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Abstract: This work examined some pre-alloyed cobalt-, iron-, and copper-based powder binder
systems—such as those launched commercially under the brand names of Cobalite and Next—in
terms of their as-sintered physical-mechanical properties, namely, apparent density, Young’s modulus,
yield strength, rupture strength, rupture strain, toughness modulus, and Vickers hardness. These
types of sintered products are traditionally used in the fabrication of diamond impregnated tools
for cutting granite stones. The following powder binder systems were evaluated: Cobalite HDR
pre-alloyed powder, Next 300 pre-alloyed powder, and four other mixtures of these with Cu and Fe
powders: Cobalite HDR + 20 wt% Cu; Cobalite HDR + 20 wt% Fe; Next 300 + 20 wt% Cu; Next 300 +
20 wt% Fe. The evaluation methodology aimed to establish criteria for developing new diamond
tools and, therefore, it included the measurement of several technological parameters directly related
to the cutting performance of the tools (e.g., energy consumption measurements made exclusively in
the tool drive motor, forces generated in the tool, tool consumption per unit weight of stone removed
by the cutting). The results show the adequacy of the methodology for the optimisation of diamond
retention capacity of these types of metal matrices and for improving the working performance of the
diamond tools.

Keywords: cobalt-based alloy; pre-alloyed agglomerates; hot pressed sintering; mechanical properties;
cutting performance; diamond impregnated tools; stone machining; tool wear

1. Introduction

Sintered powder metallurgy (PM) products are traditionally used in the fabrication of diamond
impregnated tools (usually named “diamond tools” for short) for cutting natural stone or other hard
materials, such as concrete or artificial stones. A huge variety of different types of petrous materials is
used nowadays in architecture and sculpture. Compared to metal alloys, petrous materials (natural or
man-made) usually show a more heterogeneous microstructure, and they can be much more difficult for
machining (e.g., drilling, sawing, grinding, or polishing) in order to obtain the final shape. Depending
on the hardness of their mineralogical constituents, some petrous materials are more difficult to cut
than others, and therefore the concept of “relative abrasiveness” was introduced in a publication dated
1998, and therein [1] a method for the classification of ornamental stones according to the abrasiveness
that they show during a processing operation, involving the removal of stock material by a tool,
was presented.

It is due to their higher efficiency and longer service life that diamond tools are used for most
stages of the machining process. For each type of stone and each stage of the machining process
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there will be an optimum tool, and therefore, in order to satisfy their costumers, tool manufacturers
continuously provide the market with new and more efficient diamond tools [2,3].

In fact, the abrasiveness of petrous materials can be very severe and manufacturers of diamond
tools are aware of that and make use of many types of commercially available metal powders which,
after a consolidation process, play the role of “binders for diamond”. The role of the binders is crucial
for the performance of the diamond tools [4]. There are already several works dealing with the
simulation by computer modelling of the retention of a synthetic diamond particle in a metallic matrix,
e.g., [5-9], and there are other type of works aiming to understand the wear of materials with granitic
textures (e.g., granite, granodiorite, gabbro, quartzite) while being processed by diamond tools [10,11].

Based on our own experience, the present work intends to demonstrate the experimental
methodologies that can be used to assess the properties that are thought to be the most relevant ones in
terms of the metallic binders. Our previous investigations [12,13] have shown that the wear of the
PM matrices can be related to the resultant force (F,) applied to the tool and with some mechanical
properties of the PM matrix through the following empirical expression:

Fr

A’m=-qg—m—MM—
06Ty -HY"-E

)

where Am represents the matrix weight loss (per run of the tool), a is a constant of proportionality,
oy is the rupture strength (ultimate tensile stress), Ty, is the modulus of toughness, Hy is the Vickers
hardness, and E is the Young’s modulus.

Once the properties of different PM binders are determined after sintering, the tool manufacturer
can then make decisions in order to produce the diamond tools using the selected binders. The way in
which diamond tools can then afterwards be adequately tested under real industrial conditions is also
presented in this work.

2. Materials and Methods

2.1. Starting Powders

Information on the starting powders is given in Table 1. Table 2 summarizes the chemical
compositions of the PM mixtures studied in this work, which were: the Cobalite HDR pre-alloyed
powder, the Next 300 pre-alloyed powder, and four other mixtures of these with copper or iron
powders. Values of theoretical or maximum achievable density corresponding to a fully densified
body are also shown in Table 2. The reason for adding Cu and Fe to the Cobalite and Next
compositions was to investigate the influence of those additions in terms of change in microstructure
and physical-mechanical properties. Depending on the type of tool and on the type of stone to be
machined, manufacturers of diamond tools for stone processing also use these compositions with a
higher content of Cu or higher content of Fe. For example, and just for clarification, the mixture named
“Cobalite HDR + 20% Cu” in Table 2 consists of 20% pure Cu powder and 80% Cobalite HDR powder.

Table 1. Starting powders.

Powders Designation Fisher Sub-Sieve Size (um) Supplier
Cobalite HDR 67 Umicore
Next 300 ~4 Eurotungstene
Electrolytic Cu 11-12 Eurotungstene
Carbonyl Iron (>99.5% Fe) 7-8 Eurotungstene

According to the literature, the maximum density achievable with Cobalite HDR is 8.18 g/cm? [14]
and with Next 300 is 8.12 g/cm3 [15]. Once the percentages indicated in Table 2 are in weight, it is
more appropriate to calculate the theoretical density values of the other powder combinations using an
inverse rule of mixtures, and considering that the theoretical densities of copper and iron are 8.96 g/cm?
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and 7.87 g/cm?, respectively. Then, for example, the theoretical density of the mixture Cobalite HDR +
20% Cu is given by the inverse of the sum of (0.8/theoretical density of Cobalite HDR) + (0.2/theoretical
density of Copper).

Table 2. Chemical composition and theoretical density of the powder metallurgy (PM) mixtures.

Weight Percentage Theoretical

Powders Co Cu Fe Density (g/cm?)
Cobalite HDR 27 7 66 8.18
Cobalite HDR + 20% Cu 21 26 53 8.33
Cobalite HDR + 20% Fe 21 6 73 8.12
Next 300 25 3 72 8.12
Next 300 + 20% Cu 20 22 58 8.28
Next 300 + 20% Fe 20 2 78 8.07

Powders were observed with an analytical scanning electron microscope (SEM, Hitachi S-2400,
Japan) and examples of the SEM observations are depicted in Figure 1.

Figure 1. Scanning electron microscope (SEM) images of the starting powders: (a) Cobalite HDR
powder; (b) Next 300 powder; (c) Cu powder; (d) Fe powder; (e) Cobalite HDR + 20% Cu; (f) Next 300
+ 20% Fe.
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2.2. Sintering of Metallic Binders

All powder mixtures were hot-pressed using graphite moulds and applying a uniaxial pressure of
33 MPa at a sintering temperature of 800 °C. The sintered bodies (no diamonds were involved) were
rectangular prisms with final dimensions of 55 x 11 x 10 mm? and were obtained in groups of six. Due
to the electric current applied to the graphite mould, a sufficiently high heating rate was used to make
it possible to go from room temperature to 800 °C in 3 min. Then, the holding time at 800 °C was also
3 min. At high temperature, a reducing atmosphere containing CO and CO, was generated inside the
mould due to the reaction of the oxygen in the air with the graphite (carbon). This CO and CO,-rich
atmosphere protected the powders from oxidation. Figure 2a shows one of the sintered bodies, from
which the specimens used for tensile testing were machined.

Figure 2. (a) Sintered body with dimensions of 55 X 11 x 10 mm?3; (b) specimen used for tensile test.

The PM sintered bodies were observed by optical microscopy (OM) using an Olympus BX51M
optical microscope; examples of the observations are depicted in Figure 3.

(e) 50 um () 50 um

Figure 3. Optical observation of the microstructures of PM sintered bodies: (a) Cobalite HDR; (b) Next
300; (c) Cobalite HDR + 20% Cu; (d) Next 300 + 20% Cu; (e) Cobalite HDR + 20% Fe; (f) Next 300 +
20% Fe.
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Besides optical microscopy, PM sintered bodies were also observed by SEM. Examples of those
observations are shown in Figure 4. It must be clarified that, from our observations by OM and SEM,
we did not notice any problem of binding between the Cu or Fe particles and the Cobalite HDR or
Next 300 matrices.

30 pm
(©) (d)

Figure 4. SEM observations of the microstructures of PM sintered bodies: (a) Cobalite HDR + 20% Cu;
(b) Next 300 + 20% Fe; (c) Cobalite HDR; (d) Vickers indentation in Cobalite HDR.

2.3. Characterisation of Metallic Binders

Physical-mechanical characterisation of the metallic binders was carried out by determining several
properties. Table 3 presents the list of properties that were determined, as well as the corresponding
methodology, equipment, and total number of specimens that were used for their determination.

Table 3. Properties, methodologies, equipment, and number of specimens.

No. of Specimens for

Property Methodology Equipment Each Type of Binder
. Water immersion Electronic Densimeter
Apparent density technique EW-200SG 4
Mitutoyo AVK-C2
Vickers hardness Indentation test hardness tester (using a 3
load of 1 kgf)
. , RFDA from IMCE (see
Dynamic Young’s modulus Resonance frequency Figure 5) 3
Yield strength, Rupture Stress-strain curves from
strength, Strain at rupture, tensile tests ! on Instron model 8502 3
Modulus of toughness cylindrical specimens

! Crosshead speed: 0.5 mm/min.
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Figure 5. RFDA (Resonant Frequency and Damping Analyser) equipment (made by IMCE, Genk,
Belgium) used for measuring the dynamic Young’s modulus.

In addition to measurements of important properties, like apparent density, Vickers hardness, and
dynamic Young’s modulus, tensile tests were conducted in cylindrical specimens using an Instron strain
gauge extensometer (Instron, Norwood, MA, USA), 25 mm gauge, +100-10% max strain. The tensile
tests allowed the determination of yield strength a 0.2% offset, 02, and also of: rupture strength
(ultimate tensile stress),

F
Or = %/ (2)
0
strain at rupture,
L = L,
Er = I X 1000/0, (3)
0
modulus of toughness,
T, = 2L, @

where Fy;4y is the maximum force, A, is the initial cross-section area of the specimen, L £ is the distance
between the reference points of the specimens at the moment of rupture, and L, is the initial distance
between those points or gauge length. The modulus of toughness is the amount of strain energy per
unit volume (i.e., strain energy density) that a material can absorb just before it fractures. The modulus
of toughness is calculated as the area under the stress-strain curve up to the fracture point, and for
simplification purposes Equation (4) was used as an approximation.

2.4. Characterisation of Diamond Tools

2.4.1. Type of Diamond Tools

Figure 6 shows the types of tools used in this study. This type of disc is typically used in the
industry for grinding granite and other hard stones. Each grinding wheel was composed of 16
diamond-impregnated segments; each segment was 24 mm long, 20 mm wide, and was initially 5 mm
thick. The steel disc to which the segments were brazed had an external diameter of 150 mm and a
thickness of 18 mm.
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Figure 6. Type of grinding wheel used in this study.

For easier comparison of their performance, the grinding wheels were manufactured so that the
only difference between them was the binder that held the diamonds. The concentration and grit of the
diamond was kept constant. The diamonds were MBS 940 produced by General Electric, 40-50 mesh
size. The content of diamonds in the segments was 2.5 wt%. The segments for the grinding wheels of
Cobalite HDR and Next 300 were obtained using the same hot-pressing processing variables indicated
in Section 2.2, with the only difference in the size of the graphite mould used.

2.4.2. Stone Samples

The granite used for evaluating the performance of the grinding wheels was from Portalegre
district, Portugal, and it is commercially sold under the designation of SPI or Azul Alpalhao. Each stone
tile had dimensions of 300 x 300 x 20 mm?. The apparent density of the Azul Alpalhdo granite was
2.66 g/cm® and it was determined according to test standard EN 1936:2008.

2.4.3. Test Procedure

The grinding tests were carried out with the IST-Lisbon Classification Equipment (see Figure 7).
The first version of this equipment was commissioned in 1997, but since then new versions have been
constructed. Detailed description of the IST-Lisbon Classification Equipment can be found in other
publications [16-18] and the measurements made with it allow the determination of the following
parameters: the parameter Z representing the electric energy consumption per unit mass of removed
stone; the parameter ¢, which represents the mass loss of the tool per unit mass of removed stone;
the force F, defined as the mean value of vertical load measurements monitored (and data stored)
during the grinding operation; the force Fj, defined as the mean value of horizontal load measurements
monitored (and data stored) during the grinding operation.

Using the abovementioned parameters it is then possible to obtain two other quantities: (i) the
stone “relative abrasiveness” towards the used tool, expressed by the parameter A so that:

A=Z X, ®)

and (ii) the resultant force F;, generated by the contact between the tool and the granite, which is given

by:
Fr= (FB2+PF (6)
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(a)
Figure 7. (a) General view of the IST-Lisbon Classification Equipment; (b) detail of a grinding test,
showing several grooves made at the surface of a granite tile.

To allow the comparison of results obtained from several tools, the worktable velocity and the
rotational speed of the tool, as well as the water flow, were kept constant during the tests (see Table 4).
The tests were conducted with the discs rotating in downcut conditions [18] towards the tile of
the granite.

Table 4. Working parameters of downcut conditions used in the tests.

Rotational Speed Worktable Velocity Depth of Cut Water Flow

1500 rpm 10 mm/s 3 mm 1 L/min

Each grinding slot or groove took 18 s to be made. A total of 32 grinding slots were made in
each stone tile, i.e., 16 in each side of the tile (see Figure 8), and 7 tiles were used for evaluating each
diamond tool. Therefore, the grinding tests comprised the removal of a considerable amount of granite
(approximately 6.4 kg of granite per tool). Nonetheless, prior to the tests the tools were sharpened till
stable cutting conditions were attained. The sharpening and conditioning procedure was conducted
by observing the evolution of the segment’s contact surface.

Figure 8. Sixteen grinding slots or grooves in one side of an Azul Alpalhao granite tile.
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3. Results

3.1. Physical-Mechanical Properties of the Metallic Binders

The results of apparent density determined in the different binders are summarized in Table 5.
The corresponding values of porosity (also indicated in Table 5) were calculated from the equation:

% porosity = ( - %) x100%, (7)

where p, represents the apparent density and p; is the theoretical density (indicated in Table 2).

Table 5. Mean values (+standard deviation) of apparent density and porosity.

Propert Cobalite Cobalite HDR + Cobalite HDR + Next 300 Next 300 + Next 300 +
perty HDR 20% Cu 20% Fe 20% Cu 20% Fe

Appa(fg‘;rc‘;‘ifnmy 7.97 +0.05 8.16 +0.03 7.91 +0.02 778+005 810+0.02  7.80+0.06
Porosity (%) 26+06 22404 26+03 42406 23402 33408

Figure 9a gives a graphical comparison of values of apparent density and values of theoretical
density, whereas Figure 9b shows the values of porosity.

m Apparent density (g/cm’)
m Theor etical density (g/cm’)

840
. o,

8.30 Porosity (%)
820 6.0%
8.10 5.0%
8.00

4.0%
7.90
7.80 3.0%
7.70 20%
7.60

1.0%
7.50
740 0.0%

Cobalte HDR Cobalte HDR Cobalte HDR  Next 300 Next 300+ Next 300 + Cobalte HDR Cobalte HDR Cobalte HDR Next300  Next300+ Next 300+
+20%Cu +20%Fe 20%Cu 20%Fe +20%Cu +20%Fe 20%Cu 20%Fe
(@ (b)

Figure 9. (a) Comparison of values of apparent and theoretical density; (b) values of porosity.

The results characterising the mechanical behaviour, obtained from Vickers hardness tests,

resonance frequency analyses, and stress—strain curves from tensile tests, are summarized in Table 6
and plotted in the graphs presented in Figure 10.

Table 6. Mean values (+standard deviation) of mechanical properties.

Cobalite Cobalite HDR Cobalite HDR Next 300 Next 300 + Next 300 +
HDR +20% Cu +20% Fe 20% Cu 20% Fe
Vickers hardness (kg/mm?) 304+5 251+3 262 + 4 233 +4 201+ 6 221+3
Young’s modulus (GPa) 212 +3 185+3 202+3 214 + 10 189 + 4 208 £3
Yield strength (MPa) 1000 + 15 750 + 15 736 + 22 612 + 12 549 + 33 531 + 16
Rupture strength (MPa) 1012 £ 6 759 + 12 747 £ 16 690 + 24 663 + 56 616 £9
Strain at rupture (%) 73+08 32+1.1 6.9 +09 19.3 + 3.8 123 +4.1 21.0+ 1.6

Toughness modulus (MJ/m?) 73+8 24 +8 51+7 125+ 10 76 £ 12 120+ 8
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Figure 10. Results characterising the mechanical behaviour.
3.2. Comparison Between Two Diamond Tools

From the six different PM binders, we selected just two of them to produce the diamond tools
in order to carry out grinding tests. The selection was made by applying Equation (1) and using
the values the mechanical properties indicated therein (i.e., rupture strength, modulus of toughness,
Vickers hardness, Young’s modulus), which were determined experimentally for the six PM binders.
The two PM binders/matrices showing the lowest values of matrix weight loss (Am) were Cobalite
HDR and Next 300.

Table 7 condenses the median values of F,, Z, ¢, and A obtained from tests carried out with the
IST-Lisbon Classification Equipment applying the methodology described in Section 2.4.3.

Table 7. Comparison between the diamond tools with Cobalite HDR and Next 300.

Parameter Cobalite HDR Next 300
Fr (N) 195.9 2182
Z(J/g) 483.8 488.5
¢ (g/g) 3843 x107° 2782 x 107°

A(/g) 0.186 0.136
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4. Discussion

After characterisation of the metallic binders, those that were considered the most suitable ones
were used to produced grinding wheels geometrically equal but different in the type of metallic binder
(using powders Cobalite HDR and Next 300). It is worth emphasising that the values shown in Table 7
are a consequence of long-term grinding tests, which comprised the removal of a considerable amount
of granite (6.4 kg of granite per tool). The tests carried out on the two grinding wheels that were
manufactured in this work showed that both of them are very efficient, and their wear rate is very low.
For example, after removing 6.4 kilograms of granite, the grinding wheel with Cobalite HDR segments
only lost 2.5 grams (i.e., 6400 g x 384.3 x 107° g/g) and reduction in tool diameter during the grinding
test was practically unnoticeable, with ¢-values determined by measuring differences in the weight of
the tool.

From the results presented in Table 7 one can observe that the difference in Z-values shown by
Cobalite HDR and Next 300 segments were very small. The grinding wheels composed by segments
made of Cobalite HDR generated lower force (F;) and even showed a slightly lower electric energy
consumption per unit mass of removed stone (Z) in comparison to the grinding wheels made with
Next 300 segments. On the contrary, Cobalite HDR segments showed much higher values of ¢, i.e.,
mass loss of the tool per unit mass of removed stone. The conjunction of these different trends meant
that the relative abrasiveness (parameter A) of Azul Alpalhao granite became higher when Cobalite
HDR segments were employed.

The performance of the grinding wheels can be related to the mechanical properties of the metallic
binders. Cobalite HDR segments (which generated lower contact force F,) showed higher values of
rupture strength, yield strength, and Vickers hardness, but lower values of toughness and strain at
rupture. Metallic binders showing better diamond retention capacity and lower wear are supposed to
be those with sufficient toughness. After the grinding tests, the segments were analysed by optical
microscopy (see some photos in Figure 11) and from such inspection some conclusions were drawn.
Diamonds with dark colour in the photos are those that were not yet active in the cutting process.
Some diamonds only become totally active when they fracture. The tails in the metallic matrix have an
important role in the process because they support the diamond when it cuts the stone. It is worth
noting that the photos of Cobalite HDR segments are globally more yellowish compared to Next 300
segments, which means that Cobalite HDR segments had more active diamonds. This conclusion was
confirmed by other type of observations, in which replicas of the segment surface were obtained and
then analysed at the microscope. There was a higher concentration of active diamonds at the Cobalite
HDR segments.

The grinding tests were conducted by imposing the depth of cut (3 mm in a single run) and,
in our opinion, the complexity of the wear mechanism (involving multiple contact points between
granite constituents, diamond particles, and metallic matrix) can only be adequately assessed if based
on experimental evidence rather than on theoretical models. It is also important to consider the
influence of the type of granite that is being cut. Since the resultant forces were higher in Next 300
segments (where a lower concentration of active diamonds was observed compared to the Cobalite
HDR segments), it can be concluded that a higher concentration of active diamonds generates lower
force during the cutting process. Previous studies conducted with different tools and different stone
materials [17,18] have shown that the electric energy consumption varies linearly with the resultant
force F,. In the present study, lower average force F; in the Cobalite HDR segments was accompanied
by a slightly lower value of Z (see Table 7).

In fact, an earlier investigation [19] confirmed the abovementioned rationale, i.e., a higher
concentration of active diamonds promotes lower forces and vice-versa. One of the objectives of that
earlier study [19] consisted of comparing the forces generated when a totally new segment, without
active diamonds, starts to be used, with the forces generated by a similar segment that was already
used and had many active diamonds.
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(d) 0.5mm (&) 0.5mm ) 0.5mm

Figure 11. Examples of optical observations of the surface of the segments after the tests: (a-c) Cobalite
HDR; (d—f) Next 300.

5. Conclusions

First of all, this work demonstrated a methodology to measure several mechanical properties
of a series of isolated (i.e., without diamonds) PM matrix alloys in order to compare them. Then,
it was necessary to associate those properties with the behaviour of the diamond tools when they were
grinding one specific ornamental stone, using specific working parameters.

After characterisation of the metallic binders, those that were considered the most suitable ones
were used to produced grinding wheels geometrically equal but different in the type of metallic
binder (using powders Cobalite HDR and Next 300). It was then possible to realise that the metallic
binder properties had a very important role in the diamond tool performance during the cutting
process. Analysing the results, it was shown that the hardest metallic binder (Cobalite HDR) presented
higher wear (compared to Next 300), when grinding Azul Alpalhao granite, under the specific
working parameters.

The Next 300 metallic binder possessed a great value of toughness when compared to the other
binders that were used in this work. Because of that, for grinding this type of granite, the binder Next
300 revealed a better diamond retention capacity, and at the same time showed higher deformation
capacity (can absorb more energy prior to rupture). So, the diamond tool made with segments of Next
300 was more efficient (showed a lower wear rate) for the specific grinding process under consideration.
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