur in a variety
of forms depending on the size and shape of each individual diamond particle, its ori-
entation and loading conditions, residual stresses in the matrix, diamond–matrix
friction, etc. The existing theoretical knowledge of diamond retention has evolved
from simplistic models and can hardly give a satisfactory explanation of the com-
plexity of individual diamond pullout events observed in the industrial practice.

The actual mechanical response of the matrix subjected to an application of a
pulsing force of varying intensity is apparently affected by its fatigue properties
under complex loading conditions and at moderately elevated temperature. Further
complications arise from internal stresses set up around each diamond particle dur-
ing the manufacturing process due to mismatched thermal expansion coefficients.
These stresses are believed to enhance retention, but direct quantification of their
contribution presents difficulty. 

It is important that this pre-stressed state is not annihilated by plastic deformation
or brittle failure of the matrix, caused by external forces applied through the work-
ing diamonds, or due to reverse thermal expansion of the matrix caused by the heat
generated in the cutting zone. Otherwise the diamonds may become loose, as
demonstrated in Fig. 6.1, and fall off prematurely.

Certain material characteristics such as hardness, yield strength and impact
strength, are generally believed to control the matrix capacity for diamond retention.
Although no consensus has been reached to date on practical relevance of the
above-mentioned retention indicators to various application conditions, evaluation
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Figure 6.1 Evident debonding between the working diamond and matrix.
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of hardness, yield strength, bending strength and impact strength has become a rou-
tine industrial practice. 

6.1 Hardness

A properly densified matrix acquires a narrow hardness range which, to a great
extent, is affected by its composition and parameters of the powder consolidation
process. In the case of incomplete densification or faulty processing of the
matrix–diamond mixture the hardness readings do not fall within the specified
range. Thus, hardness mainly becomes a usable quality control parameter.

A typical relationship between hardness of the matrix and its consolidation tem-
perature is demonstrated by curve 1 in Fig. 6.2. 

At lower consolidation temperatures hardness increases in direct proportion to
the amount of plastic deformation and density of the material. When full density is
approached then other processes like recrystallisation and grain growth can be acti-
vated to soften the material. From the quality control standpoint it is desirable for the
tool fabrication that the matrix powder exhibits an elongated plateau on the hard-
ness vs. consolidation temperature plot, as exemplified by curve 2 in Fig. 6.2.

The actual response of hardness to hot pressing temperature for various com-
mercial cobalt powders is presented in Fig. 6.3.

In the tool-making practice, hardness has also been used as a convenient guide to
the diamond-holding power of fully consolidated matrices. This simple criterion
ignores, however, a few important facts. First, hardness measurements involve plas-
tic strain of between 5% and 12% and therefore the hardness readings, being
affected by the strain hardening characteristics of the tested material, cannot be
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directly correlated with its elastic behaviour. Second, in certain applications, e.g. in
circular sawing, the diamond/matrix set-up is subjected to a high-frequency impact
loading therefore the matrix sensitivity to the loading conditions becomes another
important parameter, which cannot be deduced from any static test. And finally,
when the matrix deforms it slips along the face of the diamond (see Section 3.3.1).
The static coefficient of friction for diamond on most metals is small and therefore
the metallic matrix is nearly free to slip laterally at the interface. The situation
changes when the coefficient of friction is markedly increased due to coatings on dia-
mond or diamond surface imperfections brought about either by the diamond man-
ufacturing conditions or by a chemical attack exerted by the matrix during its
consolidation. Thus growing frictional forces are expected to increase the pressure
necessary to produce plastic yielding of the matrix around the working diamond.

6.2 Yield Strength

It has been postulated [4–6] that the yield strength is another important property of
the matrix, which has a direct bearing on its capacity to retain diamond grits. Each
time the yield strength of the matrix is exceeded, the seat of the diamond opens
slightly and thereby the hold on the grit is gradually destroyed. 

The yield strength is usually determined in the tensile test and, as with hardness,
the results may prove irrelevant to high strain rate conditions which are typical for
certain applications, e.g. circular sawing. Except for certain steels, which display a
double yield point, the stress at which the material starts to deform plastically is not
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easily detected. Therefore, an offset yield strength, describing the stress that gives
typically 0.2% of plastic deformation, is usually measured.

As it has been thoroughly discussed in Sections 5.2 and 5.3, the amount and dis-
persion of the oxide phase in conjunction with the powder particle size and its con-
solidation conditions govern the occurrence of recrystallisation and the final grain
size of the matrix. Consequently, the tensile characteristics of the material may flex-
ibly be engineered by altering the powder properties and/or its processing route as
exemplified with cobalt in Fig. 6.4. The powders have been consolidated at a rela-
tively high temperature so as to contrast their susceptibility to grain growth and to
demonstrate the influence of impurities, such as oxygen and sulphur (see Section
3.2.1), on tensile properties.

The highest yield strength is obviously obtained in a fine-grained material con-
taining high amount of finely dispersed, stable oxides (Curve I). On the other hand,
the yield strength of cobalt is drastically reduced when either the powder is consoli-
dated by sintering in a reducing atmosphere (Curve III) or a non-oxidised powder is
subjected to hot pressing (Curve IV).

The percentage elongation generally increases as the yield strength decreases
except in situations where other factors, e.g. a presence of sulphur, reduce ductility
of the material.

It is worthwhile to mention that further diversification of the yield strength is pos-
sible by admixing other powders to the base metal prior to consolidation [7].
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Specifically fine tungsten carbide is commonly used to increase the yield strength by
converting the matrix to a particulate-reinforced composite.

6.3 Bending Strength

Irrespective of methodological incorrectness and problematic interpretation of
results acquired outside the elastic range, the bending test has become a widespread
screening procedure whereby the material’s as-sintered integrity is assessed in a sim-
ple manner. 

In the industrial practice, the bending test has also proved useful for assessing the
effectiveness of various coatings deposited on diamond in enhancing its retention in
the matrix [8]. In comparison with specimens containing uncoated diamond, the
bending strength of specimens impregnated with coated diamond grits, of the same
size and concentration, should reach higher level and, more importantly, the per-
centage of broken coated crystals across the break of the test specimen should be
markedly higher compared to uncoated ones, thus providing the toolmaker with a
quantitative indication that the tool composition and consolidation conditions have
been correctly chosen. 

6.4 Impact Strength

As mentioned in the previous sections, the working diamonds periodically experi-
ence intense impacts that induce stresses in the surrounding matrix. Besides, dia-
mond tools are generally liable to abuse and therefore undesirable vibrations will
further add to the impact loading of the matrix degrading its ability to hold the dia-
monds firmly. Such incidents are encountered with diamond particles embedded in
a too brittle matrix that starts to break away rather than wear away. Therefore, in the
vast majority of applications, the impact strength of the matrix becomes critical to
the tool performance.

The impact strength of PM materials is influenced in a complex manner by their
density, chemical and phase composition, grain size, contents of impurities, etc. It is
essential that the material is fully densified, otherwise its toughness declines dra-
matically with increasing porosity [7,9]. 

The energy required to fracture unalloyed cobalt specimens, obtained by hot press-
ing of powders finer that 2 µm (Fisher sub-sieve size) to virtually full density, is mostly
affected by impurities contained in the material. As demonstrated in Fig. 6.5, the duc-
tility of cobalt is apparently controlled by the degree of oxidation and contamination
with sulphur.

The specimens made of sulphur contaminated hydrometallurgical powders (see
Section 3.2.1) yield very low impact strength figures despite the absence of oxygen. In
the near sulphur-free material the impact strength sharply declines as the oxygen con-
tent is increased from below 0.01 to about 0.2 wt.%. Beyond this range, the impact
strength slopes down more gently. The increase in hot pressing temperature from
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800°C to 950°C has a marginal effect and seems to be restricted to very low oxygen
contents (~0.01 wt.%), where the rise in temperature stimulates ductile behaviour.

The impact response records obtained from an instrumented test reveal the effect
of oxygen on the failure history of the material. As shown in Fig. 6.6, the specimen
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containing 0.36 wt.% oxygen breaks brittle in the macroscopic elastic field, but ranks
high in ability to absorb force. On the other hand, the low-oxygen cobalt (0.07 wt.%)
yields at lower force but undergoes sizeable plastic deformation consuming markedly
more energy for plastic deformation and crack propagation. 

From the diamond retention standpoint, it seems desirable that the material has
the ability to absorb some deflection, otherwise cracks may be initiated and propa-
gated in the matrix as the result of large strains generated in the vicinity of sharp
diamond edges [11].
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A number of fundamental studies of diamond tool wear processes may be found in the
literature [1–18]. The majority of them have been entirely devoted to the behaviour of
diamond grits, whereas little attention is turned to the mechanisms involved in the
wear of the matrix. Therefore, it is worthwhile to discuss the complexity of the matrix
wear, which seems to be equally a system property and material characteristics. 

During sawing, or grinding, with diamond tools the interactions between the
workpiece debris and matrix occur in a variety of forms depending on size of the
abrasive swarf, its shape, cleavage properties, hardness, loading conditions, particle
movement speed and pattern, etc. Abrasive and erosive modes of wear are always
accompanied by other mechanisms such as thermal fatigue, indentation fatigue and
others which are not yet well understood.

7.1 Resistance to Abrasive Wear

As stated above, there are always several mechanisms of wear acting in concert, all of
which have different characteristics. The abrasive particles may remove material by
micro-cutting, micro-fracture, pullout of individual grains or fatigue by repeated
deformations [19]. Considerable plastic deformation occurs beneath the abraded sur-
face and, consequently, strain-hardening takes place in the material which usually
results in a reduction of the abrasive wear rate. As shown in Fig. 7.1, severe subsurface
deformation is inevitable during abrasion and therefore the hardness at high strains
often becomes the controlling property [18–20]. 
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If hardness of the work-hardened material is close to or exceeds that of the abra-
sive, the reinforcement produced by strain-hardening is effective and the wear resist-
ance is increased [19,21,22]. From the viewpoint of effective cutting action, the
abrasive must be harder than the wearing surface. If it is only a little harder than the
material to be abraded, the abrasive tends more readily to have its sharp corners
removed after which its own cutting action is drastically reduced.

The mechanism of wear is affected to a large extent by the shape of abrasive parti-
cles. Abrasives originating from freshly fractured material have a lot of micro-cutting
edges and remove far more material than the worn ones, which have only rounded
edges. If the abrasive material is too brittle, however, then it may break into fine parti-
cles thus minimising wear. At constant contact pressure, and other testing conditions,
the wear rate of most metals increases non-linearly with the mean abrasive particle
size up to about 50 µm and reaches a limiting value at about 100 µm [19,23–25].

Another factor controlling wear rates is the tendency for material to be displaced
rather than removed as wear debris. Therefore, outstanding ductility and toughness
can suppress the more rapid forms of abrasive wear, such as micro-cutting and brit-
tle fracture. Indentation fatigue, which is a much slower wear process, can appear
instead. Needless to mention that the sharpness of abrasive particles and the pattern
of moving, i.e. sliding or rolling, will also have an important effect on the process of
material displacing.

Identification of minerals in the workpiece, that cause abrasion, is also an impor-
tant consideration. Minerals that are too soft to abrade may still wear the material
but the mechanisms involved are different, e.g. thermal fatigue, oxidation and
removal of oxide layers by abrasion, etc.

Abrasive wear tests conducted on a great number of metallic and non-metallic
materials have indicated that when the ratio of the hardness of the abrasive to the
hardness of the test material attains the value of 1.3–1.7, the relative wear has a def-
inite maximum and constant magnitude [21]. The foregoing finding implies a possi-
bility of suppressing abrasion by raising hardness of the material above a certain
critical value. The simplest way of accomplishing this is by introducing hard phases,
such as carbides, to a softer matrix. A material containing carbides can possess up to
four times the abrasive wear resistance of the corresponding carbide-free single-
phase material. The peak of abrasive resistance occurs at approximately 30 vol% of
hard phase. Beyond this level an undesirable, brittle and continuous hard phase net-
work appears to facilitate crack propagation throughout the structure and to reduce
resistance to wear [19,26]. If the abraded material also experiences impact stresses,
its ductility takes priority over any other properties. 

The way the grits pass over the worn surface determines the nature of abrasive
wear. The literature denotes two basic modes of abrasive wear, i.e. two- and three-
body abrasive wear.

7.1.1 Two-Body Abrasive Wear

The two-body abrasive wear is well exemplified by the action of grinding paper on a
surface. Fixed abrasive grits pass over the mating surface and cut groves in it.
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The two-body abrasive wear is the most rapid and severe means of removing
material and therefore it is of the utmost importance that the diamond protrusion
ensures sufficient clearance to keep the matrix remote from the workpiece surface
asperities. As exemplified in Fig. 7.2, it seems impossible to avoid incidental situa-
tions when the matrix locally comes into direct contact with the workpiece and is
abraded by the two-body mechanism. 

If the clearance is insufficient for the application, repeated exposures of the
matrix to a direct contact with the processed material will inevitably lead to a dras-
tic decrease in the useful life of the tool.

7.1.2 Three-Body Abrasive Wear

The three-body abrasive wear arises when hard abrasive particles are introduced
between a pair of sliding surfaces and abrade material of each. The particles are free
to roll as well as slide over the surfaces since they are not held rigidly. It was found
that the three-body abrasive wear is approximately 10 times slower than its two-
body counterpart because the abrasive particles spend about 90% of the time rolling
and only about 10% of the time sliding and abrading the surfaces [22,23].

Typically, the three-body mode of wear does not occur when the abrasive particles
are small, or when they are softer than the abraded material. The latter may not
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Figure 7.2 A series of parallel scratches produced in the matrix by stone asperities sliding over the side face 
of a sawblade segment.
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apply to coarse abrasive particles, which neither are rounded up nor flow plastically
but tend to shatter under increased loading thus reforming very sharp cutting facets.
Each particle destruction event is accompanied by formation of new surface, which
requires expenditure of energy [27]. Since this energy is provided via the wearing
material, its surface is inevitably damaged while splitting the abrasive particles [26].

In sawing stone, concrete and hard ceramics, for instance, the wear of the matrix
is brought about by the passage of an abrasive slurry, being a mixture of workpiece
debris and a carrying liquid, over the working face of the diamond-impregnated seg-
ment. The abrasivity of the swarf, internally generated in the cutting zone by work-
ing diamonds, is influenced in a complex manner by its properties, segment
composition and sawing conditions. The most important workpiece debris charac-
teristics are:

● average particle size and size distribution;
● particle shape (sharpness);
● mineral composition (hardness);
● cleavage properties (resistance to fragmentation).

The variables related to segment composition and sawing conditions are equally
important as they affect the space by which the matrix clears the workpiece and control
the swarf concentration in the slurry. Hence the other important considerations are:

● diamond size, strength and concentration (which combine to affect its pro-
trusion window);

● maximum chip thickness (see Eqs. (2.1) and (2.3));
● cumulative chip thickness (see Section 2.1).

All the above parameters govern the particle movement pattern. Figure 7.3 shows
a simplified two-dimensional model of a tribological system wherein some portions
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of an intermediate matter are compelled to either sliding or rolling motion between
two sliding bodies.

Ignoring fragmentation of abrasive particles, it is assumed that torques produced
by the frictional forces Ff tend to make the particles roll, whereas counteracting
torques brought about by the normal forces Fn tend to make the particles slide.
Hence rolling occurs when

Ff c � Fnl (7.1)

whereas sliding occurs when

Ff c � Fnl (7.2)

It is convenient to replace Ff /Fn by a coefficient of friction µ. Equations (7.1) and
(7.2) will then become

µr � l/c (7.3)

µs � l/c (7.4)

where µr and µs are coefficients of friction for the rolling and sliding particle, respec-
tively.

From Eqs. (7.3) and (7.4) it can be inferred that the ratio of the spacing l between
the indentation forces to the spacing c (clearance) between the frictional forces
becomes an important tribological parameter which determines the abrasive parti-
cle movement. The ratio l/c depends on the particle size and shape, normal load,
hardness and hardness ratio of the two mating surfaces [28]. 

Obviously, a large particle size and small clearance favour sliding movement (see
particle 1 in Fig. 7.3) thereby drastically increasing the rate of wear. This has been
confirmed experimentally by sawing sandstone with a circular sawblade that was
previously conditioned on granite [18]. The markedly coarser stone debris com-
bined with a threefold increase in the cutting rate, leading to deeper workpiece pen-
etration by diamond particles as described by Eq. (2.1), has initiated a severe matrix
abrasion by the sliding action of coarse particles. Figure 7.4 shows the evolution 
of diamond protrusion and evidence of harsh abrasion on the working face of the
sawblade. 

As the particle size to clearance ratio is sufficiently lowered to attain a certain crit-
ical value, the particle rolls (see particle 2 in Fig. 7.3). It is also possible that some
particles momentarily lose contact with either surface (particle 3) or are too small to
abrade (particle 4). 

Modelling of the matrix wear rates has long been recognised as one of the most
important tool-making issues. Laboratory wear testing is without doubt the quicker
and relatively inexpensive means of obtaining information on wear rates and wear
mechanisms. It must be realised, however, that laboratory experiments, even when
conducted with highly sophisticated testing rigs, inevitably limit the number of vari-
ables and incompletely imitate the complex processes involved in the actual tool appli-
cation environment. Another complication is the proper selection of the backing
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wheel that forces the abrasive particles into the abraded material. There is sufficient
experimental evidence that hardness and surface topography of the backing wheel
appear to be extremely important for three-body abrasive wear [18,19]. As demon-
strated in Fig. 7.5, the wear rates evaluated on different backing wheels do not remain
in proportion to one another and materials are ranked differently.
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Undeniably, wear resistance of the matrix is one of the most important properties
in assessing the tool serviceability in any specific application. Although diverse test
equipment is in current use [18,23,29–40] no simple technique has yet been devel-
oped to simulate the tool application conditions which are characterised by a large
number of wear variables, such as load, type of motion, velocity, contact area and
geometry, sliding distance, temperature and cooling conditions, vibration, workpiece
(debris) characteristics, etc. Therefore, additional refinements to the existing labora-
tory wear testing procedures are required so as to better reproduce the tool wear
conditions. 

7.2 Resistance to Erosive Wear

Erosive wear is caused by the impact of solid particles against the surface of an
object. It involves several mechanisms, which are largely controlled by the particle
material, particle size, angle of impingement, impact velocity and erosion
medium. 

In a similar manner to abrasive wear, hard particles cause higher wear rates than
soft particles. It is, however, impossible to isolate hardness completely from other fea-
tures of the impacting particle such as its shape and resistance to fragmentation.
Even if the particle is hard but relatively blunt or spherical then it is unlikely to cause
severe erosive wear. On the other hand, when the particle is sharp then cutting or
brittle fragmentation of the target material is more likely.
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The size of the particle is also of considerable relevance. The efficiency of erosive
wear sharply decreases as the particle size decreases below about 100 µm [41]. For
instance, quartz particles smaller than 5 µm in size are reported to cause no meas-
urable erosion of steel at impact velocities below 300 m/s [42]. 

The angle of particle impingement can range from 0° to 90°. At small angles, up
to around 4°, the rate of erosion is negligibly low or even undetectable [43]. In duc-
tile metals, measurable wear occurs as the angle of incidence increases and reaches
its maximum rates at angles between 15° and 30° [19,20,41,44]. Schematic repre-
sentation of the effect of impingement angle on wear rate of ductile materials is
shown in Fig. 7.6.

A theoretical analysis predicts that beyond the angle for maximum erosion the
wear rate, represented by the solid curve in Fig. 7.6, slopes down to reach zero at 90°
[44]. The idealised model considers, however, a single particle collision with a per-
fectly flat surface, whereas in actual situations the surface becomes roughened by
many impacts. Therefore, subsequent particles strike the surface with a distribution
of angles deflecting upwards the experimental curve represented by the dashed line
in Fig. 7.6. A number of other mechanisms such as brittle behaviour due to work-
hardening, fragmentation of the impacting particles, low cycle fatigue, temperature
effects due to high strain rates, delamination wear, etc. have also been suggested for
material removal due to impingement at high angles [41].  

Another factor, which has a very strong effect on the wear process is the impact
velocity of the erosive particle. If the speed is very low then stresses at impact are
insufficient for plastic deformation to occur and much slower wear proceeds by sur-
face fatigue. When the speed is elevated to a certain threshold value, of about 20 m/s
[19], it is possible for the eroded material to deform plastically on particle impact. In
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this regime wear may occur by repetitive plastic deformation. For medium to high
speeds the relationship between the erosive wear rate Rm, expressed as the volume
removed by a given mass of abrasive, and impact velocity v can be described by a
power law 

Rm � kvn (7.5)

where k is the empirical constant and n the velocity exponent. 
The early formulation has predicted the material removal rate proportional to the

square of the impact velocity [44]. The experimental data, however, yields velocity
exponents ranging between 2 and 3 [19,20,41].

In many diamond tool applications the use of water as a cooling liquid is wide-
spread. Therefore, the matrix erosion occurs by the flowing action of a liquid stream,
which carries solid workpiece particles. The characteristics of the liquid medium
may have a strong effect on the final wear rate. It has been documented that small
additions of lubricants to erosive slurries can markedly reduce wear [19].
Controlling factors relate to the bulk properties of the medium, i.e. viscosity, density
and turbulence as well as to its microscopic properties such as corrosivity and lubri-
cation capacity. The ability of the liquid to provide cooling during particle impinge-
ment is also important.

The drag forces imposed by a viscous slurry on erosive particles can affect wear
by altering the impingement angle. The effect of the medium is assessed in terms of
so-called ‘collision efficiency’, which is defined as the ratio of particles that actually
strike the wearing surface to the total number of particles contained in the slurry
jet that is directed at the target [19]. It has been found that the collision efficiency
declines from a limiting value of 1.0 for large particles of 750 µm size to less than
0.1 for small particles of 75–90 µm size at medium dynamic viscosities [19]. The
impact velocity is affected by the particle size in a similar manner and therefore
larger particles strike the target at greater velocities than small particles do [45].
The reductions in collision efficiency and impact velocity are caused by the viscous
medium which sweeps smaller particles past the wearing surface. The erosive wear
rate is found to closely follow the same trend as collision efficiency and impact
velocity, which indicates that the primary effect of a liquid medium is to draw 
the particles along the liquid streamlines and to divert them from the wearing sur-
face. It is noteworthy that turbulence of the medium accelerates erosive wear since
particle impingement is more likely to occur in the turbulent flow than in the 
laminar one.

In literature, the slurry erosion has received recognition as a mechanism that is
likely to make contribution to the overall wear of diamond-impregnated tools
[11,14–16,40,46]. Experimental evidence indicates, however, that the erosive wear
mechanism has rather marginal importance and locates this form of wear, second-
ary to abrasion [18].
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7.3 The Role of Diamond

During sawing and grinding the load is primarily borne by the cutting diamonds
with only a small system dependent proportion carried by the swarf sandwiched
between the workpiece and the matrix.

Diamond crystals protruding above the matrix aid its overall wear resistance by:

● preventing the matrix from direct rubbing against the processed material;
● direct blockage of abrasion grooves.

The former point extends to the complex issues of developing space (clearance)
between the matrix and the surface of the processed material that would be ade-
quate for the application needs.

The latter point is associated with a phenomenon termed as the ‘stand-out effect’
[19]. As illustrated in Fig. 7.7, inhibition of wear by the abrasive swarf leads to the
development of a matrix tail and chip removal grooves behind each individual dia-
mond particle, unless the working diamonds change orientation in relation to the
direction of movement, as in the frame sawing of stone.

When pullout occurs the matrix tail is no longer shielded by the diamond crystal.
Immediately after the particle loss it is likely that the tail is exposed to short but
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Figure 7.7 Working face of circular (top) and frame (bottom) sawblade segments.
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extremely severe friction directly against the workpiece. Hard asperities pass over its
surface like a cutting tool, wearing the matrix many times faster than unfixed abra-
sive particles. Figure 7.8 shows a typical pullout site worn flat along the direction of
the saw blade rotation.

The wear pattern on the elevated, former tail site displays a random topography
suggesting gradual removal of surface layers by the successful contact of workpiece
debris. The chip removal groove looks completely different. Due to wider clearance it
has been polished smooth, by erosion, and shows no signs of abrasion.

Given that the crystal size is kept constant, increased diamond concentration in
conjunction with improved retention capacity of the matrix yields more diamond
particles on the wear surface. Therefore, due to the stand-out effect, the tool life
should increase monotonically in proportion to the number of cutting points which,
in the tool-making routine, is controlled by altering diamond size and concentration.
The application practice indicates, however, that the sawblade life increases only
until a certain optimum concentration is attained beyond which point the tool life
stabilises [4] or even decreases [47].

That optimum diamond concentration is a complex function of its type and size,
tool operating parameters, workpiece properties, machine condition, etc. Items
requiring special attention are uniform distribution of diamond in the matrix and
machine power capabilities.

With increasing the concentration a certain proportion of diamonds is shielded
by other stones in front of them and is thereby rendered ineffective. It is therefore
important that diamond crystals are uniformly distributed throughout the matrix.

The concentration at which maximum tool life is achieved is also dependent on the
machine power ratings. Insufficient machine power do not guarantee adequate 
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Figure 7.8 Wear pattern around pullout site.
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penetration of cutting points into the workpiece and thus may hinder self-sharpening
of diamond particles by controlled micro-fracture [13]. In the extreme, extended wear
flatting may result in no cutting action whatsoever.

At high rubbing speeds, which are customary in the use of diamond tools, and at
very light loads a temperature of up to 500°C may be generated on the diamond
faces which renders them blunt through oxidation or graphitisation/oxidation
mechanism [48]. As it is virtually unrealistic that the cooling system fully compen-
sates for the rise in temperature, the generated heat is partly transferred to the
matrix thus making it softer. It has been documented theoretically [18] and experi-
mentally [6] that normal forces acting on a sawblade grow steeply with progressive
dulling of cutting points. Their detrimental effect on the tool life is twofold. First, the
increasing normal force per working diamond promotes plastic deformation of the
thermally softened matrix and may lead to excessive debonding and pullout of dia-
mond particles; and second, unexpectedly high forces are hardly ever compensated
for by the rigidity of the tool support. The tool thus becomes dynamically unbal-
anced which results in harmful vibrations generated in the system.

Due to great complexity and inherent instability of the actual wear conditions the
current understanding of tool wear mechanisms remains highly qualitative. There
are, however, clear experimental indications [18] that:

● On difficult to cut (high power-consuming) workpiece the diamond break-
down and/or pullout appear to be the pre-dominant forms of tool wear.

● On easy to cut (low power-consuming) workpiece the matrix is capable of
retaining the diamond crystals longer and allow them to project much better
beyond the working face of the tool. Hence, this is the matrix resistance to
abrasive wear, which takes priority over capacity for diamond retention. 

Assuming proper tool specification, to optimise its life it is necessary to avoid
changes in the workpiece type and its machining conditions thus permitting devel-
opment of a stable balance between the diamond particle protrusion and diamond
penetration depth. Any alterations to the established cutting regime lead to acceler-
ated tool wear by bringing the system closer to a new equilibrium.
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The methods of making diamond-impregnated cutting tools have undergone a
fantastic development since the ‘invention’ of synthetic diamond in the 1950s. 
Over the last five decades different types of metal-bonded tools have been increas-
ingly used for the most demanding sawing, drilling, grinding and polishing opera-
tions to bring major productivity benefits in the processing of natural stone and
construction materials, production of glass and ceramics, exploration of petroleum
and gas, etc.

8.1 Sawing

Diamond-impregnated tools are now accepted as the most effective means of sawing
natural stone, concrete, reinforced concrete, asphalt, brickwork, glass and other
ceramic materials. The main classification of the operations carried out on these
materials comprises circular- , frame- and wire sawing.

8.1.1 Circular Sawing

A diamond circular sawblade is an efficient and versatile tool, which may be used on
both portable and stationary machines. Continuous rim blades and segmental laser
welded blades are primarily designed for dry cutting operations carried out by means
of a hand-held equipment although the latter are also recommended for wet sawing
of asphalt and concrete by a floor saw machinery that may not ensure adequate
water supply (Figs. 8.1 and 8.2).
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Figure 8.1 Different rim configurations of dry cutting blades.

ESJH_PMLD_CH008.qxd  8/31/2005  10:16 PM  Page 130



Brazed segmental blades are commonly used for sawing walls (Fig. 8.3) and on sta-
tionary machines (Fig. 8.4), which secure sufficient amounts of coolant to prevent
the brazed joint from overheating. These tools can be subjected to a number of re-tip-
ping operations, which is economically justified in the case of bigger sawblades (see
Fig. 8.4b). The contribution of the steel centres to the overall cost of the tool increases
dramatically with the blade diameter and therefore it is reused until its fatigue life is
approached.
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Figure 8.2 Floor saw fitted with 300 mm laser welded dry cutting blade.
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Figure 8.3 Remotely controlled wall saw cutting a doorway in a concrete structure. (Courtesy of Hilti
Corporation)

Figure 8.4 Sawing stone on (a) a bridge saw and (b) 2.7 m diameter block saw.
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Careful storage, handling, mounting and selection of application conditions [1]
prolong the sawblade life and improve its performance. The very general guidelines
for operating parameters used in the most typical circular sawblade applications are
provided in Tables 8.1 and 8.2.

The easy to process, low power-consuming materials are generally sawn ‘to full
depth’ with the downward rotation of the blade; whereas the difficult to cut, high
power-consuming materials, such as granite or hard and dense ceramics, are always
sawn in many passes with a reciprocating movement of the sawblade, which alter-
nately operates in the up-cutting and down-cutting modes. In the latter case the
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Table 8.1 General recommendations of peripheral speeds and cutting rates for use on single-
blade machines.

Workpiece material Blade peripheral Cutting rate Comments
speed (m/s) (cm2/min)

Dry cutting of various 80–100 Must be naturally Tilting or twisting of the 
materials with hand-held ‘accepted’ by the sawblade must be avoided
equipment sawblade
Quartziferous granites 25–30 100–200 Cutting rate grows with 
Low quartziferous granites 30–40 200–600 the machine power rating. 
Marbles 40–50 600–1200 Lower cutting rates are 
Travertines 45–60 800–1200 recommended whenever 
Sandstones 40–65 300–1000 good surface finish is 
Ceramics 20–50 — a priority
Concrete 35–50 —
Reinforced concrete 30–40 —
Asphalt 40–60 —

Table 8.2 General recommendations of machine power ratings and coolant supply for saw-
ing natural stone on stationary single-blade machines.

Sawblade diameter Desirable power (kW) Minimum water flow
(mm)

Granites Marbles, travertines, 
(l/min)

sandstones

300–400 4 5 10
500 9 7 15
600 13 9 20
700 18 13 30
800–900 18 18 30
1000 22 22 40
1200 29 29 50
1400–1600 40 44 60
2000 44 48 70
2500 48 51 80
2700 55 59 80
3000 66 74 90
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depth of cut ranges between 0.4 and 20 mm whereas the feed rate is chosen to com-
ply with the recommended cutting rates (see Table 8.1).

High feed rates combined with shallow depths of cut will favour a free cutting
action of the tool, which becomes the first priority in sawing granite on multi-blade
machines for the production of modular tiles (Fig. 8.5). The latest generation of
machines for this application is capable of using a spindle with up to 80 sawblades
1 m in diameter [2]. To ensure smooth running of the system, each of the vertical
blades has to be matched within narrow specification in regard to ovality, balance,
side run-out and tension, and fitted with sandwich-type segments containing high-
grade diamond grits. Blocks are sawn at a feed rate of between 8 and 14 m/min and
a depth of cut ranging between 0.4 and 1.5 mm [3]. 

The other important application conditions are given in Table 8.3. 
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Figure 8.5 Multi-blade saw cutting a granite block. (Courtesy of EHWA Diamond Ind. Co., Ltd.)

Table 8.3 General recommendations of machine power ratings and coolant supply for use
on multi-blade machines [3].

Number of Desirable power  Sawblade Minimum water 
sawblades per blade (kW) diameter (mm) flow per blade (l/min) 

5–9 55–66 1000 30
10–20 74–92 1100 35
21–32 110–132 1200 35
35–60 147–220 1600 40
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8.1.2 Frame Sawing

Despite a comparatively high initial cost of machinery, frame saw systems have long
been established as an efficient and low sawing cost means of mass production of
stone slabs. They are generally used for cutting marble, travertine, limestone, sand-
stone and agglomerates, however, syenite and the easiest to process types of granite
may also be sawn.

Frame sawblades are usually mounted horizontally on single or multi-blade 
(Fig. 8.6) machines, which are classified by the product of the length of stroke and
the flywheel rotational speed (see Chapter 2). If the product is equal to or lower than
50000 mm/min the machines are regarded as ‘slow frames’, otherwise they are ‘fast
frames’.

The most typical sawing parameters used on slow and fast horizontal frames are
listed in Tables 8.4 and 8.5.

It is noteworthy that the feed rates achievable on single-bladed frames may
markedly exceed the figures given in Table 8.5 since, in general, the feed rate increases
with the linear speed of the frame and decreases with the number of sawblades[6].

8.1.3 Wire Sawing

Over the past three decades, diamond wire sawing technology has made significant
inroads into the stone industry, primarily for quarrying of stone blocks and their
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Figure 8.6 Frame saw, fitted with multiple diamond blades, in action.
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further division, as well as into construction applications such as structure refur-
bishment and demolition operations. 

There are several advantages to block extraction by the diamond-impregnated
wire that have made this technique attractive to stone quarries (Fig. 8.7). It offers
markedly higher production rates and is not so labour-intensive as the conventional
methods. Additionally, it minimises waste in any case and dramatically increase out-
put of blocks usable for monumental purposes in areas where flawed or fragile stone
is quarried.

Typical wire saw characteristics and sawing conditions used in quarrying various
types of natural stone are summarised in Table 8.6.

The diamond wire saw has also made rapid progress in the stoneyards, where sin-
gle- and multi-wire stationary machines are increasingly used for block preparation
and slabbing (Fig. 8.8), as well as for profiling of stone slabs. 

The linear wire speeds and cutting rates achieved on the stationary machines are
similar to those applied in the quarry. For most applications, the wire saw contains
10–11 mm diameter diamond-impregnated beads mounted on a 5 mm diameter
stainless-steel rope. The multi-wire machines, however, utilise beads 7–8 mm in
diameter on a 4 mm diameter steel rope to minimise kerf widths and thus to max-
imise the yield of slabs per block. 
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Table 8.4 Recommended machine power ratings and amounts of coolant for sawing stone
on slow and fast frame saws [4].

Number of Power per blade  (kW) Minimum water flow 
segments per blade per blade (l/min)

Slow frame Fast frame Slow frame Fast frame

20–30 0.8–1.1 1.1–1.6 7–8 9–10
31–40 1.1–1.4 1.5–1.9 7–8 9–10
>40 1.5–1.6 1.9–2.2 7–8 9–10

Table 8.5 Recommended cutting rates for sawing various types of stone on slow and fast
frame saws [4,5]. 

Stone Feed rate (cm/h)

Slow frame Fast frame

Marble 10–18 20–35
Travertine 15–22 25–40
Limestone 12–25 20–30
Sandstone 20–30 30–40
Agglomerates 13–20 25–35
Easy to process types of granite/Syenite 8–18 —
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Table 8.6 Typical application parameters for quarrying stone by means of diamond-impreg-
nated wire saws [1,7,8].

Type of stone Number of beads per Wire linear Cutting rate 
meter of wire length speed (m/s) (m2/h)

Quartziferous granites 37–40 19–23 1–3
Low quartziferous granites 30–39 23–28 3–5
Marble 27–30 30–40 6–8
Limestone 27–30 28–40 7–8
Travertine 27–30 40–45 8–9

Figure 8.7 Cutting a large block from the rock face. (Courtesy of EHWA Diamond Ind. Co. Ltd., Osan, Korea)
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The versatility and economic advantages of the wire saw technology have also
been recognised in the construction industry, where portable wire saw machines 
are used for various construction, renovation and controlled demolition purposes
(Figs. 8.9 and 8.10). The ability of the diamond-impregnated wire to cut cleanly,
quickly and accurately, with little noise and vibration, makes this tool an ideal alter-
native to blasting or jack hammering with flame cutting of the rebar, which were
previously used in removal of thick sections of reinforced concrete or brickwork. The
cutting rates achievable on various construction materials vary widely from 1–6
m2/h on reinforced concrete, through 5–11 m2/h on plain concrete, up to 10–18
m2/h on masonry depending on the type of concrete aggregates, percentage of steel
reinforcing and brick composition [9].

8.2 Drilling

Diamond-impregnated drills are efficient tools for cutting isolated holes in ornamen-
tal stone, concrete, asphalt, brickwork, glass and other non-metallic materials,
stitch-drilling doorways and vents in heavily reinforced concrete structures, as well
as for exploratory drilling in earth formations, which seems to belong to the oldest
civil engineering applications of diamond. Depending on the application conditions
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Figure 8.8 Stationary diamond wire saw for squaring stone blocks. (Courtesy of MC DIAM Sp. z o.o.)

ESJH_PMLD_CH008.qxd  8/31/2005  10:16 PM  Page 138



Main Application Areas and Operating Guidelines for Diamond-Impregnated Tools 139

Figure 8.9 Portable wire machine making a vertical cut in a concrete wall. (Courtesy of Hilti Corporation)

Figure 8.10 Diamond wire saw cutting a reinforced concrete pile into small sections to facilitate its removal.
(Courtesy of EHWA Diamond Ind. Co., Ltd.)
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drills can be designed by varying the configuration (see Fig. 8.11) and composition
of the working part, as well as by altering the manufacturing route. 

Diamond-impregnated core drills used for drilling shallow holes in construction
materials (Fig. 8.12) are made by the hot pressing route. In wet drilling, it is common
to inject water through the centre of the drill to cool the working part of the tool and
to flush the cuttings out. As a general rule, small diameter drills, up to around 32
mm, have a continuous drill crown design with waterways incorporated in it,
whereas bigger drills have diamond-impregnated segments brazed to the end of a
core barrel and suitably spaced to facilitate efficient evacuation of the slurry. 

Drills used for dry coring by means of hand-held equipment are guided by a
cemented-carbide tipped drill mounted axially in a short barrel encompassing lateral
air-vents. The central guiding drill projects out over the segments, which, for safety
reasons, should be laser welded to the barrel.

Typical core drilling parameters are listed in Tables 8.7 and 8.8.
Drill bits used in geological exploration and mining of mineral deposits (Fig. 8.13)

are made by the infiltration route. The tool range includes coring and non-coring
surface set diamond bits, as well as diamond-impregnated core bits. The surface set
bits offer higher penetration rates but they are prone to damage, while drilling
through broken and fractured formations. More frequently used are impregnated
core bits, which are more robust and capable of achieving longer bit life. As com-
pared with surface set bits, they display better directional stability and drilling
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Figure 8.11 Selection of core drills used for drilling in stone, concrete and ceramics. 
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performance in the hardest rock formations, enabling extraction of clean core for
laboratory examination of rock structures even from broken strata.

To optimise the economy of drilling, the rotational speed and feed rate of an
impregnated bit should be balanced to suit the rock type being drilled. These two
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Figure 8.12 Portable drill rig mounted for drilling through a concrete wall. (Courtesy of Hilti Corporation)

Table 8.7 General recommendations of peripheral speeds and feed rates for core drilling
stone, concrete and glass.

Workpiece material Drill peripheral speed (m/s) Feed rate (cm/min)

Very hard and difficult to cut ceramics ~1 1–2
Granite, difficult to cut types of stone 1–2 3–4
Glass 1.5–2.5 3–4
Concrete, reinforced concrete 2–4 4–8
Marble, travertine, limestone 3–5 5–10
Sandstone, asphalt 6–8 10–20

Table 8.8 General recommendations of machine power ratings and water supply for core
drilling.

Core drill diameter (mm) Machine power (kW) Water flow (l/min)

�50 0.7–1.1 ~2
50–100 1.0–2.3 2–4
100–250 2.0–3.5 4–8
250–500 3.5–7.5 8–12
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parameters combine to yield a bit revolutions per centimetre of penetration (RPC)
index that has been found as an extremely useful guide to successful drilling. Ideally,
the load on the bit should be adjusted to aim at 80–100 RPC to keep the bit sharp
[10,11]. If the load is insufficient, the diamonds will polish and the bit will ‘close up’.
If the load is too high, excessive and uneven wear can occur. As a general rule, the
pressure on the bit should always be kept below 150 kG/cm2 [10]. If problems
appear in adjustment of the rotational speed and load on the bit to bring the RPC
index into the optimum range alterations to the composition of the bit crown are
usually needed.

Another important parameter that affects the operating efficiency of the bit is the
coolant flow. Usually, coolant flow rates higher by 20–30% are required when
drilling with diamond-impregnated bits as compared to drilling with their surface set
counterparts [10]. In most situations water is used as the coolant but various cutting
oils or lubricating fluids [12] may also be used, especially when drilling hard rock
formations [11].

Table 8.9 gives broad guidance on the amount of coolant required for impreg-
nated core bits of different dimensions.
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Figure 8.13 Impregnated core bits used for geological exploration. (Courtesy of Asahi Diamond Industrial
Australia Pty Ltd.)
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8.3 Grinding and Polishing

In addition to sawing and drilling, metal-bonded diamond-impregnated tools have
also been used with great success in a variety of grinding and polishing operations,
offering the best combination of long tool life, shape retention of the working face,
fast stock removal and good surface finish. Due to the numberless combinations of
application requirements, tool and machine designs, it is beyond the bounds of pos-
sibility to tabulate the application guidelines, as it has been done in the preceding
sections, within the limited scope of this publication.

In stone working, the calibrating, grinding and rough polishing steps are effec-
tively realised with metal-bonded diamond tools installed on either single-head
machines or multi-head automatic surface polishing lines. The latter are universally
used in the manufacture of accurately sized stone tiles for flooring and wall cladding
in public and private buildings. 

The recent technological innovation has led to an enormous increase in the pro-
duction of natural stone components used for interior decoration, such as kitchen
worktops, tabletops, side panels for built-in furniture, staircase treads, window sills,
door frames and many other fittings, which are normally made of wood. With this
type of production, many different profile and edge finishes are required. They can
economically be accomplished on numerically controlled contouring machines, fit-
ted with a wide range of diamond tooling to cover all these possibilities (Figs. 8.14
and 8.15). The recent generation of contouring CNC machines, equipped with large
tool stores, inclinable spindles, laser tool travel controls, touch probes to measure the
workpiece dimensions, as well as user-friendly programming facilities, enable the
most complicated stone-shaping operations to be carried out unattended. 

Over recent decades, diamond-grinding techniques have also branched into civil
engineering projects. Planing concrete floors and walls (Fig. 8.16), slitting concrete
and brickwork structures for wiring (Fig. 8.17), grooving the surface of roads, bridges
and airport runways, to reduce the risk of aquaplaning in wet weather, are typical
examples of jobs carried out with metal-bonded diamond-impregnated tools. 

Another important application of diamond-impregnated tools is in grinding glass
and ceramic materials. Various shapes of metal-bonded cup wheels, peripheral
wheels and pencil edge wheels are used here, to complement electroplated and resin-
bonded tools, for bevelling of plate glass, shaping, edging and surfacing of architec-
tural, furniture, automotive and optical glass components, artistic decoration of
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Table 8.9 General recommendations of coolant flow rates for impregnated core bits [11].

Bit size designation Nominal hole diameter (mm) Coolant flow (l/min)

A 48 11–15
B 60 23–30
N 75.7 30–38
H 96 38–45
P 122.6 68–87
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Figure 8.14 NC260 Contourbreton machine capable of handling very large stone slabs. (Courtesy of Breton
S.p.A.)

Figure 8.15 Examples of metal-bonded diamond grinding tools for stone working.
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glassware, etc. The grinding operations are carried out in several stages, mostly with
metal-bonded wheels containing progressively finer grits, and require an adequate
amount of coolant directed into the contact zone.

Modern manufacturing technologies are increasingly applying ceramics in
the quest for materials which can withstand new operational extremes. As a result,
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Figure 8.16 Clean grinding of (a) concrete face and (b) angle grinding of concrete steps. (Courtesy of Hilti
Corporation) 
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various types of ceramics have found broad application in electrical engineering
(insulators, spark plug bodies, resistor supports, capacitors), construction of indus-
trial furnaces (refractory bricks), production of accessories for laboratory use (tubes,
crucibles, mortars, combustion boats), building and civil engineering projects
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Figure 8.17 Two-bladed diamond slitter used to produce wider channels in concrete. (Courtesy of Hilti
Corporation)
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(ceramic brickwork, roof tiles, piping), engineering of vehicles (motor parts), and as
a host of other essential items of commercial and industrial equipment. 

The fired ceramic components hardly ever have the required dimensions and,
therefore, they have to be produced oversize for the exact dimensions and surface fin-
ish to be achieved by mechanical machining.

Without exception, ceramics and other non-metallic materials are hard and brit-
tle and only diamond tools can grind, and polish, them easily and economically to
the highest degree of precision and surface quality. As a general rule, tough, dense
and fine-grained materials are more difficult to grind than coarse-grained or porous
ceramics. As with other materials, it is impractical to provide general recommenda-
tions as to the optimum selection of grinding conditions, since the workpiece
machinability, its shape, surface and dimensional specifications will depend on the
characteristics of the material but also on the design and rigidity of the machine.
Additionally, it has been found that the optimum machining parameters are strongly
affected by factors such as firing temperature, crystallite size, density, type and dis-
tribution of additives and residual porosity. Consequently, the optimum combination
of the diamond wheel composition and machining conditions must often be estab-
lished empirically.
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Abrasive wear, resistance to, 114–20
three-body, 116–20

swarf, abrasivity, 114, 117, 123
torques, 118
wear rate, 114, 115, 118

two-body, 115–16
Advantages of:

coarser grit, 60
laser welding, 83
natural diamonds, 56
powder-coated diamonds, 72
synthetic diamonds, 56
synthetic monocrystalline diamond blanks, 7
wire saw technology, 138

Bending strength, matrix:
as-sintered integrity, 110

Blades, 130–1
brazed segmental blades, 131
continuous rim blades, 25–6, 130
segmental laser welded blades, 130

Bonded diamond grits and powders:
electroplated, 8
metal, 11
resin, 9–11
vitrified, 8–9

Brazed segmental blades, 131
Brazing, 80, 82–3
Brittle fracture zone, 34

Carbide-backed blanks, 13
Carbonado, 2
Chemical vapour deposition (CVD) diamond, 

4, 15
coated tools, 16
free-standing plates, 16

Chip formation process, 32
Chip removal grooves, 32, 123, 124
Chip thickness, 25, 27, 29, 30, 34, 35
Circular sawing, 130–4

chip thickness, 25, 26, 27
continuous rim sawblade, 25
down-cutting, 23, 24, 25, 26
rim-partition ratio, 27

segmental sawblade, 26–7
up-cutting, 23, 24, 25, 26

Classification:
commercial diamond abrasive, 60
diamond tools, 4
sawblade segment, 41

Coated grits, 62–4
Coated tools, 16
Cobalt:

powders, 44–6
substitutes, 46–8

Cold pressing, 73
Collision efficiency, 122
Compressive fracture strength (CFS) test, 58–9
Continuous rim sawblade, 25–6, 70, 76, 130
Core drilling, 31–2, 140–1
Cubic boron nitride (CBN), 4
Cubo-octahedral, 59
Cutting/dressing tools, 6–7

Deburring, 81
Diamond:

concentration, 61
holding, 42, 43, 62
machining with, 21
and matrix interactions, 106
role:

chip removal groove, 124
stand-out effect, 123, 124
tool life, 124, 125

sizes, guidelines, 60–1
testing, 57, 58, 59
type, grit selection, 56–9

Diamond circular sawblade, 130
Diamond-free base segment, 41, 42
Diamond grit selection, 55

coated grits, 62–4
concentration, 61
diamond type, 56–9
grit size, 60–1

Diamond-impregnated tools:
drilling, 31–2, 138–43
grinding, 143–7
polishing, 143–7
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sawing, 22–31, 130–8
Diamond tools:

classification:
bonded diamond grits and powders, 

8–12
CVD diamond, 15–16
loose diamond abrasives, 5
polycrystalline diamond (PCD), 12–15
single-crystal diamond, 5–8

design and composition:
diamond grit selection, 55–61
effect, 40–2
metal matrix selection, 42–55

fabrication:
finishing operations, 81–4
powder metallurgy, 70

historical development, 2–4
Die fabrication process, 7
Direct resistance heating, 76
Down-cutting, 23, 24, 25, 26, 133
Dressing operation, 83
Drilling:

bit, 31, 70, 78, 81, 140, 142
diamond-impregnated core drills, 138, 140
dry coring, 140
economy, optimising, 141–3
wet, 140

Electroplated tools, 8
Erosive wear, resistance to:

collision efficiency, 122
efficiency, 121
erosive particle, impact velocity, 121, 122
slurry erosion, 122
wear rate, 120, 121, 122

Fabrication:
finishing operations, 81–4
powder metallurgy, 70

Finishing operations:
brazing/laser welding, 82–3
dressing operation, 83
radius grinding, 82
tensioning, 83
truing operation, 83
wire saw assembly, 83–4

Frame sawing, 27–8, 135
chip thickness, 27
fast frames, 135
slow frames, 28, 135, 136

Free-standing plates, 16
Front crater, 32
Furnace press, 76

Glazing, 42
Grain size, matrix microstructure, 92–4

grain growth, porosity, 94, 100–1
Hall–Petch equation, 92
pores, 94

Granulation, 71–2
Grinding, 143–7
Grit size, 60–1
Grit strength determination, 58

Hall–Petch equation, 92
Hardness of matrix:

diamond-holding power, 107
measurements, 107–8

Hot isostatic pressing, 76–8
Hot pressing, 74–6

Impact strength of matrix, 110–12
hydrometallurgical powder, 110

Infiltration, 78–9

Laser cladding, 80–1
Laser welding, 82–3
Loose diamond abrasives, 5

Machining with diamonds:
circular sawing, 22–7, 130–4

chip thickness, 25, 26, 27
continuous rim sawblade, 25–6
down-cutting, 23, 24, 25, 26
rim-partition ratio, 27
segmental sawblade, 26–7
up-cutting, 23, 24, 25, 26

core drilling, 31–2
cutting zone, closed-ring geometry, 31

frame sawing, 27–8, 43, 56, 59, 123, 135–6
wire sawing, 28–31, 135–8

chip thickness, 29, 30
cutting zone, configuration, 30–1
diamond beads, 28
loading force, 29–30
slow frames, 28

Matrix:
and diamond mixture:

preparation, 72–3
mechanical properties:

bending strength, 110
hardness, 107–8
impact strength, 110–12
yield strength, 108–10

microstructure:
grain size, 92–4
near-full density, processing to, 88–92
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phase composition, 45, 96–102
recovery and recrystallisation, 94–6

powders, preparation, 48–55
tail, 22, 23, 27, 31, 123
wear properties:

abrasive wear, resistance to, 114–20
diamond, role, 123–5
erosive wear, resistance to, 120–2

wear rates, 43, 114, 115, 118, 119, 120, 121,
122

Metal-bonded tools, 11–12
Metal-clad diamond, 4
Metal matrix selection:

cobalt:
powders, 44–6
substitutes, 46–8

matrix powders, 48–55
segment manufacturing process, 43–4

Morphology index, 59
Multi-layer segment,  41–2

Natural diamond, 3, 5, 7, 8, 10
Natural grits, 44, 56, 57, 59, 60
Near-full density, processing to, 88–92

cobalt alternatives, pre-alloyed, 88
cold-pressing/sintering route, 88, 90–1
hydrometallurgical process, 88

Oxide inter-particle spacing, 95

Particle per carat (PPC) count, 60
PCD see polycrystalline diamond
Phase composition, matrix microstructure, 96–102

alloying, 97
cobalt:

face-centred cubic (FCC), 96, 97, 98
hexagonal close-packed (HCP), 96–7

cold-pressing/sintering process, 99
sintering curve, 90, 91, 101

Polishing, 143–7
Polycrystalline diamond (PCD), 4, 12–15

carbide-backed blanks, 13
thermally stable PCD (TSP) bits, 13–15, 78, 79
wire-drawing dies, 13, 14

Porosity, 72, 73, 74, 78, 88, 94, 95, 99
Powder-coated diamonds, 72
Powder metallurgy:

brazing, 80
cold pressing, 73
deburring, 81
hot isostatic pressing, 76–8
hot pressing, 74–6
infiltration, 78–9

laser cladding, 80–1
matrix–diamond mixture preparation, 72–3
matrix powder preparation:

granulation, 71–2
quality control, 81
sintering, 76

Quality control, powder metallurgy, 81

Radius grinding, 82
Recovery and recrystallisation:

matrix microstructure, 94–6
Resin-bonded tools, 9–11

Sandwich segment, 41–2, 134
Saw grit, 60
Sawblade segment:

circular sawing, 40
classification, 41–2
reciprocating movement, 27

Sawing:
circular, 22–7, 130–4
frame, 27–8, 135
wire, 28–31, 135–8

Segmental laser welded blades, 130
Silver-clad diamond, 10
Single-crystal diamond, 5–8

cutting/dressing tools, 6–7
wire-drawing dies, 7–8

Sintering, 76
Stand-out effect, 123
Steel blank, 78, 79
Strain hardening, 95, 97, 107, 114, 115
Swarf, 31, 114, 117, 123
Synthetic diamond, 3–16, 43, 44, 56, 58, 59, 62
Synthetic grits, 8–12, 43, 44, 56–64
Synthetic monocrystalline diamond blanks, 7

Tapered segment, sawblade, 41
Tau parameter, 59
Tensioning, 83
Thermal toughness index (TTI), 58
Thermally stable PCD (TSP) bits, 13, 15
Three-body abrasive wear, 116–20
Toughness index (TI) see Thermal toughness

index (TTI)
Truing operation, 83
Two-body abrasive wear, 115–16

Uniform segment, sawblade, 41–2
Up-cutting, 23, 24, 26, 133

Vitrified bond tools, 8–10
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Wheel grit, 60
Wire-drawing dies, 2, 5, 7–8, 13–14
Wire saw:

assembly, 83–4
technology, 138

Wire sawing, 28–31, 135–8

chip thickness, 29, 30
cutting zone, configuration, 30–1
diamond beads, 28
loading force, 29–30

Yield strength, 108–10
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